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Abstract 

The sodium iodide symporter (NIS) is widely used as a reporter gene to noninvasively monitor 

the biodistribution and durability of vector-mediated gene expression via gamma scintigraphy, 

SPECT, and PET. However, the approach is limited by background signal due to radiotracer 

uptake by endogenous NIS-expressing tissues. Here, using the SPECT tracer pertechnetate 

(99mTcO4) and the PET tracer tetrafluoroborate (B18F4), in combination with the NIS inhibitor 

perchlorate, we compared the transport properties of human NIS and minke whale (B. 

acutorostrata scammoni) NIS in vitro and in vivo. Based on its relative resistance to perchlorate, 

the NIS protein from minke whale appeared to be the superior candidate reporter gene. SPECT 

and PET imaging studies in nude mice challenged with NIS-encoding AAV-9 vectors confirmed 

that minke whale NIS, in contrast to human and endogenous mouse NIS, continues to function as 

a reliable reporter even when background radiotracer uptake by endogenous NIS is blocked by 

perchlorate.  
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Introduction 

 Non-invasive in vivo imaging of viral vectors and cell carriers is essential to both 

preclinical and clinical studies. Determining biodistribution, gene expression, replication, spread, 

and durability are critical to understanding and improving treatments. Anatomical imaging such 

as x-ray, computed tomography (CT), and some types of magnetic resonance imaging (MRI) 

typically provide little information regarding these cell-level processes. The emergence of 

several molecular imaging modalities, such as optical imaging, single photon emission computed 

tomography (SPECT), and positron emission tomography (PET) over the last several decades 

has improved the precision with which certain molecular processes can be followed. Biological 

specificity can be determined either by the imaging compound or by a transgene.  

  One such transgene is the sodium iodide symporter (NIS). NIS, encoded by the gene 

SLC5A5 in humans, mediates the concentration of iodide into the thyroid gland for thyroid 

hormonogenesis. NIS is expressed in other tissues, such as lactating breast, stomach, intestine, 

salivary glands, kidney, ovary, testes, and the choroid plexus in the brain.1-7 Human NIS exists 

primarily as a dimer of a 643-residue multi-N-linked-glycosylated protein with thirteen putative 

alpha-helical transmembrane domains, with an extracellular N-terminus and intracellular C-

terminus.8-11 NIS exclusively transports monovalent anions, with a wide range of substrates 

including iodide (I-), tetrafluoroborate (BF4
-), pertechnetate (TcO4

-), thiocyanate (SCN-), and the 

potent competitive substrate perchlorate (ClO4
-), which is commonly referred to as a NIS 

inhibitor.12,13  

 NIS provides the following advantages over other commonly used imaging and 

therapeutic transgenes: 1) NIS is a self-protein in chordate animals, which reduces the risk of an 

immune response against transfected or transduced tissues, and many species of NIS protein are 
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sequenced and cloned, expanding the utility of NIS to various model organisms. 2) NIS 

transports carrier-free radiotracers useful for several imaging modalities: 123I, 125I, 131I, 99mTcO4, 

and 188ReO4 for SPECT; 124I and 18F-BF4 for PET, and 131I for optical imaging via Cherenkov 

luminescence.14,15 3) NIS can deliver targeted radiation to malignant tissues by concentrating the 

beta-emitting radioisotopes 131I, 186ReO4,
 188ReO4, and alpha-emitting 211At.16-18 Due to these 

desirable attributes, NIS has been used in many applications, such as tracking viral infection, 

replication, and spread in oncolytic virotherapy in animals and humans, tracking the intensity 

and durability of gene and cell therapies, and for treatment of NIS-expressing tumors with 

radioisotopes.14,19-36 

 Despite the growing utility of NIS as a reporter gene, there remain several challenges to 

NIS imaging and therapy. Endogenous NIS expression, efflux of radiotracer from NIS-

expressing cells, and sub-optimal NIS expression in target tissues decrease the efficacy of NIS 

imaging. The greatest problem lies with endogenous NIS expression. Concentration of 

radioisotopes in non-target tissues which naturally express NIS, such as the thyroid, salivary 

glands, and stomach, reduce the specificity and resolution of NIS imaging. This uptake also 

limits the safety of NIS radiotherapy: due to the sensitivity of the thyroid to radioactive iodine, 

the only approved uses of 131I are for differentiated thyroid cancer and hyperthyroidism.37 The 

broader application of NIS-related therapy in other cancers following NIS gene transfer will 

therefore remain nonviable unless a strategy is developed to prevent collateral destruction of the 

thyroid gland which sentences the patient to lifelong thyroid hormone replacement therapy. 

