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ABSTRACT

Rationale: Medical radioisotopes produce Cerenkov luminescence (CL) from charged subatomic
particles (B*") travelling faster than light in dielectric media (e.g. tissue). CL is a blue-weighted
and continuous emission, decreasing proportional to wavelength. CL imaging (CLI) provides an
economical PET alternative with the advantage of being able to image B~ and a emitters. Like any
optical modality CLI is limited by the optical properties of tissue (scattering, absorption and
ambient photon removal). Shortwave infrared (SWIR, 900 — 1700 nm) CL has been detected from
MeV linear accelerators but not yet from KeV medical radioisotopes. Methods: Indium gallium
arsenide (InGaAs) sensors and SWIR lenses were mounted onto an ambient light excluding
preclinical enclosure. An exposure and processing pipeline was developed with SWIR CLI then
performed across 6 radioisotopes at in vitro and in vivo conditions. Results: SWIR CL was
detected from the clinical radioisotopes: Y, %Ga, 8F, 8Zr, 13| and 2P (biomedical research).
SWIR CLI's advantage over visible (VIS, 400 — 900 nm) CLI is shown via increased light
penetration and decreased scattering at depth. The radioisotope SWIR spectrum, sensitivity limits
(8.51 kbg/uL of ®8Ga) and preclinical feasibility with ex vivo and in vivo examples are reported.
Conclusion: This work shows that radioisotope SWIR CLI can be performed with unmodified
commercially available components. SWIR CLI has significant advanatges over VIS CLI with
preserved VIS CLI features such as radioisotope radiance levels and dose response linearity.
Further improvements in SWIR optics and technology are required to enable widespread
adoption.
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INTRODUCTION

Subatomic relativistic particles generate CL in dielectric media.(1) The particle polarizes
surrounding molecules, which generate luminescence upon relaxation (2) with CL being UV
weighted. CL production decreases exponentially with increasing wavelength (1/A?).(3) CL’s
intensity — but not the spectrum profile - is correlated to the energy of the emitted particle and has
been utilized in astrophysics, nuclear physics, and recently in biomedical imaging.(4,5) CL
imaging (CLI) is a cost- and time-effective positron emission tomography (PET) alternative for
surface-weighted imaging, e.g. for triaging patients into those who do not need a PET and those
who do.(2,6,7) CLI has focused on CL detection from clinical beta (3*") emitting radioisotopes and
linear accelerators (LINAC).(4,8,9) Preclinical discoveries and development of novel targeted
radiotracers, dosimetry and radiotherapy-based treatments have been aided by CLI.(10,11)
Clinical CLI has also found applications in image guided surgery for margin detection, determining
the clinical uptake of radiotracers and real time dosimetry readings.(7,12-15)

Single photon sensitive devices responsive to the CL spectrum are readily available, providing
low dark and read noise optical devices.(2) However, visible wavelengths (VIS, 400 — 900 nm)
suffer significant drawbacks in pre/clinical settings. Endogenous chromophores limit the
achievable VIS CL penetration depths with scattering further reducing resolution, contrast and
sensitivity of VIS CLI at depth.(16,17) Optical imaging has shifted to longer wavelengths where
light absorption and scattering are reduced.(18) Near infrared (NIR) imaging (>650 nm) reduces
absorption by ~2 orders of magnitude.(16,19) Studies employed dyes and nanopatrticles for red
shifted conversion of CL.(20-22) SWIR imaging has shown tissue absorption, scattering and
autofluorescence are of negligible levels.(23) SWIR’s advantages for resolution and contrast have
been shown via clinically approved indocyanine green.(24) Foérster resonance energy transfer
based SWIR CL has been achieved via X-ray excited nanoprobes and LINAC excited emission
of quantum dots.(20,25-27) LINAC SWIR CLI has been performed without secondary emitters
showing improvements over VIS-NIR CLI.(28) Radioisotopes produce an order of magnitude less
CL than LINACs and are therefore more demanding to image (LINAC: 6 to 24 MeV, %8Ga: 0.836
MeV).(29-32) Radioisotope CLI requires complete exclusion of ambient light, efficient optical
imaging systems and cannot be pulse synchronized in its acquisition like LINAC CLI.(30,33) The
already low CL radiance of radioisotopes is even further reduced at SWIR wavelengths,
magnifying the difficulty of SWIR CL detection.(3) Nevertheless, SWIR CLI from radioisotopes
was achieved via unmodified and commercially available imaging components and revealed
defined advantages over VIS CLI.

