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Optical imaging



Intraoperative optical imaging

Themelis G et al. (2011) Nature Med 17(10):1315



PARP-1 Molecular Imaging
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oral squamous cell carcinoma (OSCC)

PARP slides curtesy of Thomas Reiner Lab, MSKCC



Oral cancer detection phase I/II clinical trial

PARP slides curtesy of Thomas Reiner Lab, MSKCC

NCT03085147 

increasing dose levels 
100 nM - 1000 nM (currently lowest dose level) 

1 min PARPi-FL swish and spit 
1 min clearing solution swish and spit 

phase I: imaging pre-surgery 
phase II: imaging in the OR, followed by biopsy confirmation 
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SWIR imaging
Short-wave infrared

Hashagen J (2014) PhotonicsMedia
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SWIR cameras

Human Vision SWIR Emission



SWIR outperforms NIR 

900-1700nm, 100-fold higher sensitivity

McLarney B E et al. (2023) J Nuc Med 64(10):1647
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ICG imaging of SWIR

Carr JA et al. (2018) PNAS 115(17): 4465

ICG outperforms commercial in vivo NIR and SWIR dyes

ICG is well detectable with suitable cameras up to 1400nm
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SWIR pHLIP ICG Tumor Screening

WL=1300nm LED

4T1 breast cancer model

McLarney B E et al. (2023) J Nuc Med 64(10):1647
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Video rate tumor screening!

Video processed

McLarney B E et al. (2023) J Nuc Med 64(10):1647
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Pan-cancer seeking NIR/SWIR agent

McLarney B et al (2024) Nature Biomedical Engineering 8(9):1092

ICG CJ215

789 nm / 813 nm 800 nm / 825 nm



SWIR imaging is closer to the ground truth
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Pan-cancer seeking NIR/SWIR agent
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Novel SWIR agent CJ215

4T1 injection into a mammary 
fat pad
0.3x106 (5, FoxN1nu mice)

1 week later
CJ215 I.V. injection, 2 mg/kg
(4 mice, 1 cntrl)

Image dye distribution & targeting 
@
1,24,48,72 & 144 hrs
Resection @ 144 hrs

McLarney B et al (2024) Nature Biomedical Engineering 8(9):1092



SWIR imaging in vivo

1100-1700nmMcLarney B et al (2024) Nature Biomedical Engineering 8(9):1092



Video rate tumor screening in Contrast Mode

Supine Side

Raw (0-Max) Thresholded (7000-23000)

Supine Side

Video-rate images with 10 ms frame rate

144h post injection (6 days)

McLarney B et al (2024) Nature Biomedical Engineering 8(9):1092
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Wound monitoring
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Mechanism?
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Cerenkov luminescence imaging - huh?
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Cerenkov Luminescence Imaging

Shaffer, Pratt and Grimm (2016) Nature Nanotechnology 12(2):106 Pratt et al. (2018) Nature Nanotechnology 13(5): 418

Thorek D et al. (2013) Nature Medicine 19(10):1345

Thorek D et al. (2012) J Nucl Med 53(9):1348

Holland J et al. (2011) Molecular Imaging 10(3):177

Thorek D et al. (2014) J Nucl Med 55(1):95
Das S et al. (2018)  J Nucl Med 59(1):58

Lockau H et al. (2018) J Nucl Med 59(2): 210

Ruggiero A et al. (2010) J Nucl Med 51(7): 1123 Grimm J (2018) Nature Biomedical Engineering (2): 205

courtesy of Brian Pogue, Dartmouth College, NH
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131I (2.5 mCi locally) 18FDG (4.7 / 2.9 µCi)

Clinical CLI

Pratt et al. (2022) Nature Biomedical Engineering 6(5):559
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Cerenkov Luminescence (CL)

When a charged particle travels through a dialectric medium faster than 
the speed of light in that medium it emits a continuous spectrum of 

polarized blue light.

curtesy of B Pogue, U Wisconsn-MadisonShaffer, Pratt and Grimm (2016) Nature Nanotech 12(2):106
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Pavel Cerenkov's lucky mistake

more modern equipments during the ten years after the discovery
showed that there is not a single mistake in the results obtained
by Cherenkov.

