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Abstract 15 

 16 

Cerenkov luminescence (CL) is produced by medical radioisotopes when charged (commonly 17 

beta (β+/-)) particles travel faster than light in a dielectric medium (tissue). This blue-weighted 18 

luminescence is both continuous and proportional to the reciprocal wavelength. CL imaging (CLI) 19 

promises an economical alternative to PET but is limited by the optical properties of tissue and 20 

special setup requirements. CL has been detected in the shortwave infrared (SWIR) spectrum 21 

(900 – 1700 nm) from linear accelerators operating in the MeV range but so far not from medical 22 

radioisotopes. This work is the first to show that the order of magnitude weaker SWIR CL from 23 

medical radioisotopes predicted by the Frank-Tamm equation can also be detected, using 24 

commercially available SWIR components. SWIR CL was detected from five clincial 25 

radioisotopes: 90Y, 68Ga, 18F, 89Zr, 131I and from 32P, used in biomedical research. The advantage 26 

of radioisotope SWIR CLI over conventional CLI is shown in terms of significantly increased light 27 

penetration and reduced scattering at tissue depth, in line with the known advantages of SWIR 28 

imaging. We report the radioisotope SWIR spectrum, the current detection sensitivity limit (0.23 29 

µCi/µl of 68Ga) and determine the feasibility of SWIR CLI with ex vivo and in vivo preclinical 30 

examples. Further improvements in SWIR optics and technology are required to enable 31 

widespread adoption. 32 

 33 

1. Introduction  34 

 35 

CL is generated by subatomic suprarelativistic particles (i.e., traveling faster than the speed of 36 

light) in a dielectric medium such as water or tissue.[1] As the particle travels it polarizes the 37 

surrounding molecules, which generate light (luminescence) upon relaxation [2]. CL is UV 38 

weighted, appearing blue, with an exponential decrease in photon production as the wavelength 39 

increases (1/λ2) throughout the visible and into the infrared spectrum.[3] The detected CL intensity 40 

is directly correlated to the energy of the emitted particle upon decay of the isotope and has found 41 

a variety of uses in astrophysics, nuclear physics, and more recently in biomedic imaging.[4, 5] 42 

 43 

Cerenkov luminescence imaging (CLI) has been established as a cost- and time-effective 44 

alternative to positron emission tomography (PET), especially for surface-weighted imaging.[2, 6] 45 

Biomedical CLI has focused on two different entitites: the detection of CL from radioisotopes  46 

decaying with a beta (β+/-) particle emission used in nucelar medicine; and from a linear 47 

accelerator (LINAC) in the pre- and clinical domain.[7, 8] The advantages of using inexpensive 48 

(in comparison to PET) optical based systems to detect signals from specific radiotracers has 49 

aided in the discovery and development of both novel targeted radiotracers and radiotherapy-50 



based treatments.[9] The success of preclinical CLI has led to the implementation of clinical CLI. 51 

To date, clinical CLI has focused on image guided surgery for margin detection, determining the 52 

clinical uptake of radiotracers and real time dosimetry readings.[10-13] Numerous clinically 53 

approved and commonplace radioisotopes have been shown to produce detectable CL with 54 

standard administered doses.[4]  55 

 56 

The rapid adoption of devices capable of detecting single photons of light by the life science 57 

community has resulted in a wide selection of affordable and low dark and read noise optical 58 

devices. Fortunately these cameras, based on EMCCD and scientific CMOS technology, are 59 

highly sensitive to the blue weighted CL spectrum.[2] Whilst visible wavelengths of light are often 60 

desirable in both fluorescence and microscopy-based imaging, these wavelengths suffer 61 

significant drawbacks in both the pre- and clinical settings. The abundance of endogenous 62 

chromophores in biological tissue limits the optical detection of CL in the visible parts of the 63 

spectrum to penetration depths of a few millimeters.[14] Furthermore, light only remains within its 64 

ballistic regime for a few hundred microns in tissue before entering the scattering or random walk 65 

regime.[15] This greatly reduces the resolution, contrast and ultimate sensitivity of visible light 66 

imaging at increased depth. Accordingly, CLI is limited by the same optical properties of tissue.  67 

 68 

As the limitations of visible light (VIS)-based imaging have been defined, there has more recently 69 

been a noted shift to longer wavelength-based imaging where the absorption and scattering of 70 

light is reduced.[16] These methods have focused on imaging in the near infrared region (NIR) 71 

above 650 nm where tissue absorption is reduced by almost two orders of magnitude compared 72 

to visible wavelengths (400 – 650 nm).[14, 17] Accordingly, numerous studies have focused on 73 

the red shifting conversion of CL via dyes and nanoparticles.[18-20] Of note is the more recent 74 

emergence of short-wave infrared (SWIR; 900 – 1700 nm) based imaging where tissue 75 

absorption, scattering and autofluorescence are of negligible levels.[21] The advantages of SWIR 76 

imaging have been outlined in many cases including the imaging of the clinically approved dye 77 