MATERIALS AND METHODS
Radioisotope SWIR Setup

SWIR CLI was achieved via commercially available InGaAs focal plane arrays (NIRVana 640
TE, Princeton Teledyne, NJ, USA or ZephIR 1.7x, Photon etc Inc., Montreal, Canada) and SWIR
lens set to f/1.4 (SWIR-16, Navitar, NY, USA or 8mm SWIR lens, #83-815, Edmund Optics, NJ,
USA) mounted on an enclosure, Figure 1. Figures 1, B — E acquired without optical filters,
(NIRVana 640 TE, 900 — 1700 nm).(34) All other figures employed a 650nm or 900 nm O.D. 4.0
long pass (LP) filter (Edmund Optics #84-759 and #84-764, NJ, USA). Acquisition (90, 10s frames
(15mins)) was controlled via respective acquisition software. Dark noise was recorded and
subtracted for each sensor. White light (WL) images, acquired with room lights on, enclosure door
open, room lights with SWIR spectral emission (Pentron 3000K, Osram Sylvania, MA, USA)).(35)
Radioisotopes were imaged in containers within a lead pig. Black posterboard (TB5, Thorlabs,
NJ, USA) was used to absorb CL and allow y particles to pass.
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Determining the Radioisotope SWIR CLI Temporal Resolution and Emission Spectrum

SWIR CL temporal resolution and spectrum were determined using 370 Mbq of *2P in 1 ml of
water (B : average 0.695MeV, t1» 14.3 days, NEX060005MC, Perkin Elmer, MA, USA). 90 frame
acquisitions at respective exposure times were performed, Figure 1D and Supplemental Figure
1. The limit of detection was defined when SWIR CL was not determinable from the noise. LP
filters (1000-1500 nm in 100 nm steps (FELH1000:100:1500, SM1L03 and SM1A57, Thorlabs,
NJ, USA) elucidated the radioisotope spectrum.

Image Processing and Statistical Analysis

Fiji (ImageJ 2.0, (36)) was used for image processing, Suppelementary Figure 2. Darknoise
was subtracted from the data with binning (8x8, to improve sensitivity), median filtering (outlier, y
strike removal), FFT bandpass transformations (artifact removal) and background subtraction
applied.(37) Images were resized for WL overlays. Statistical analysis, graphing: performed in
GraphPad Prism9 (GraphPad Software LLC, CA, USA). Statistical analyses and replicate
information are shown in all cases. Radiance was calculated via gray values corrected for isotope
concentration (kbg/uL) and field of view (FOV, cm?). Full width half maximum measurements were
carried in MATLAB (2020b, Mathworks Inc., USA).

Silica Nanoparticle Radiolabeling and Injection

Silica nanoparticles (SiNPs) were labeled with ®Ga or Y as described.(38) Silica
nanoparticles (SiNPs) were incubated with free isotope at a pH of 8.8 for 60 mins, on a
thermomixer at 70°C and 500 rpm. Radiolabeled SiNPs were resuspended in 30 pl of saline for
footpad injection.