3. The discovery

While performing his studies of luminescence, Cherenkov
accidentally observed a strange phenomenon: a very weak
emission of blue light induced by g-radiation in pure sulphuric

acid. The weak light was suspected to be strongly extinguished
luminescence. Therefore, investigations of light emission by water
and solutions used in the measurements were performed to check
the purity of the experimental materials: solutions were repeat-
edly filtered and water multi-distillation was applied. The
luminosity of the light source was checked and quenchers of
luminescence were used. The possible influence of self-suggestion
while measuring was eliminated having the optical result wedge
moved by an assistant. The weak blue light emission still
remained.

The luminescence radiation background of the pure solvent
was definitely negligible and could be disregarded. Nevertheless,
at each measurement, the possible need of a correction to take the
effect into account was verified. Also the stability of the correction
value was monitored.

Only the whole set of the data, obtained in all the measure-
ments performed in the context of the postgraduate work, allowed
to ascertain that the light emission of the solvent and of all the
other pure liquids was constant and universal [1,2]. In fact, in spite
of significant changes in concentrations, temperature, and
viscosity of the liquid, the intensity of the light was found to be
always approximately the same and it was distinguishable from
the luminescence. Moreover, the unknown light turned out to be
polarised. It was also established that the light emission was not
induced directly by the g-rays rather it was emitted by the fast
recoiling electrons produced in Compton scattering: there was no
light emission irradiating the solvent with X-rays with energy
lower than 30KeV. Shortly later, Cherenkov discovered also the
spatial asymmetry of the radiation.

4. A new phenomenon is identified

In 1935 the Ph.D. work about luminescence was completed:
the identity of the properties of the luminescence emission
excited by radioactive source and by visible light was established.
At the same time, the discovery by Cherenkov of the properties of
constancy, universality and polarisation of the blue light emitted
when high energy electrons travel through liquids indicated the
existence of a phenomenon previously unknown. It was Vavilov,
Cherenkov’s supervisor, who proposed that the detected radiation
is a distinct phenomenon. His contribution in establishing the
discovery of a new radiation is determinant. He forwarded
Cherenkov’s results to Frank. In 1937 Frank together with Tamm
formulated a theoretical explanation of the radiation based on
classical electrodynamics [3]. The observed spatial asymmetry of
the radiation was the key point to clarify the genuine nature of a
new phenomenon and to build a theory describing it. The
radiation was interpreted as produced by electrons moving in a
medium with a constant velocity greater than the phase velocity
of the light in the medium itself.

Before Frank and Tamm published their theoretical description
of the observed glow, the prediction of light radiation by a fast
charged particle moving at constant velocity exceeding the
velocity of the light had already been formulated by Heaviside
in 1889 [4] and by Sommerfeld in 1904 [5]. Electrons and other
elementary charged particles had not yet been discovered and the
theoretical prediction of these scientists were forgotten on some
remote bookshelf.

The formulation of the theory started additional experimental
activity to allow quantitative comparison between theory predic-
tions and results. The radiation light spectrum was measured [6]
and it was verified that the light is emitted only along a narrow
cone. The cone axis coincides with the direction of the charged
particle trajectory. The apical angle y defines the direction of the
radiation emission. It is defined by the expression cos y ¼ c=ðvnÞ,

ARTICLE IN PRESS

Fig. 1. Vavilov (left); Cherenkov, 1931 (right).

Fig. 2. The building which hosted the USSR Academy of Science in Saint-
Petersburg.

Fig. 3. Scheme of the experimental setup (drawing by Cherenkov).

E.P. Cherenkova / Nuclear Instruments and Methods in Physics Research A 595 (2008) 8–11 9

• Cerenkov studied the luminescence of uranyl salt 
solutions under the gamma-ray radiation of radium.
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• Cerenkov studied the luminescence of uranyl salt 
solutions under the gamma-ray radiation of radium.

• Prior to measurement Cerenkov sat in a dark room fo 
90' to increase his eyes' sensitivity to the weak signal.

• In 1933, glass A was accidentally filled only with solvent, 
but it also glowed under radium irradiation.

• The intensity was of the same order of magnitude as 
the glow of the uranyl salt solution in the same solvent 
(sulfuric acid). 