ICG with increased resolution and contrast over VIS and NIR wavelengths.[22] Recent examples 78 

have shown the detection of SWIR photons from nanoprobes excited by X-ray beams and 79 

fluorescent emission of quantum dots excited by CL from an external LINAC beam in a FRET 80 

manner.[18, 23-25] Furthermore, pure CLI without the need for secondary emitters has been 81 

detected from LINAC sources where significant improvements were shown by SWIR CL versus 82 

VIS-NIR CL.[26] In comparison to LINAC based CLI, imaging of medical radioisotopes CL is more 83 

demanding. On average, radioisotopes produce an order of magnitude less energy than LINAC 84 

particles achieve (6 to 24 MeV from LINACs versus 0.836 MeV for e.g. 68Ga, one of the brightest 85 

CL medical radioisotopes).[27-30] The low CL production from radioisotopes requires complete 86 

darkness during imaging in combination with low noise and highly efficient optical imaging 87 

systems. The low luminescence production of radioisotopes in comparison to LINACs additionally 88 

increases the difficulty for radioisotope SWIR CL detection.[3] Furthermore, the acquisition of CL 89 

generated by a LINAC can be synchronized with the radiation pulses for better sensitivity, 90 

something not possible for radioisotope decay.[28, 31] Despite these challenges, we show here 91 

for the first time that SWIR CLI can be performed with medical radioisotopes with significant 92 

advatanges over VIS CLI. 93 

 94 

Currently, commercial SWIR technology is far less advanced than its visible light EMCCD 95 

counterparts in terms of both sensor read and dark charge noise. Thermoelectric cooled (TEC) 96 

EMCCDs can readily achieve dark noise levels of 0.001 e/p/s in comparison to values ranging 97 

from 40 to 300 e/p/s for TEC cooled SWIR sensors. Additionally, high efficiency visible light 98 

collecting optics are commercially available with an ƒ of 0.95. This is in stark comparison to 99 

commercially available SWIR lenses which currently achieve an ƒ of only 1.4, collecting less than 100 

half the light of 0.95 lenses. The low light output of radioisotope CL, orders of magnitude increased 101 



SWIR dark and read sensor noise in combination with less sensitive lenses further exacerbates 102 

the challenge to detect radioisotope SWIR CL. In this work, radioisotope SWIR CLI was achieved 103 

via specialized TEC SWIR cameras, appropriate acquisition settings and post acquisition 104 

processing. Herein we characterize the performance of SWIR CL with radioisotopes, detect SWIR 105 

CL emission from six radioisotopes, define the SWIR CL radioisotope emission spectrum, show 106 

the advantage of SWIR CLI over VIS CLI, define the current limit of detection in terms of sensitivity 107 

and assess the feasibility of preclinical radioisotope SWIR CL in both ex vivo and in vivo settings. 108 

This work establishes a proof of principle for radioisotope SWIR CLI. We also highlight the need 109 

for improved SWIR sensors and optics to mature SWIR CLI technology to a level seen with VIS 110 

CLI.  111 

 112 

2. Results 113 

 114 

 115 
 116 

Figure 1. Schematic outlining the SWIR CL radioisotope imaging setup.  Imaging was carried out 117 

in a custom dark enclosure with the radioisotope source located within a lead ingot (pig) for shielding. 118 

The camera was fitted with either a 16mm or 8mm ƒ/1.4 SWIR lens and located 20 cm from the source 119 

with a field of view of 15x15 cm. Camera control and recordings were managed from the respective 120 

camera software on a PC. 121 

 122 

 123 

2.1 Confirmation of SWIR CL detection from radioisotopes 124 

 125 
68Ga is a commonly administered medical radioisotope for PET imaging.[32, 33] During its decay, 126 
68Ga produces β+ particles (87.7%) along with γ photons. As shown in Figure 2A, the SWIR CLI 127 

setup (see Figure 1A) could readily detect the SWIR radioisotope CL emission. A sample of 68Ga 128 

(2.95 mCi) was eluted into a 5 ml Eppendorf and placed in a lead pig within the field of view (FOV). 129 



Shown in Figure 2A top right is the processed SWIR CL image overlaid on the white light image 130 

demonstrating that the source of light is coming from the Eppendorf and that the processing steps 131 

sufficiently removed γ strikes on the camera chip whilst retaining the intensity of the light source. 132 

To ensure that the image processing did not accumulate γ strikes to resemble the light source, a 133 

piece of black cardboard was placed over the source. As shown in Figure 2A, the cardboard 134 

image resulted in a blank image confirming that the images are based on the the detection of 135 

SWIR CL photons and not γ strike accumulation. The 68Ga source was then moved around the 136 