Moreover, the use of 131I in both preclinical and clinical applications is not without substantial 

side effects in the salivary glands, lacrimal glands, testes, uterus, and gastrointestinal tract.38-42 A 

recent report by the National Cancer Institute correlated treatment with 131I for hyperthyroidism 
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with an increased risk of several solid cancers, especially breast cancer.43 The thyroid and 

salivary glands are especially sensitive to NIS-mediated radioisotope uptake and limit the 

practical application of NIS imaging and treatment. 

 Several studies have explored ways to improve NIS-based imaging and therapy. 131I 

therapy with rat NIS required a lower dose for cancer therapy compared to human NIS.44 Rat 

NIS concentrated more radiotracer in transplanted bone mesenchymal stem cells versus human 

NIS.45 The use of the oral contrast agent barium sulfate was able to define the stomach in 

SPECT/CT imaging and block some of the gamma ray emissions from radioisotope collected in 

the stomach.46 Codon optimization of NIS lead to a protein with 2.3-fold greater uptake activity 

than the human cDNA.47 However, none of these approaches prevent uptake of radiotracer by 

endogenous NIS, which remains the most significant barrier to safe and effective NIS imaging 

and treatment. 

A possible solution to this obstacle is perchlorate inhibition. Perchlorate is an effective 

inhibitor of NIS-mediated radioisotope concentration in vitro and in vivo, and is already FDA-

approved (as Perchloracap®).45,48 Use of a perchlorate-resistant NIS protein would enable 

inhibition of endogenous NIS while maintaining utility. A previous study by our group identified 

the NIS protein from minke whale (B. acutorostrata scammoni) to be partially resistant to 

perchlorate inhibition of NIS-mediated radioisotope uptake.49 Here we investigated whether this 

enhanced perchlorate resistance could be exploited by using perchlorate to decrease radioisotope 

uptake in tissues expressing endogenous mouse NIS but not in tissues transduced with AAV-9 

vectors expressing minke whale NIS. 

 

Results 
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In Vitro and In Vivo Perchlorate Dose-response Assays 

 To determine the sensitivity of human NIS (hNIS) and minke whale NIS (wNIS) to 

perchlorate, perchlorate dose-response assays were performed in vitro and in vivo using 99mTcO4 

as the NIS radiotracer. Puromycin-selected HeLa cells transduced with HA-tagged NIS-

expressing lentiviral vectors were used for the in vitro experiments. Flow cytometry 

characterization of hNIS- and wNIS-expressing cells is provided in Figure S1. hNIS expressing 

cells were much more sensitive to perchlorate inhibition of 99mTcO4 uptake than cells expressing 

wNIS, with IC50 values of 0.1948 µM and 2.858 µM in hNIS and wNIS, respectively (Figure 

1A). An in vivo dose-response assay was performed to determine the appropriate concentration 

of perchlorate to use for the comparative imaging studies. Mice infected with 3x1012 viral 

particles/kilogram of either AAV-9-CAG-hNIS or AAV-9-CAG-wNIS were subjected to serial 

SPECT/CT imaging on different days after pretreatment with increasing concentrations of 

perchlorate administered prior to 99mTcO4 injection. An estimated blood concentration of 100 

µM was selected as resulting in the widest gap between hNIS and wNIS signal while maintaining 

sufficient radiotracer uptake in the transduced liver (Figure 1B).  

 

SPECT/CT Imaging with 99mTcO4 and Perchlorate  

 Mice infected with either 3x1012 vp/kg AAV-9-CAG-hNIS or AAV-9-CAG-wNIS were 

capable of concentrating 99mTcO4 in both AAV-9-tranduced tissues (heart, liver, and brown 

adipose) and in endogenous NIS-expressing tissues (salivary glands and thyroid) (Figure 2A). 