Preclinical SWIR CLI

All experiments were carried out in accordance with Institutional Animal Care and Use
Committee (IACUC) guidelines at MSKCC and the NIH Guide for the Care and Use of Laboratory
Animals. 3% isoflurane in 100% O; v/v followed by 1-2% isoflurane in 100% O, v/v for
maintenance for anesthesia, euthanasia was performed using CO; in accordance with approved
protocols. All mice (n = 13 in total, FoxN1"Y, Stock #069, Envigo, USA) were suitably housed with
food and water ad libitum. 1x10° 4T1 cells (ATCC, CRL-2539) suspended in 30 pl of Matrigel
(Corning, #354234) into the fourth mammary pad generated xenograft mice (n = 4).
Supplementary Figure 3, 3 euthanised xenografted mice were injected (blinded) with up to 166.5
Mbq of ¥F-FDG with one mouse acting as a negative control. 1 euthanized mouse was injected
into the footpad with %8Ga labeled SiNPs. 4 mice were injected with Y labeled SiNPs with an
additional one mouse acting as a negative control for in vivo experiments.

RESULTS
Confirmation of SWIR CL Detection from Radioisotopes

The SWIR CLI radioisotope setup is shown (Figure 1A) detecting ®3Ga suspended in 0.1M
HCI.(39,40). Figure 1B top right, shows the processed SWIR CL image overlaid onto the WL
image. This demonstrates that SWIR signal is coming from %Ga and that the processing steps

sufficiently removed strikes whilst retaining CL signals. CL detection is further confirmed by a lack
of signal when cardboard was placed over the sample, Figure 1B, blocking light but not the highly
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energetic photons from ®Ga’s decay (e.g. 511 & 1077 keV). The %Ga source was further moved
and detected around the FOV, decaying in the process, visible via a decreasing SWIR signal,
following the decay half life of the isotope. Manual regions of interest (ROI) were measured to
determine the signal intensity (gray values) of the sensor for each position and timepoint. SWIR
CLI showed guantitative linearity to %8Ga levels like VIS CLI.(4) We then successfully detected
four additional radioisotopes under comparative conditions: *2P,'8F | 8Zr and 3!, Figure 1 and
Supplementary Figure 4. The SWIR radiance of each was calculated as before (Figure 1) with
values corrected for concentration (kbg/uL) and spatial FOV (cm?). SWIR CLI readily
differentiated the tested radioisotopes in line with VIS CLI, as shown by the p values in Figure
2B.(41,42) Theoretically ®®Ga has a higher radiance than 32P however, the increasd sensor strikes
from 511 & 1077 keV photons by ®Ga prevent SWIR CLI from confirming this as the setup did
not incorporate lead shielding.(42)

SWIR CLI Radioisotope Temporal Detection Limit and Emission Spectrum

System characterization was peformed using *2P (B7) with concentrations used to facilitate
SWIR CLI at a temporal resolution of 0.25s, Figure 1 and Supplemental Figure 1. 3P’s radiance
and half-life enabled determination of the radioisotope SWIR CL emission spectrum.(42) No filter
(>920nm, spectral response of the sensor) and LP filtered acquisitions (1000-1500 nm, 100 nm
steps) were carried out. This sensor has a non-thinned indium phosphide (InP) substrate bandgap
(1.35 eV) preventing detection of light <920 nm whilst the bandgap of InGaAs (0.75 eV) results in
a shortpass cutoff at 1700nm.(43-45) The radioisotope SWIR CL spectrum is shown in Figure 1E
with intensity exponentially decreasing (one phase exponential decay, R?=0.9812), as expected
and reported for VIS CLI and LINAC SWIR CLI.(2,28) Detection above 1400nm is challenging
due to system noise, lens ineffieniency and water absorption, see Figure 1E and F and
Supplemental Figures 1 and 7.(19,46)