FOV decaying in the process (five positions in total including a repeat of P1). The sensor could 137 

readily detect CL from 68Ga across the entire FOV. Manually drawn regions of interest (ROI) were 138 

then measured to determine the signal intensity (gray values) of the sensor for each position and 139 

timepoint. 140 

 141 

 142 
 143 

Figure 2. Linearity of the SWIR CLI setup to 68Ga decay across the FOV.  A) Linearity assessment 144 

of the camera ensuring images were not processing artifacts. Shown is 68Ga imaged at positions 145 

across the FOV. The P1 + Cardboard confirms the detection is not due to γ strikes which can pass 146 

through the cardboard whilst light cannot. B) The recorded SWIR gray levels and corresponding 68Ga 147 

activity (mCi) across all positions. The linear regression is shown along with the 95% confidence 148 



intervals. The Pearson correlation value is displayed (R2 = 0.9839), two-tailed p value <0.0001 149 

highlighting the conserved quantitative and linear respone capabilities of SWIR CLI, in line with VIS 150 

CLI. Each image and data point are a summation of n = 90 technical replicates for each position. 151 

Presented images are thresholded at the same levels to show lowest light levels, allowing noise and 152 

sensor artifacts to show at 1.32 and 1.09 mCi. 153 

 154 

As can be seen in Figure 2B the recorded gray levels increase in a manner that is linearly 155 

correlated with the 68Ga mCi levels highlighting the accuracy and quantitative capabilties of SWIR 156 

CLI setup at high radioisotope levels. This linearity is in line with VIS CLI.[4] As is common with 157 

optical imaging devices, linearity and sensitivity are reduced along imaging borders as shown by 158 

the artefacts at P4 and P5 in Figure 2.  159 

 160 

As SWIR CLI could be performed with 68Ga (0.84 µCi/µl), we set out to investigate other 161 

radioisotopes which may produce enough SWIR CL to be detected using our setup. As shown in 162 

Figure 3A, four additional radioisotopes were detected: 32P (8.65 µCi/µl), 18F (272.25 µCi/µl), 89Zr 163 

(160 µCi/µl) and 131I (1112 µCi/µl). The same processing steps as used for the 68Ga imaging were 164 

employed to ensure that the detected signals were not as a result of γ strikes and correctly 165 

overlaid with the white light image of the source location. In all cases the CL was correctly overlaid 166 

with the position of the source, see Figure 3A. The SWIR radiance of each was then calculated 167 

as shown in Figure 3B, values have been corrected for both concentration (µCi/µl) and spatial 168 

FOV (cm2). SWIR CLI could readily differentiate between each of the tested radioisotopes, as 169 

shown by the p values in Figure 3B. The reported SWIR CL levels are in line with previously 170 

reported VIS CLI values highlighting the continuity of the technique.[34]  171 

  172 

 173 
Figure 3. SWIR CLI of a variety of medical radioisotopes. A) Top and bottom, representative 174 

images are shown for SWIR CLI detection of 32P, 68Ga, 18F, 89Zr and 131I. Each image is thresholded 175 

respectively and represents the summation of n = 90 technical replicates. B) Comparative descending 176 

radiance of the isotopes which have been corrected for concentration (µCi/µl) and spatial FOV. 177 

Students t-test (upaired, two-sided) p values are shown highlighting the systems capability to 178 

distinguish between radioisotopes. The mean (red line) and standard deviation are shown. Individual 179 

measurements (n = 90 technical replicates) are displayed with gray dots for each sample, excluding 180 

negative values. 181 



 182 

2.2 Determining the SWIR CLI radioisotope temporal detection limit and emission 183 

spectrum  184 

 185 
32P is a pure β- particle emitter with a long half-life of 14.3 days and provides a stable source for 186 

setup characterization. The 32P concentrations used here ensured SWIR CLI detection with signal 187 

being distinguished from noise at acquisitions speeds as low as 0.25s, see Figure 4A. Each image 188 

panel of Figure 4A represents the summation of 90 frames at each respective exposure time. 189 

Figure 4B shows the mean gray level along with each of the 90 repetitions at the respective 190 

acquisition length.  191 

 192 

The high SWIR CL radiance of 32P was then used to characterize the radioisotope SWIR CL 193 

emission spectrum. No filter (wavelengths of 920nm and above due to the spectral response of 194 

the sensor) and long pass filtered acquisitions ranging from 1000 nm to 1500 nm in 100 nm steps 195 

were carried out. The sensor used in these experiments employs a indium phosphide (InP) 196 

substrate band gap at 1.35 eV. Whilst InGaAs itself can detect VIS light, the InP band gap is not 197 

thinned on this device and thus prevents light below 920 nm from reaching the sensor. 198 

Additionally, InGaAs focal plane arrays have an inherent bandgap of 0.75 eV resulting in a 199 

shortpass cutoff at 1700nm.[35-37] The images of the SWIR CL photon production are shown in 200 

Figure 4C with the intensity exponentially decreasing as the wavelength increased, as expected 201 

and previously reported for VIS CLI and LINAC based SWIR CLI.[2, 26] The radioisotope SWIR 202 