Frank & Tamm

“However, a more detailed quantitative investigation of this light process enabled us to find a range of 
properties so remarkable as to afford incontrovertible proof that here we were dealing with no ordinary 
everyday luminescence, but with a phenomenon of an entirely new kind; and one of extraordinary interest 
not only on account of its significance in principle but also in regard to the many practical possibilities for 
its use.”

(Cerenkov's Nobel Lecture, Dec. 11 1958; with Frank and Tamm)
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β-emitters
α-emitters
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Resolution
18F-FDG

Thorek D et al. (2013) Nature Medicine 19(10):1345-50
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Cerenkov Imaging

• Optical imaging cheaper than PET

• “Cheap man’s PET”

• In vitro measurements

• More animals in less time than PET

• 5 mice in 5’ vs. 1 mouse in 20’

• Allows for higher throughput

• Imaging isotopes difficult to see 
otherwise (90Y, 223Ra)

• Acquisition time of a few minutes

• Ultra-low signal intensity

CLI PET
1 2 3 3 40 %ID/g

0 %ID/g20 100
Radiance (x103)(p/s/cm2/sr)
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Quantitative imaging

apply Q to 
deconvolute
SCIFI and CL 
components

• CLI/SCIFI is truly multimodal

• Same agent for CL and PET

• F&T equation to quantify

• Only absolute quantitative optical 
method

• PET provides internal standard

Thorek D et al. (2013) Nature Medicine 19(10):1345-50
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2h after 68Ga-RGD 7h after Cy7-Azide

Radioactivated agents
Fluorescent footprint of FDG 

• Very few approved targeted fluorescence agents 
available.

• Many clinically PET tracers are attainable.

• Could we use the many PET agents for optical 
imaging?

• Cerenkov = weak optical signal from 
radiotracers.

• Can we convert PET signal into fluorescence?
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Clinical Applications

• US has 7 PET scanners / 106 people, Latin America 0.3 and India 0.07!

• Tracers available but access is very limited.

• Could we use CLI to bridge the gap and offer accessible nuclear imaging?

• PET/CT scanner ~$2,000,000 versus CLI system ~$150,000

• Triage access to rare PET/CT scanners

• Monitoring of α-based therapies, cheaper alternative to SPECT
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Challenges

• Biggest challenge is low SI, need to exclude ambient light

• Especially challenging in any clinical setting

• Radioactive exposure of surgeons and patients

• "Clinical CLI considered impossible" (thanks, reviewer 3)

• Solutions:

• Back table approach (ex vivo)

• Specialized clinical Cerenkov imaging system (in vivo)

• Expanding the spectral range
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Grotendorst MR et al. (2017) JNM 58(6):891
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Kidneys

PC3+

Cerenkov imaging system

Pratt E et al. (2022) Nature Biomedical Engineering 6:5 559
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Image Processing

Pratt E et al. (2022) Nature Biomedical Engineering 6:5 559



Imaged tracers

Pratt E et al. (2022) Nature Biomedical Engineering 6:5 559



18F-FDG 12.1 mCi iv (4.7 µCi locally)

18F-FDG Imaging

Pratt E et al. (2022) Nature Biomedical Engineering 6:5 559
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Overview

Cerenkov luminescence imaging - huh?

Preclinical concepts

Clinical translation

Theranostics

Outlook - and then some
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177Lu-DOTATATE
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Lutathera therapy monitoring
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Additional patients
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Imaging of α-emitters currently difficult

68Ga-PSMA-11 225Ac-PSMA-617

anterior posterior

Vatsa R et al. (2020) Cli Nucl Med 45(6):437
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CLI of α-emitters in the visible

CLI18F PET

Pratt E et al. (2022) Nature Biomedical Engineering 6:5 559



Listening to the light

Yao J & Wang L (2021) J Biomed Optics 26(6) 060602



Optoacoustic Imaging

Truttis A & Ntziachristos V (2015) Nature Photonics 9:219

Light in and Sound out: Listening to the light



Optoacoustic Imaging

Zackrisson A et al. (2014) Cancer Research 74(4):979 Haedicke K et al. (2017) Photoacoustics 17(6):1