Reduced Scattering via SWIR CLI over VIS CLI

55.5 Mbq of °°Y in an Eppendorf (B~ emitter, Avg 0.94 MeV, t1» 64h in 200 pl of saline) was
imaged on both the SWIR and IVIS® (VIS CLI, 400 — 900 nm) imaging systems to assess the
advantages of SWIR CLI. ®°Y is clinically administered from 0.500 to 5.291 Ghq to treat primary
liver cancer (HCC) and metastases in the liver.(47,48) Scattering medium (raw chicken breast, 0,
10 and 15 mm) was placed over the source prior to CLI being performed. Respective exposure
times without scattering medium (VIS CLI: 10s, SWIR CLI: 900s) were maintained at all depths.
SWIR CLI shows an improvement in resolution compared to VIS CLI when imaging through
scattering tissue (Figure 2). In SWIR CLI the Eppendorf shape is consistent up to 15 mm of tissue
whilst it is distorted and enlarged over five times from scatter in VIS CLI. SWIR CLI provides
greater resolution at depth over VIS CLI for radioisotope location. This accuracy is demonstrated
by the full width half maximum (FWHM) measurements of 6.38, 13.05 and 33.64 mm for VIS CLI
and 6.24, 6.40 and 7.04 mm for SWIR CLI at 0, 10 & 15 mm of tissue, respectively (Figure 2).

SWIR CLI Radioisotope Sensitivity Limits in vitro and ex vivo

Commercial SWIR sensors are insensitive to light <920nm without InP cap thinning. In
systems with InP thinning the sensor has a largely increased range, but is rather insensitive
compared to EMCCDs. One such SWIR sensor (Zephir 1.7x, Photon Etc., Canada) was used
with significantly reduced QE in the VIS range (~25% at 600 nm). The sensor enabled a
comparison of the spatial localization of radioisotope VIS-SWIR (400 — 1700 nm), NIR-SWIR (650
— 1700 nm) and SWIR (900 — 1700 nm) CLI. ®Ga conjugated SiNPs (in 30 pl of saline) opposite
a non-radiolabeled SiNP control were imaged at VIS-SWIR, NIR-SWIR, and at SWIR for
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numerous half-lives via appropriate LP filters. The detected CL signals are localized to the
radiolabelled SiNPs throughout the spectrums (Supplemental Figure 5A-D). The detection limit of
radioisotope SWIR CLI is at 259 kbq (8.51 kbqg/uL) for ®8Ga labelled SiNPs (Figure 3 A-B), with
theoretical limits for isotopes tested here in SWIR CLI shown in Table 1.(42)

Next, the tissue SWIR CLI detection limit was assessed. A euthanized mouse received 30 pl
respective paw injections of varying 8Ga-SiNPs activities. As can be seen in Figure 3C-D, %Ga-
SiNPs were detected via SWIR CLI at 403.3 kbq, within clinically administerd levels (~148
Mbq).(49)

In vivo Detection of Radioisotope SWIR CLI

%Y conjugated to SiNPs was used for in vivo SWIR CLI radioisotope detection.(38) °°Y has
been shown to improve the SNR of CL detection over e.g. 8F or ®Ga due to reduced y sensor
strikes.(50) The long exposure times for SWIR CLI contaminatinated the SWIR CL image with
thermal signatures (removed in post processing via rolling ball background subtraction),
complicating SWIR CLI over VIS CLI. Mice were injected with ~7.4 Mbq of ®°Y labeled SiNPs into
a single footpad and imaged 3 hours later. °°Y is administered clinically for radioembolization at
activities ranging from 500 to 5291 Mbq.(47,48) The resulting SWIR CLI signal was readily
detected over background thermal signatures present in vivo (n = 4 mice; Figure 4 and
Supplemental Figure 6). Footpad injected radiolabeled SiNPs slowly migrate through the
lymphatic system (48 hrs) preventing CL contamination of the endogenous thermal signature.(38)
Respective residual thermal signatures remaining post background subtraction from each mouse
were used to divide the image producing measurements in terms of signal to thermal background
ratio (SBR; Supplemental Figure 2). SBRs from injected mice ranged from 1.68 to 4.63 with a
mean of 3.07, see Figure 4B.