CL spectrum was then quantified as shown in Figure 4D showing a fitted one phase exponential 203 

decay with an R2 of 0.9812. As can be seen in Figure 4C and D detection of photons above 204 

1400nm is challenging with the current setup which can likely be attributed to the noise within the 205 

system as opposed to purely low lumiescence production. The noise is highlighted by the noise 206 

floor level shown in Figure 4D.  207 

 208 

 209 
 210 

Figure 4. Determining the radioisotope SWIR CLI temporal acquisition limit and spectrum A) 211 

Representative images of the effect of exposure time changes on image quality for each exposure 212 

length. SWIR CL could be separated from the noise at acquisition speeds of up to 0.25s. B) The gray 213 



value intensity as exposure time changes. For A) each image is a summation of n = 90 technical 214 

replicates and B) is representative of each replicate where the mean and standard deviation are 215 

displayed. C) The SWIR CL emission spectrum of 32P is shown. Firstly, overlaid and then by images 216 

for each filter set. The output decreases as the wavelength increases. Each image is a summation of 217 

n = 90 technical replicates. D) Graphical representation of the radioisotope SWIR CL emission 218 

spectrum from 920 to 1500 nm, mean and standard deviation are displayed from n = 90 technical 219 

replicates. A one phase exponential decay function has been fitted (R2 = 0.9812). As shown in C) the 220 

inherent noise in the system and low photon production prevents detection of photons above 1400 221 

nm. 222 

 223 

2.3 Reduced scattering via SWIR CLI over VIS CLI 224 

 225 

Having established suitable acquisition and post processing steps, we then investigated the 226 

advantage of SWIR over VIS CLI. To achieve this an eppedorf containing 1.5 mCi of 90Y 227 

suspended in 200 µl of saline solution was imaged on the SWIR setup and immediately after on 228 

a current state of the art IVIS® (VIS CLI) imaging system. 90Y is a pure β- emitter (only CL) with a 229 

64h half life that is commonly administered clinically to treat primary and metastatic liver cancer 230 

at activities ranging from 13.5 to 143 mCi.[38, 39] Representative images of the source with and 231 

without overlying scattering medium (chicken breast) were acquired on the SWIR and IVIS 232 

systems at increasing tissue depths of 0, 10 and 15 mm. To enable a fair comparison between 233 

both modalities the imaging time was defined as the minimum time needed to detect signal from 234 

the source without any scattering medium, 10 s for IVIS imaging and 15 mins for SWIR CLI. These 235 

exposure times were consistent throughout the increase in tissue depth. As can be seen in Figure 236 

5, SWIR CLI shows an improvement in resolution when imaging through scattering tissue. 237 

Observationally, for SWIR CLI the shape of the Eppendorf containing 90Y remains consistent up 238 

to 15 mm of tissue whilst its appearance is enlargened over five times in VIS CLI. This highlights 239 

the advantage of SWIR CLI over VIS CLI to accurately resolve radioisotope’s location at depth in 240 

scattering media like tisse. This accuracy is further validated by the full width half maximum 241 

(FWHM) measurements shown in Figures 5 A and C.  242 

 243 

 244 
 245 

Figure 5. SWIR CLI enables reduced scattering in tissue over VIS CLI A) Normalized SWIR 246 

CLI intensity profiles of an eppendorf containing 1.5 mCi of 90Y suspended in 200 µl of saline 247 

solution with increasing depths of scattering tissue (chicken breast at depths of 0, 10 and 15 mm) 248 

with respective full width half maximums (FWHM) of 6.24, 6.40 & 7.04 mm. B) Representative 249 

SWIR CL images of the eppendorf through increasing scattering tissue depths. C) Normalized 250 

VIS CLI intensity profiles of VIS CLI line profiles (IVIS) from the phantom setup used in A). FWHMs 251 

increase with scattering tissue depth at 0, 10 and 15 mm with respective FWHMs of 6.38, 13.05 252 

and 33.64 mm. D) Representative VIS CLI images of the source as seen through scattering tissue 253 



depths. In all cases three seperate line measurements are made from the images at each depth 254 

(dotted lines) with the mean shown by the solid line. 255 

 256 

2.4 SWIR CLI radioisotope sensitivity limits in vitro  257 

 258 

As previously mentioned, the majority of SWIR sensors are insensitive to wavelengths of light 259 

below 920nm. However, by thinning the InP cap, the low cutoff can be improved to ~400 nm with 260 

the sensor then capable of detecting VIS and SWIR wavelengths. Whilst the camera has a largely 261 

increased range, it is still very insensitive in comparison to e.g. EMCCDs. It should be noted that 262 

the VIS sensitivity of a second sensor (Zephir 1.7v, Photon Etc., Canada) used in this study has 263 

significantly reduced quantum efficiency in the VIS range (e.g. ~25% at 600 nm). The sensor was 264 

employed to compare the spatial localization of VIS-SWIR (400 – 1700 nm), NIR-SWIR (650 – 265 

1700 nm) and SWIR CLI (900 – 1700 nm) of radioisotopes via appropriate long pass optical filters. 266 