Animal-to-animal variability was observed, especially in imaging the transduced heart tissue in 

both mice expressing hNIS or wNIS. Treatment with 100 µM perchlorate prior to 99mTcO4 

injection lead to a significant decrease in radiotracer concentration in all tissues. There was a 
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slight increase in the signal observed from the hearts and brown adipose tissue of AAV-9-CAG-

wNIS treated mice compared to AAV-9-CAG-hNIS treated mice, but there was not enough 

signal retained with perchlorate pretreatment at this vector dose for practical in vivo imaging uses 

(Figure 2B). It should be noted that the heart signal comparison is misleading due to the low 

initial signal observed in mice treated with AAV-9-CAG-wNIS. The liver was the only tissue in 

which AAV-9-CAG-wNIS treated mice retained significantly more radioisotope uptake 

compared to AAV-9-CAG-hNIS. Pretreatment with perchlorate significantly reduced uptake in 

the salivary glands and thyroid in both groups.  

  

PET/CT Imaging with B18F4 and Perchlorate  

 Mice treated with either 3x1012 vp/kg AAV-9-CAG-hNIS or AAV-9-CAG-wNIS were 

capable of concentrating B18F4 in both AAV-9-transduced tissues (heart, liver, and brown 

adipose) and in endogenous NIS-expressing tissues (salivary glands and thyroid) (Figure 3A). 

Animal-to-animal variability was observed but did not prevent significant uptake in all target 

tissues. Treatment with 100 µM perchlorate prior to B18F4 injection led to a marked decrease in 

radiotracer concentration in all tissues. Appreciable signal was retained in the hearts, livers, and 

brown adipose tissue of AAV-9-CAG-wNIS treated mice pretreated with perchlorate, though 

only the heart and liver were statistically significant. The loss of signal was more profound in 

AAV-9-CAG-hNIS treated mice compared to AAV-9-CAG-wNIS treated mice (Figure 3B). 

B18F4 uptake was significantly reduced in the salivary and thyroid glands of both groups when 

pretreated with perchlorate. 3-dimensional reconstruction of the PET slices in mice treated with 

either AAV-9-CAG-hNIS or AAV-9-CAG-wNIS in the absence or presence of perchlorate 

reveal the extent of signal retention in mice expressing wNIS versus hNIS (Figure 4). 
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 To test whether the administered dose of AAV-9-CAG-wNIS was a limiting factor in the 

signal observed, three mice were treated were with 1x1013 vp/kg AAV-9-CAG-wNIS and 

imaged in the absence and presence of perchlorate using 99mTcO4 SPECT/CT (Figure S2) or 

B18F4 PET/CT (Figure S3). A significant increase in 99mTcO4 and B18F4 uptake both with and 

without perchlorate was observed. 99mTcO4 and perchlorate treatment in these mice revealed 

demonstrable signal retention in the heart, liver, and brown adipose while effectively reducing 

uptake by the salivary glands and thyroid (Figure S2). For B18F4, signal retention in the heart, 

liver, and adipose tissues was close to non-perchlorate pretreated levels (Figure S3). There was a 

reduction in B18F4 uptake in the salivary glands and thyroid, though inhibition of uptake in these 

tissues was not complete. This may be due to increased levels of B18F4 circulating in the blood as 

it leaks from heart, liver, or adipose tissue and is thus available for uptake as the temporary 

perchlorate inhibition subsides. 

                             

Discussion 

 The utility of NIS for in vivo imaging via gamma scintigraphy, SPECT, and PET 

continues to expand to include applications such as the tracking of viral replication, virus spread, 

tumor response, tissue transduction, and cell trafficking. However, the full potential of NIS 

imaging remains unrealized due to several limitations, including uptake of radiotracers by 

endogenous NIS, radiotracer efflux, and limited in vivo expression in infected or transduced 

tissues. The most significant issue is endogenous NIS radiotracer uptake, which limits imaging 

resolution and precision. This study aimed to address the issue of endogenous NIS by using a 

perchlorate-resistant NIS variant for imaging and perchlorate inhibition to block endogenous NIS 

transport activity.  
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 Our results show that the partial perchlorate-resistance of minke whale NIS (wNIS) 

observed in vitro also occurs in vivo. wNIS was more resistant to perchlorate inhibition than 

human NIS (hNIS), permitting the testing of the application of perchlorate pretreatment for 

enhanced in vivo imaging. wNIS was able to concentrate more radiotracer into perchlorate-

pretreated AAV-9-transduced tissues compared to hNIS. This effect was appreciable in the liver 

with 99mTcO4 SPECT/CT imaging, and significant in the heart, liver, and adipose tissue with 