DISCUSSION

This work aimed to detect the theoretical SWIR CL emission from clinical radioisotopes via
commercially available components (Supplemental Figure 7). To date SWIR CL has only been
detected from LINAC sources which produce an order of magnitude brighter CL.(25,28) The
devised setup and enclosure provided ambient light-free imaging.(51,52) The state of the art TEC
SWIR sensors used in our study produces 2 to 3 orders of magnitude higher dark noise compared
to EMCCD-based cameras. This intrinsic noise within the SWIR setup, an obstacle not only for
SWIR CLI, has been the main limiting factor throughout this work.(53) In addition, the even further
reduced light output at longer wavelengths necessitated longer exposure times (minutes versus
seconds for VIS CLI). Nevertheless, the six radioisotopes we explored produced detectable SWIR
CL (Figure 1), with relative radiances in line with VIS CLI.(3,41,42) SWIR CLI performed linearly
with radioisotope levels (Figures 1, and 3). SWIR CLI radioisotope sensitivity was found to be 259
kbq (8.51 kbg/pL) in vitro and 403.3 kbq in tissue with ®Ga. VIS CLlI is four orders of magnitude
more sensitive, with ®8Ga detection reported at 0.00333 kbg/pL.(54) The insensitivity of SWIR CLI
limits applications with the current generation of SWIR cameras. However, its advantage of
reduced scattering in combination with the increased transmission of CL in the SWIR region
(Figure 2 and Supplemental Figure 7), potentially paired with SWIR-void room lighting, could open
new applications for SWIR CLI (28) that benefit from improved radioisotope resolution at depth.
Combining the strengths of InGaAs (900 — 1700 nm) and silicon (400 — 900 nm) based sensors
would open further applciations for CLI and is worth investigaing.(16,19,46,55,56). Assuming
sufficient radioisotope levels, SWIR CLI can be performed close to video rates (0.25s; Figure 1).

The detected radioisotope SWIR CL spectrum was found to be in line with the SWIR LINAC
spectrum.(28) Similarly to SWIR LINAC CL, detection of theoretically emitted CL above 1400 nm
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could not be reliably detected likely due to sensor noise and water absorption (Supplemental
Figure 7). However, the advantage of wavelengths above 1400 compared to 900-1300 nm is
unclear for SWIR CLI in any case due to the increased absorption of water above 1300
nm.(19,46).

The preclinical applicability of SWIR CL was investigated and initially focused on the ex vivo
SWIR CLI of intratumorally injected ¥F-FDG, see Supplemental Figure 3. 8F’'s weak CL (26x
dimmer than %8Ga) required one hour acquisition times for accurate signal detection.(42,54) *°Y
was used to overcome the limitations of ®Ga and 8F for this investigation (very little y emission,
brighter CL, longer half-life than ®Ga, 64.2 hrs vs 1.13 hrs).(2,41) *°Y labeled SiNPs were injected
into the footpad of live mice for in vivo SWIR CLI detection.(38) Mice were imaged 3 hours post
injection (~7.4 Mbq of °Y-SiNPs) together with a non-injected control mouse. Exposure times of
15 mins provided a reliable SWIR CL signal that was detected over endogenous thermal signature
and inherent noise, see Figure 4.

CONCLUSION

Our study presents the first example and proof of principle of in vivo radioisotope SWIR CLI
detection. Considering the optical properties of tissue it has been shown that the majority of CL
emitted from tissue at depth is above 600 nm.(3,16) Therefore, the ideal radioisotope CL camera
would be one that combines the spectral range of thinned SWIR sensors (600 — 1700 nm) with
the photon sensitivity of EMCCD based sensors. Future iterations of SWIR CLI should aim to
tackle its main limitations via a faster lens and dark noise reduced camera sensor to improve
overall sensitivity along with lead shielding to further increase sensitivity via y strike reduction.
Such components would be highly custom and outside the scope of this proof of principle work.
Human eyes respond to light from ~400 to ~700 nm and by changing ambient lighting to non-
SWIR emitting LEDs, radioisotope SWIR CLI could be performed in a well lit room and without
the need for a dark enclosure, as achieved for LINAC CLI.(7,30) This would directly impact
preclinical CLI which is a common, fast and cost-effective PET alternative for novel radiotracers
and treatment tracking.(57,58) However, significant improvements are required in SWIR optics
and technology before this can be realized.
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KEY POINTS