Silica nanoparticles (SiNPs) have been shown to readily bind radioisotopes with a high affinity 267 

and are suitable for localized injection in vivo preventing unwanted distribution of the 268 

radioisotope.[40] In Figure 6, 68Ga conjugated SiNPs suspended in 30 µl of saline opposite a non-269 

radiolabeled SiNP control were imaged at VIS-SWIR, NIR-SWIR, and again at SWIR following 270 

numerous half-lives. As can be seen in Figure 6 A) – C), the spatial location of the detected CL 271 

signals through the defined spectrums are solely localized to the eppendorf containing 68Ga + 272 

SiNPs. The overall activity along with the activity per µl are shown. In Figure 6 D) the sensitivitiy 273 

of SWIR CLI is shown with a detection limit of 7 µCi (0.23 µCi/µl) for 68Ga labelled SiNPs.  274 

 275 

 276 
 277 



Figure 6. SWIR CLI radioisotope sensitivity limits for 68Ga labeled SiNPs. A) VIS to SWIR 278 

(400 - 1700 nm) image of 68Ga radiolabeled SiNPs (Top) and non-radiolabeled SiNPs (Bottom). 279 

B) NIR to SWIR (650 – 1700 nm) image of the same phantom as in A). C) SWIR image of the 280 

same phantom as in A). D) Decay corrected emission profile quantification of the labeled 68Ga 281 

SiNPs, n = 3 technical replicates, median and standard deviation are shown. The dotted line 282 

represents a fitted one phase exponential decay with the goodness of fit shown (R2 = 0.9742). E) 283 

The SWIR CLI radioisotope sensitivity limit for 68Ga labeled SiNPs post multiple half-lives. F) 284 

Tracking the decay for the SWIR CLI limit of detection (900nm LP Filter). The linear regression is 285 

shown with 95% confidence intervals with a goodness of fit R2 = 0.9882, highlighting that at these 286 

low levels SWIR CLI performs linearly in relation to radioisotope levels. 287 

 288 

2.5 SWIR CLI radioisotope sensitivity limits ex vivo 289 

 290 

Having determined the in silico detection limits of SWIR CLI to be 7 µCi (0.23 µCi/µl) for 68Ga for 291 

radiolabeled SiNPs, we then tested the detection limits in tissue. A nude mouse was euthanized 292 

via CO2 inhalation and injected with 30 µl of 68Ga labelled SiNPs into each respective paw with 293 

varying radioisotope activities. Confirmation of the SiNPs location can be seen in Figure 7 A 294 

acquired with the IVIS system (VIS CLI). The same mouse was then transferred to the same 295 

SWIR CLI system as used in Figure 6 and imaged post multiple half-lives to determine the post 296 

vivo sensitivity SWIR CLI sensitivity (900 nm LP filter). As can be seen in Figure 7B, 68Ga labeled 297 

SiNPs were successfully detected down to 10.9 µCi, far below activity levels administered 298 

clinically (typically 4000 µCi).[41]  299 

 300 

  301 

 302 

Figure 7. Ex vivo SWIR CLI radioisotope sensitivity limits A) VIS CLI (IVIS - 400 to 900 nm) 303 

image of 30 µl of 68Ga labeled SiNPs injected subcutaneously into a dead mouse paw labeled 304 

with varying amounts of 68Ga. 68Ga amounts are shown in white text in µCi. B) The ex vivo SWIR 305 

CLI (900 – 1700 nm) limit of detection for 68Ga labeled SiNPs in the same mouse as in A) post 306 

multiple half-lives. As expected, the detection limit worsens in tissue compared to in silico imaging 307 

(~3 µCi less sensitive). C) Linear regression analysis of the ex vivo SWIR CLI of the 68Ga labeled 308 

SiNPs to the limit of detection (10.9µCi, B) paw labeled with the white arrow). SWIR CLI detection 309 

in tissue behaves linearly in relation to µCi amounts (R2 = 0.9923). 310 

 311 

2.6 In vivo detection of radioisotope SWIR CLI 312 

 313 

Whilst 68Ga produces bright CL, the combination of it’s short half-life (68 mins), the increased 314 

noise of current SWIR CLI system and increased γ strikes rendered 68Ga unsuitable for longer 315 

term experiments. To counteract the short comings of both 68Ga and SWIR imaging we employed 316 
90Y (average β energy of 0.94 MeV, 64.1 hour half-life) conjugated to SiNPs for in vivo SWIR CLI 317 

radioisotope detection.[40] Additionally, 90Y has been shown to improve the SNR of CL detection 318 



as the produced β- do not result in 511 keV photon production as is found with β+ sources e.g. 18F 319 

or 68Ga.[42] The long exposure times for SWIR CLI enabled contamination of the SWIR CL image 320 

with a thermal signature, further complicating SWIR CLI in comparison to VIS CLI. Mice which 321 

had been injected with ~200 µCi of 90Y labeled SiNPs were imaged 3 hours post injection into a 322 

single footpad. 90Y is administered clinically for radioembolization at activities ranging from 13,500 323 

to 143,000 µCi.[38, 39] As can be seen in Figure 8 and Suppelemental Figure 3 the SWIR CLI 324 

signal was readily detected over background thermal signatures present in vivo (n = 4 mice). 325 