B18F4 PET/CT imaging. Additionally, perchlorate blockade led to a significant decrease of 

radiotracer uptake in naturally NIS-expressing tissues such as the thyroid and salivary glands of 

the mouse. There was some residual uptake with endogenous NIS in both the AAV-9-CAG-hNIS 

+ perchlorate and AAV-9-CAG-wNIS + perchlorate treated mice. A higher dose of administered 

perchlorate may abolish this uptake, but this would also likely decrease the observed signal in 

transduced tissues. It may also not be possible to completely eliminate endogenous uptake, as 

some amount of radiotracer will continue to circulate as it effluxes from transduced tissues and 

may be captured by endogenous NIS. An increased dose of AAV-9-CAG-wNIS was able to 

improve signal observed with perchlorate pretreatment for both 99mTcO4 and B18F4 while 

reducing off-target uptake, suggesting higher doses can be used for future studies to improve 

signal and safety. 

 The mechanism of perchlorate resistance in wNIS is currently unknown but is a subject 

of active investigation in our lab. Molecular modeling studies indicate the ion binding sites of 

wNIS and hNIS are extremely similar and likely not the source of the observed differences.49 We 

hypothesize that residue differences on the extracellular face of NIS are responsible for the 

increased perchlorate resistance of wNIS. A previous study identified several charged residues 

on the extracellular face of hNIS which affect the binding affinity (Km) and transport velocity 
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(Vmax) of hNIS for iodide.50 wNIS has additional charged residues in this region, suggesting 

wNIS may handle iodide, and by extension, perchlorate, differently than hNIS.49 We are 

investigating the role of charged residues on the surface of wNIS as a mediator of its unique 

perchlorate resistance.  

 The inhibition of uptake by endogenous NIS may enable another promising application of 

NIS: radiovirotherapy. Despite impressive pre-clinical data supporting the combination of 

oncolytic viruses expressing NIS with 131I or 188ReO4 therapy in a variety of tumor types, this has 

not translated to clinical use.15-19,38,44 A major limitation is off-target toxicity from 131I, partially 

due to tissues which concentrate radioiodide, like the thyroid and salivary glands, but also due to 

the myeloablative effect of β-radiation.37-42,51 Use of perchlorate to block endogenous NIS would 

protect tissues which express NIS. It would also reduce the dose necessary since endogenous 

NIS-expressing tissues would not act as a radiotracer sink. Further studies are required to test the 

efficacy of 131I radiotherapy in combination with wNIS and perchlorate. This study presents a 

compelling use of an inhibitor-resistant NIS variant. The promising results observed here prove 

that NIS biotechnology has more advances to make and more to offer regarding technological 

and clinical applications. 

 

Materials and Methods 

NIS-expressing Lentivirally-transduced HeLa Cells and Membrane-localized NIS 

Quantification 

 Detailed methods for mammalian cell culture, NIS construct generation, lentiviral particle 

generation, stable cell line production and characterization of extracellular membrane-localized 

NIS protein expression by flow cytometry used for this study were described previously.49 
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Perchlorate Dose-Response Assay 

 The same protocol described previously in reference 49 was used for the perchlorate 

dose-response assay, except 1.5x105 HeLa-NIS cells were plated in six well plates three days 

prior to the uptake assay. Two replicates of three wells were used for each condition. 

Immediately prior to the uptake assay, cells were incubated at 37°C in 1 ml uptake buffer 

(Hank’s balanced salt solution (HBSS) + 10 mM HEPES, pH 7.4) with or without the indicated 

concentration of potassium perchlorate. 