This is the first work to show SWIR CLI (900 — 1700 nm) from radioisotopes which has so far
only been detected from LINACs, orders of magnitude brighter.

This work detected SWIR CLI via commercially available components from numerous
pre/clinical radioisotopes with the radiances and spectrum performing in a manner contiguous
with VIS CLI (400 — 900 nm).

SWIR CLI has distinct advantages over VIS CLI in terms of reduced scattering and absorption

at depth however, significant technological and optical improvements are required for
comparable sensitivity.
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Figure 1. SWIR CL radioisotope imaging setup and characterization. A) A dark enclosure was
used for all imaging. 16mm or 8mm f/1.4 SWIR lens was mounted on the camera. ©2022 Memorial
Sloan Kettering Cancer Center. All rights reserved. B) Linearity assessment of the camera via %8Ga
imaged at positions (P1, P2) across the FOV, P1 + Cardboard confirming detection was not a result
of y strikes. C) SWIR gray levels and corresponding %8Ga activity (Mbq). Linear regression and 95%
confidence intervals are shown, Pearson R? = 0.9839 and two-tailed p value <0.0001. SWIR CLI is
linearly responsive and quantitative as found with VIS CLI. D) *2P SWIR gray value intensity in relation
to exposure time changes E) Graphical representation of the radioisotope (3°P) SWIR CL emission
spectrum from 900 to 1500 nm, blue line: one phase exponential decay function, R? = 0.9812. Inherent
system noise, low photon production and water absorption prevents detection >1400 nm. F)
Descending radioisotope radiance (3P, %8Ga, 8F, 89Zr and 3!1) corrected for concentration (kbg/uL)
and spatial FOV. Students t-test (upaired, two-sided) p values are shown. In all cases, the mean (red
line), standard deviation (black lines) and individual measurements (n = 90 technical replicates, gray
dots) are shown, excluding negative values.
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Figure 2. Reduced scattering via SWIR CLI over VIS CLI A) Left, Normalized VIS CLI (400 —
900 nm) line intensity profiles from the phantom setup. FWHMSs increase with scattering tissue
depth at 0, 10 and 15 mm with respective FWHMs of 6.38, 13.05 and 33.64 mm. Right,
representative VIS CLI images. B) Left, Normalized SWIR CLI line intensity profiles of Y
(Eppendorf, 55.5 Mbq in 200 pL of saline) at increasing scattering tissue (chicken breast: 0, 10
and 15 mm), full width half maximums (FWHM) of 6.24, 6.40 and 7.04 mm. Right, representative
SWIR CL images. In all cases three seperate line measurements are made from the images at
each depth (dotted lines) with the mean shown (solid line).
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Figure 3. In vitro and ex vivo SWIR CLI radioisotope sensitivity limit for ®Ga radiolabeled
SiNPs. A) SWIR CLI radioisotope in vitro detection limit for ®®Ga-SiNPs post multiple half-lives.
B) SWIR CLI decay tracking to the limit of detection linear regression (solid black line, R? = 0.9882)
and 95% confidence intervals are shown (dotted gray lines). C) The ex vivo SWIR CLI (900 —
1700 nm) limit of detection for ®8Ga labeled SiNPs. The detection limit slightly worsens in tissue
compared to in vitro imaging (~140 kbq less sensitive). D) Linear regression analysis (R? =
0.9923) of the ex vivo SWIR CLI of the ®®Ga labeled SiNPs to the limit of detection (403.3 kbq, C)
paw labeled with white arrow.
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Figure 4. In vivo SWIR CLI detection of °Y labeled SiNPs three hours post injection into
the footpad A) Left, Representative images of a mouse injected (+) with *°Y labeled SiNPs (~7.4
Mbq). Right, image of a control mouse without any injection. C) Quantified SBR values of injected
(n = 4) vs control mice (n = 1). All images are shown in respective signal to background ratios
(SBR).
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Supplemental Figure 1. SWIR CLI radioisotope temporal detection limit and emission
spectrum A) Representative SWIR CL images at varying exposure times. SWIR CL was detected
at acquisition speeds of up to 0.25s. B) Gray value intensity in relation to exposure time changes
C) The SWIR CL emission spectrum of 3P is shown D) Graphical representation of the
radioisotope SWIR CL emission spectrum from 900 to 1500 nm, the line represents a one phase
exponential decay function, R?> = 0.9812. Inherent system noise, low photon production and water
absorption prevents detection >1400 nm. A) and C) each panel comprises the summation of n =
90 technical replicates. B) and D) each replicate (gray dots, n = 90, technical), mean (red line)
and standard deviation (black lines) are shown.
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Supplemental Figure 2. Image processing pipeline for in vivo SWIR CLI. Images are
presented from input to output including all necessary processing steps to generate the in vivo
images. The input is based on a summation of n = 90, 16-bit, 10s images (900s/15 mins total
acquisition time). Post darknoise subtraction images were processed in 32-bit formats. Rolling
ball background subtraction was employed to remove endogenous thermal signal. Gaussian blur
was applied with a sigma of 3.
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Supplemental Figure 3. Ex vivo SWIR CLI and VIS CLI comparison of 4T1 xenografted mice
intratumorally injected with clinical ®F-FDG A) Euthanized mice were injected with "®F-FDG
directly into the tumor. B) The corresponding image of 3 mice injected with "®F-FDG and one
control mouse. Top, SWIR CL image, bottom VIS CL images of resected tumors (IVIS) C) Gray
Value Cerenkov intensities for each tumor in both SWIR and visible light modalities (background
subtracted). For B) and C) SWIR images and data points are summations from n = 360 technical
replicates and visible images are from a single acquisition from n = 3 "®F-FDG intratumorally
injected mice and n = 1 non-injected mouse (biological replicates).