Radiolabeled SiNPs injected in the foot slowly migrate through the lymphatic system (on the order 326 

of 48 hrs) preventing CL contamination of the inherent thermal signature.[40] To highlight the 327 

SWIR CL signal, the respective thermal signature from each mouse was used to divide the image 328 

producing measurements in terms of signal to thermal background ratio (SBR). The performed 329 

image processing steps can be seen in Supplemental Figure 1. This processing method 330 

suppressed the inherent thermal signal in the control mouse, shown in Figure 8. As can be seen 331 

in Figure 8 B, SBRs from injected mice ranged from 1.68 to 4.63 with a mean of 3.07.  332 

 333 

 334 
 335 

Figure 8. In vivo SWIR CLI detection of 90Y labeled SiNPs three hours post injection into 336 

the footpad A) Left, Representative images of a mouse injected (+) with 90Y labeled SiNPs (~200 337 

µCi). Right, image of a control mouse without any injection. C) Quantified SBR values of injected 338 

(n = 4) vs control mice (n = 1). All images are shown in respective signal to background ratios 339 

(SBR). 340 

 341 

3. Discussion 342 

 343 

This work set out to prove that SWIR CLI could be detected from radioisotopes from 344 

commercially available SWIR technology. Previous work has shown SWIR CL produced by 345 

accelerated beams from LINAC sources, which have on average an order or more magnitude 346 

higher energy levels than β particles from radioisotopes.[23, 26] The employed enclosure 347 

provided an imaging environment free of ambient room lights as is necessary with radioisotope 348 

VIS CLI.[43, 44] The TEC SWIR sensors used here, whilst state of the art, produce 2 to 3 orders 349 

of magnitude higher dark charge noise in comparison to e.g. TEC EMCCD counter parts. 350 

Despite this, SWIR CLI was detected from a variety of medical radioisotopes, see Figure 3A, 351 

and the detected SWIR radiance levels are in line with radioisotope production in VIS CLI.[34] 352 

We have also shown that in line with VIS CLI, SWIR CLI linearly correlated with both high and 353 

low radioisotope levels in multiple settings, see Figures 2, 6 and 7. We have shown the 354 

radioisotope sensitivity limit of SWIR CLI to be as low as 7 µCi (0.23 µCi/µl) in vitro and as low 355 

as 10.9 µCi in tissue with 68Ga. This is in stark contrast to VIS CLI performed with EMCCDs 356 

where 68Ga detection has been reported as low as 0.00009 µCi/µl, over four orders of 357 



magnitude more sensitive than SWIR CLI.[45] As a result, the insensitivity of SWIR CLI limits 358 

applications in its current iteration. However, the significant advantage of reduced scattering in 359 

SWIR CLI as shown here in Figure 5 could significantly improve radioisotope CLI 360 

applications.[26] Based on these results the advantage of radioisotope SWIR CLI would enable 361 

the better resolution of deep seated tumor radioisotope uptake.[17, 46, 47]  362 

 363 

The SWIR CLI setup used here was capable of detecting radioisotope emissions at temporal 364 

resolutions of up to 0.25s, verging on the potential for video rate imaging, as shown in Figure 4A. 365 

However, 32P and the amount of radioisotope used in this case is only suitable for in silico 366 

experimentation and enabled this proof of principle investigation. Furthermore, 32P undergoes 367 

pure β- decay reducing the impact of γ strikes on the sensor and improving sensitivity.[42] The 368 

long half-life of 32P, further enabled quantification of the radioisotope SWIR CL spectrum, found 369 

to be in line with the SWIR CL spectrum produced by LINACs.[26]  Due to the inherent noise in 370 

SWIR systems, detection of CL could not be reliably determined from noise above 1400 nm. A 371 

more sensitive system with reduced noise, similar to that of EMCCD cameras should be able to 372 

detect these longer wavelengths whilst simultaneously detecting lower radioactivity levels. 373 

However, the advantage of wavelengths above 1400 nm is unclear for SWIR CLI due to the 374 

increased absorption of water in this region.[17, 46]  375 

 376 

Having performed SWIR CLI from a range of radioisotopes, determined the sensitivity limits and 377 

shown the advantage of radioisotope SWIR CLI over VIS CLI our focus then turned to the 378 

preclinical potential of SWIR CLI. The success of preclinical VIS CLI has been widely established 379 

due to its relative ease and the wide availability of highly sensitive (single photon) cameras.[48-380 

51] Initial experiments focused on ex vivo SWIR CLI to detect 18F-FDG locally injected to a tumor 381 

on a xengofrafted mouse (see Supplemental Figure 2). However, the weak CL production of 18F 382 