 

Recombinant AAV-9 Vector Production 

AAV vectors were generated by packaging AAV-2-based recombinant genomes in AAV-9 

capsids. The production of these pseudotyped AAV-2/9 vectors (AAV-9) was performed by 

triple transfection using an adenovirus-free system (Agilent, Santa Clara, CA). Briefly HEK-

293T cells were transfected in 15-cm plates using linear polyethylenimine at a N/P ratio of 22 

(L-PEI max 25 kDa, Polysciences, Warrington, Pennsylvania, USA) and a 50-µg equimolar 

mixture of the three following plasmids per plate: the trans-complementing adenovirus helper 

plasmid pHelper (Agilent), the pRep2Cap9 packaging plasmid expressing the AAV-2 rep gene 

and the AAV-9 cap gene (kindly provided by James M. Wilson, University of Pennsylvania, 

Pennsylvania, USA), and a cis-acting AAV vector plasmid (pAAV-CAG-hNIS or pAAV-CAG-

wNIS; CAG, cytomegalovirus (CMV) early enhancer/chicken β actin promoter). After 72 hours 

of transfection, the collected cells underwent three cycles of freeze/thaw; the crude lysate was 

then clarified at 13,400 g for 20 minutes at 4°C. The supernatant obtained was resolved by 

ultracentrifugation at ~400,000 g for 2 hours at 4°Cover a discontinuous iodixanol gradient 
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(OptiPrep, Sigma, St. Louis, Missouri, USA) as described by Lock et al. and iodixanol fractions 

of density 40%-54% interface were collected, desalted, and concentrated in sterile PBS using 

centrifugal filter devices (Amicon Ultra-15 MWCO 100K, Millipore). Vector stocks were 

titrated using real-time quantitative PCR against a standard linear plasmid range by amplifying 

the human growth hormone polyadenylation signal with forward primer 

CCTGGGTTCAAGCGATTCTC, reverse primer AGCTGAGCCTGGTCATGCAT, and 

hydrolysis probe TGCCTCAGCCTCCCGAGTTGTTG.  

 

Animals and AAV-9 Vector Administrations 

 This study was approved by the Mayo Institutional Animal Care and Use Committee and 

conducted in accordance with NIH Guidelines for the Care and Use of Laboratory Animals 

(IACUC #A21815). Athymic male mice were injected with AAV-9 intravenously through tail 

vein. Administration dose was 3x1012 viral particles per kilogram (vp/kg). Imaging started after 

14 days post AAV-9 administration. 

 

SPECT Imaging 

 Mice were injected with 300 µCi of 99mTc-pertechnetate (TcO4) via tail vein 1 h prior to 

image acquisition. Imaging was performed in the Mayo Clinic Small Animal Imaging Core 

Facility using a U-SPECT-II/CT scanner (MILabs, Utrecht, Netherlands). Scan volumes for both 

the SPECT and CT were selected based on orthogonal optical images provided by integrated 

webcams. Micro-CT image acquisition was performed in 4 min, for normal resolution (169-µm 

square voxels, 640 slices) at 0.5 mA and 60 kV. Image acquisition time was approximately 20 

min for SPECT (69 projections at 50 seconds per bed position). All pinholes focused on a single 
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volume in the center of the tube; by using an XYZ stage, large volumes up to the entire animal 

were scanned at uniform resolution. Coregistration of the SPECT and CT images was performed 

by applying pre-calibrated spatial transformation to the SPECT images to match with the CT 

images. SPECT reconstruction was performed using a POSEM (pixel-based ordered subset 

expectation maximization) algorithm with 6 iterations and 16 subsets. CT data were 

reconstructed using a Feldkamp cone beam algorithm (NRecon v1.6.3, Skyscan). After 

reconstruction, SPECT images were automatically registered to the CT images according to the 

pre-calibrated transformation, and re-sampled to the CT voxel size. Co-registered images were 

further rendered and visualized using the PMOD software version 3.504. A 3D-Guassian filter 

(0.8 mm FWHM) was applied to suppress noise, and LUTs were adjusted for good visual 

contrast. Reconstructed images were visualized as both orthogonal slices and maximum intensity 

projections. Maximal intensity projection videos and three-dimensional rendering of regions of 

interests were performed using the PMOD software version 3.504.  