From macro to micro
MSOT: mm resolution

10 mm

100 µm

1 cm



From macro to micro
MSOT: mm resolution

10 mm

100 µm

1 cm

laser fibers

US detector

mouse bed

RSOM: µm resolution



From macro to micro
MSOT: mm resolution

10 mm

OPO

532 nm 
laser

500 µm

mRSOM: multispectral

100 µm

1 cm

laser fibers

US detector

mouse bed

RSOM: µm resolution



From macro to micro
MSOT: mm resolution

10 mm

OPO

532 nm 
laser

500 µm

mRSOM: multispectral

100 µm

1 cm

Intravital microscopy

Weigert et al (2013) JCB 201(7):969 / Uni Münster

100 µm

laser fibers

US detector

mouse bed

RSOM: µm resolution



Skin chamber vs. RSOM

• Invasive windows or skin chambers

• Chamber can influence results (e.g. inflammation)

• Highest magnification but small FOV

• Laborious experiments limit number

Intravital microscopy Optoacoustic imaging

• Non-invasive

• No effects onto tumor

• High magnification but global (mesoscopy)

• Longitudinal studies in many animals possible 



Raster Scanning Optoacoustic Mesoscopy
Ultrasound 

detector

Laser fiber

Water bath

Tumor

532 nm laser 

Ultrasound

Laser fiber

Laser fiber

D
ep

th
10

0 
µm

80
0 
µm

MIP

25-80 MHz

5-25 MHz

Merged 5-80 MHz

Foil

y

x
z

Day 0 Day 3 Day 8 Day 13 Day 17d

Haedicke K et al (2020) Nature Biomedical Engineering (4): 286-97



Raster Scanning Optoacoustic Mesoscopy
Ultrasound 

detector

Laser fiber

Water bath

Tumor

532 nm laser 

Ultrasound

Laser fiber

Laser fiber

D
ep

th
10

0 
µm

80
0 
µm

MIP

25-80 MHz

5-25 MHz

Merged 5-80 MHz

Foil

y

x
z

Day 0 Day 3 Day 8 Day 13 Day 17d

Haedicke K et al (2020) Nature Biomedical Engineering (4): 286-97



Raster Scanning Optoacoustic Mesoscopy
Ultrasound 

detector

Laser fiber

Water bath

Tumor

532 nm laser 

Ultrasound

Laser fiber

Laser fiber

D
ep

th
10

0 
µm

80
0 
µm

MIP

25-80 MHz

5-25 MHz

Merged 5-80 MHz

Foil

y

x
z

Day 0 Day 3 Day 8 Day 13 Day 17d

Haedicke K et al (2020) Nature Biomedical Engineering (4): 286-97



Pharmacologic reactions of vessels
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Epinephrin intravenous
K Haedicke
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Imaging vascular-targeted therapy

Pre 5 min 10 min 30 min 60 min 

WST-11 + HCA

WST-11

Pre 5 min 10 min 30 min 60 min 

HCA = Hydroxycobaloamine (NO scavenger)WST-11 = vascular-targeted PDT agent

J Coleman A ScherzK Haedicke

1 mm

Haedicke K et al (2020) Nature Biomedical Engineering (4): 286-97



Imaging therapy at work - later time points
Pre 1h 1d 5d2d

2 mm

vasc. normalization
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Imaging therapy at work - later time points
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Jain R (2005) Science 307:58
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Imaging therapy at work - later time points
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Imaging therapy at work - later time points
Pre 1h 1d 5d2d
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Predicting therapy response
Pre 1h 1d 3d 7d 14d
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Clinical Optoacoustic Imaging

Stoffels I et al. (2015) Science Transl Med 7(317)

Knieling F et al. (2017) NEJM 376(13)Aguirre J et al. (2017) Nature BME 1:0068
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Melanin as contrast agent
Melanoma model

Neuschmelting V et al. (2016) Radiology 280(1):137
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Melanin as contrast agent
Melanoma model

Neuschmelting V et al. (2016) Radiology 280(1):137

V Neuschmelting

Haedicke et al (Grimm Lab) unpublished

K Haedicke

mRSOM

Hb    HbO2    Melanin
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Quenchers as contrast agents
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MSOT
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Wonder is around every corner