(22 times dimmer than 68Ga) required the intratumoral administering of mCi’s of radioisotope and 383 

lengthy acquisition times on the order of an hour for accurate signal detection.[45] 90Y is a brighter 384 

CL source than 68Ga with a longer half-life (64.2 hrs versus 1.13 hrs) and overcomes the 385 

limitations of 68Ga and 18F for this investigation.[2, 34] 90Y labeled SiNPs were synthesized as 386 

previously described and injected into the foot of live mice to enable in vivo SWIR CLI 387 

detection.[40] Four mice were imaged 3 hours post injection with ~200 µCi of 90Y-SiNPs, 388 

respectively along with a non-injected control mouse. In this case, an imaging time of 15 mins 389 

provided a reliable signal that could be detected over the endogenous thermal signature, see 390 

Figure 8. This is the first case of radioisotope SWIR CLI in vivo detection and proves the potential 391 

for in vivo radioisotope SWIR CLI.   392 

 393 

Throughout the course of these experiments the main limiting factor has been the intinsic noise 394 

within the SWIR setup, an obstacle not only for SWIR CLI.[52] The orders of magnitude noise 395 

increase compared to EMCCD detectors and reduced light output at these longer wavelengths 396 

requires longer exposure times (tens of minutes versus seconds to minutes). This long exposure 397 

time is a significant disadvantage for SWIR CLI and counteracts one of the benefits of CLI i.e. 398 

short acquisition times. The SWIR sensors used here are not capable of performing on chip 399 

binning and are limited to post processing binning, additionally reducing the sensitivity and 400 

acquisition speed when compared to EMCCDs. Further hampering signal detection is the limited 401 

commercial availability of efficient light collection (fast) SWIR lenses. In this case an ƒ/1.4 was 402 

achieved whilst numerous VIS CLI spectrum lenses collect more than double the light with an 403 

ƒ/0.95.[53-55] To counteract this we utilized lenses with a short focal length (8 or 16 mm) to 404 

decrease the distance to the source, increasing light collection. However, imaging with such short 405 

focal lengths comes at the cost of reducing the effective depth of field, especially in comparison 406 

to the current preclinical gold standard IVIS imaging. Future iterations of SWIR CLI systems 407 

should aim to tackle these two main current limitations with a faster lens and dark noise reduced 408 



camera sensor. Such a lens and sensor will be highly custom devices and are outside the scope 409 

of this proof of principle work.  410 

 411 

Considering that human eyes respond to light from ~400 to ~700 nm it would be feasible to change 412 

the lights used in CLI locations from bulbs which produce SWIR light to non-SWIR emitting LEDs. 413 

The use of such room lighting in combination with SWIR CLI could enable radioisotope CLI to be 414 

carried out in a well lit room and without the need for a dark enclosure, as has been achieved for 415 

LINAC CLI.[28] This may have impact in preclinical small animal imaging where CLI is commonly 416 

used as a cheap alternative to PET for the tracking of novel radiotracers and treatments.[49, 56] 417 

However, significant improvements are required in SWIR optics and technology before this can 418 

be realized.  419 

 420 

4. Methods & Materials  421 

 422 

4.1 Radioisotope SWIR Setup  423 

 424 

Detection of SWIR CLI was carried out using thermoelectronically cooled (TEC) InGaAs focal 425 

plane arrays (NIRVana 640 TE, Princeton Teledyne, NJ, USA or ZephIR 1.7x, Photon etc Inc., 426 

Montreal, Canada) mounted on a custom enclosure as outlined in Figure 1. The custom built 427 

aluminium enclosure has an adjustable stage and lockable door. SWIR CL collection was 428 

achieved via a SWIR lens (SWIR-16, Navitar, NY, USA or 8mm FL SWIR lens, stock #83-815, 429 

Edmund Optics, NJ, USA) mounted on the camera. In all cases the lens aperture was set to an 430 

ƒ/1.4 to allow maximum collection of light. Data presented in Figures 2, 3 and 4 were acquired 431 

without the addition of optical filters, the NIRVana 640 TE focal plane array used in these 432 

acquisitions has not had InP cap layer thinning performed, preventing it detecting photons below 433 

920 nm.[57] Data in all other figures was acquired with the addition of either an 650nm or 900 nm 434 

O.D. 4.0 long pass filter (Edmund Optics #84-759 & #84-764, NJ, USA) mounted to the front of 435 

the lens. Acquisition settings along with recording of data was controlled via each cameras 436 

respective acquisition software. Due to the high noise levels associated with InGaAs sensors in 437 

comparison to more developed technology such as EMCCDs, acquisitions were limited to an 438 

accumulation of 90 frames of 10s each (900s/15mins total recording time). This ensured that 439 

Cerenkov light could be detected over the fundamental noise in the system. Dark noise 440 

measurements were recorded for each sensor and subtracted from the SWIR CL signal. White 441 

light (WL) images were taken with the enclosure door open and room lights on.  442 