Initial experiments assessed the application of preclinical SWIR CLI with ®F-FDG. The inherent
noise in the SWIR sensor and lower CL intensity of '8F (8 average 0.25 MeV), required that "®F-
FDG be injected on the order of a hundred Mbqg to be detected in a murine setting.
Experimentation in this format spatially concentrated the source further enabling detection
(intratumoral injection, see Supplemental Figure 2A). It should be noted this is not representative
of conventional CLI. Imaging was carried out post euthanasia and following the immediate
injection of '®F-FDG into the tumor. As shown in Supplemental Figure 2B, three mice were
administered "®F-FDG (with varying amounts up to 166.5 Mbq). The fourth mouse received no
injection (negative control). Mice were imaged over the course of an hour (360 frames, 10s each)
with SWIR CL detected in two mice. Tumors were resected post SWIR CLI and imaged on a
conventional VIS CLI system (IVIS, 400 — 900 nm), see Supplemental Figure 2B, bottom row.
The corresponding gray values are plotted for both modalities in Supplemental Figure 2C. In the
case of the left (L), middle (M) and control (Control) mice the values are in close agreement.
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Supplemental Figure 4. SWIR CLI of a variety of medical radioisotopes. A) Representative
SWIR CLI images for %P, ®Ga, "®F, ®Zr and "'I. Images are respectively thresholded and
represents the summation of n = 90 technical replicates. B) Descending radioisotope radiance
corrected for concentration (kbq/uL) and spatial FOV. Students t-test (upaired, two-sided) p
values are shown. Mean (red line), standard deviation (black lines) and individual measurements
(n = 90 technical replicates, gray dots) are shown, excluding negative values.
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Supplementary Figure 5 SWIR CLI radioisotope localization for ®Ga radiolabeled SiNPs.
A) VIS-SWIR (400-1700 nm) image of *®Ga-SiNPs (Top) and non-radiolabeled SiNPs (Bottom).
B) NIR-SWIR (650-1700 nm) image of the phantom as in A). C) SWIR (900-1700 nm) image of
the phantom as in A). D) Decay corrected spectral emission profile of ®*Ga-SiNPs, technical
replicates (gray dots, n = 3), median, SD and a fitted one phase exponential decay (dotted line,