 443 

4.2 Determining SWIR CLI Sensitivity   444 

 445 

Radioisotopes were located within either plastic Eppendorf’s or glass scintillation vials and imaged 446 

with the lids off in the enclosure, whilst being held in a suitable lead pig to limit exposure. White 447 

light images were acquired with the door open and room lights on (fluorescent tube bulbs with 448 

SWIR spectral emission (Pentron 3000K, Osram Sylvania, MA, USA)).[58] Corresponding SWIR 449 

CLI was performed after closing the door and adjusting the exposure time to 10s. Black 450 

posterboard (TB5, Thorlabs, NJ, USA) was placed over the source to prevent propagation of light 451 

whilst allowing γ particles to pass freely.  452 

 453 

4.3 Determining the radioisotope SWIR CLI temporal resolution and emission spectrum  454 

 455 
32P (β energy average 0.695MeV, t1/2 14.3 days) was used to determine the temporal resolution 456 

limits of the setup along with the SWIR CL emission spectrum. The long half-life of the 32P 457 

provided a constant photon flux. Approximately 10 mCi of 32P (NEX060005MC, Perkin Elmer, MA, 458 

USA) in 1 ml of water was imaged in the setup as previously outlined. The limit of temporal 459 



acquisition was determined by acquiring 90 frames at a range of exposure times from 10 to 0.1 s. 460 

The limit of detection was defined as a level in which the source could not be visually determined 461 

from the inherent noise in the system. The SWIR CL spectrum was determined using appropriate 462 

long pass (LP) filters separated by 100 nm ranging from 1000 to 1500 nm (FELH1000:100:1500, 463 

Thorlabs, NJ, USA) mounted on the front of the lens (SM1L03 and SM1A57, Thorlabs, NJ, USA). 464 

Acquisitions were performed as outlined previously.  465 

 466 

4.4 Image processing and statistical analysis  467 

 468 

Image processing was carried out with the open source software Fiji (ImageJ 2.0, [59]). 469 

Processing steps are outlined in Suppelementary Figure 1. Briefly, darknoise levels acquired with 470 

the same settings and conditions were subtracted from the data. Binning (8x8) was applied to 471 

improve sensitivity along with median filtering was applied to remove γ strikes. Artifacts were 472 

further removed via FFT transformations and ImageJ rolling ball background subtraction.[60] 473 

Finally, the image was resized for overlay with the white light image. Reported values were 474 

collected using ROI measurements in Fiji. Statistical analysis and graphing were carried out in 475 

GraphPad Prism9 (GraphPad Software LLC, CA, USA). Information on statistical analyses is 476 

given for each figure along with technical and biological replicate numbers. SWIR radiance of 477 

respective isotopes was calculated by recording gray values and correcting for isotope 478 

concentration (µCi/µl) and FOV (cm2). Full width half maximum measurements were carried out 479 

using custom code in MATLAB (2020b, Mathworks Inc., USA).  480 

 481 

4.5 Silica nanoparticle radiolabeling and injection 482 

 483 

Silica nanoparticles were labeled with either 68Ga or 90Y as previously described.[40] Briefly, silica 484 

nanoparticles (SiNPs) were incubated with free isotope at a pH of 8.8 for 60 mins, on a 485 

thermomixer at 70°C and 500 rpm. After completion of the labeling protocol, radiolabeled SiNPs 486 

were resuspended in 30 µl of saline solution for injection into the footpad.  487 

 488 

4.6 Preclinical SWIR CLI 489 

 490 

All handling and mouse experiments were carried out in accordance with Institutional Animal Care 491 

and Use Committee (IACUC) guidelines at MSKCC and the NIH Guide for the Care and Use of 492 

Laboratory Animals. In vivo animal procedures were performed under anesthesia by inhalation of 493 

3% isoflurane in 100% O2 v/v followed by 1-2% isoflurane in 100% O2 v/v for maintenance. All 494 

mice (n = 13 in total, FoxN1NU, Stock #069, Envigo, USA) were housed under appropriate 495 

conditions with food and water ad libitum. Anesthetized mice (n = 4) were xenografted via injection 496 

with 1x106 4T1 cells (ATCC, CRL-2539) suspended in 30 µl of Matrigel (Corning, #354234) into 497 

the fourth mammary pad. Tumors were allowed to proliferate for 2 weeks before being imaged. 498 

In all cases mouse euthanasia was performed using CO2 in accordance with approved protocols. 499 

For Supplementary Figure 2, following euthanasia, n = 3 xenografted mice were injected (blinded) 500 

with up to 4.5 mCi of 18F-FDG with one mouse not receiving any injection (negative control). 501 

Additionally, n = 1 euthanized mouse was injected into the footpad with 68Ga labeled SiNPs. 502 

Finally, n = 4 mice were injected with 90Y labeled SiNPs with an additional n = 1 mouse not 503 

receiving any injection and providing a negative control for in vivo experiments. 504 

 505 
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