R? = 0.9742) are shown.
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Supplemental Figure 6. In vivo SWIR CLI detection of °*°Y labeled SiNPs three hours post
injection into the footpad A) Images of mice injected (+) with *°Y labeled SiNPs (~7.4 Mbq per
mouse). B) Image of a control mouse without any injection. C) Quantified values of injected (n =
4) vs control mice (n = 1). All images are shown in respective signal to background ratios (SBR).
A, Top left and Cntrl mouse are the same image as shown in Main Figure 4.
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Supplemental Figure 7. Theoretical Frank-Tamm Cerenkov emission from 250 — 1700 nm
with and without absorption in terms of detector responses (400 — 1700 nm). A) The
exponential decay of light produced by Cerenkov emission calculated from 250 — 1700 nm. The
emission decreases at a rate of 1/A? with theoretical emission to 1700nm. The R? value represents
the goodness of fit for an exponential one phase decay. B) The fraction of theoretical light emitted
at each of the relevant bands used in this work. Firstly the entire emission for both EMCCDs
(silicon based) and SWIR (InGaAs based). Secondly the 250 — 400 nm band (UV) of which the
EMCCD is not sensitive totalling 0.54 of the light. The 400 — 900 nm band, EMCCDs responsive
wavelengths, totalling 0.411 of the emitted light. The 600 — 900 nm band, which represents the
majority of the emission of CL from tissue detected by EMCCDs comprises 0.171 of the light and
the 900 — 1700 nm band (SWIR) totalling 0.146 of the emitted light. Finally the 600 — 1700 nm
band which represents the gross total theoretical CL emission from tissue totalling 0.301 of the
light. C) The theoretical CL emission in terms of the optical transmission of tissue within the
spectral response of the detectors used in this work (400 — 1700 nm). The optical transmission of
1mm of rat cortex was used as a reference.[40,41] Notable transmission losses are present
between 400 — 600 nm due to hemoglobin absorption and at 1380 — 1590 nm due to water
absorption. D) The normalized CL emission detection spectrum across similar bands as those in



B. When incorporating tissue transmission the 400 - 900 band captures 0.48 of the total light, 600
— 900 nm band captures 0.34. Interestingly the 900 — 1700 nm band captures 0.52 of the emitted
CL and the 600 — 1700 nm band captures 0.86 of the total light. This highlights the advantage of
SWIR CL imaging in tissue and also the recommended development of sensors with extended
range to capture the 600 — 1700 nm spectrum. Note this data does not incorporate the true
spectral response of EMCCDs or SWIR sensors and assumes 100% quantum efficiency in the
relevant bands. The data does also not account for the inherent noise of either detectors nor the
optical losses of respective VIS and SWIR lenses.

Radioisotope Total Photon Yield | SWIR Detection
Limit (kbq/uL)

Oy 47.3 6.19

2p 28.1 10.41

%Ga 33.9 8.63

8zr 2.29 127.75

8F 1.32 221.63

31 0.669 437.3

Table 1. The current radioisotope detection limits for SWIR CLI. The detection limit for the
radisotopes tested in this work are given. Minimum levels are shown based on the detected %Ga
level of 8.63 kbq/uL and calculated via previously reported relative radiance levels.[3,41]