 

PET Imaging 

 For PET imaging, mice received 300 µCi of 18F-tetrafluoroborate (B18F4) 45 min prior to 

image acquisition. PET/CT imaging was performed on a small animal Inveon Multiple Modality 

PET/CT scanner (Siemens). CT was performed at 80 kEv, 500 µA, with 250 ms/projection, 180 

projections, and bin 4; the effective pixel size was 94.59 µm. PET was performed using 10 min 

acquisition, OSEM2D reconstruction with Fourier rebinning, and 4 iterations. Co-registered 

images were rendered and visualized using the PMOD software version 3.504.  

 

Barium Sulfate Gavage and In Vivo Perchlorate Inhibition  
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 In order to distinguish between radiotracer signal from endogenous NIS expression in 

stomach mucosa and AAV-9-transduced NIS in the liver, 350 µl barium sulfate contrast was 

given via oral gavage before image acquisition in both SPECT and PET imaging. In the imaging 

studies where perchlorate inhibition was tested, mice were pretreated intraperitoneally with 

NaClO4 at indicated concentration 30 minutes before radiotracer administration.    

 

Software and Statistics  

 Flow cytometry data were analyzed using FloJo 10. Figures and statistics were generated 

using GraphPad Prism 8.1.1 and Photoshop CC. The graphical abstract was generated using 

BioRender. IC50 values were calculated via non-linear regression using the equation setting: 

[inhibitor] vs. normalized response - variable slope - inhibition. p-values for Figures 2 and 3 

were calculated using an unpaired t-test with the Two-stage linear step-up procedure of 

Benjamini, Krieger and Yekutieli, with Q = 1% as suggested by Prism 8.1.1. Each row was 

analyzed individually, without assuming a consistent SD. SPECT/CT and PET/CT images were 

captured and analyzed using PMOD software version 3.504. Images were normalized to 

radiation dose at the time of image analysis. 
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Figure 1. Perchlorate dose-response assays with pertechnetate in vitro and in vivo. A)  

Perchlorate inhibition of 99mTcO4 uptake in lentivirally-transduced HeLa cells. B) Perchlorate 

inhibition of 99mTcO4 uptake in the livers of mice transduced with AAV-9-CAG-human NIS or 

AAV-9-CAG-minke whale NIS. Values in A are averages of duplicate assays with standard 

deviation. Values in B represent average values of two mice. 

 

Figure 2. SPECT/CT with 99mTcO4 and perchlorate. SPECT/CT slices in mice transduced 

with 3x1012 vp/kg AAV-9-CAG-human NIS or AAV-9-CAG-minke whale NIS imaged with 

99mTcO4 in the absence or presence of 100 µM blood concentration perchlorate. The brightest 

slices of each organ are represented for each of the three mice in both groups. Labels indicate 

organs in the imaging field which are not the focus of the slice; A = adipose; St = stomach and 

small intestine; H = heart; T = thyroid; SG = salivary glands. HU = Hounsfield units; %ID/cc = 

percent injected dose per cubic centimeter. B) Quantification of signal intensity in A throughout 
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entire organ. Values shown as % uninhibited 99mTcO4 uptake to normalize between mice. Note 

that the heart signal comparison is misleading due to the low initial signal observed with minke 

whale NIS. Error bars indicate SD. n.s. indicates not significant; ** indicates p < 0.01. 

 

Figure 3. PET/CT with B18F4 and perchlorate. A) PET/CT slices in mice transduced with 

3x1012 vp/kg AAV-9-CAG-human NIS or AAV-9-CAG-minke whale NIS imaged with B18F4 in 

the absence or presence of 100 µM blood concentration perchlorate. The brightest slices of each 

organ are represented for each of the three mice in both groups. Labels indicate organs in the 

imaging field which are not the focus of the slice; A = adipose; St = stomach and small intestine; 

H = heart; T = thyroid; SG = salivary glands. HU = Hounsfield units; SUV = standard uptake 

value. B) Quantification of signal intensity in A throughout entire organ. Values shown as % 

uninhibited B18F4 uptake to normalize between mice. Error bars indicate SD. n.s. indicates not 

significant; ** indicates p < 0.01; *** indicates p < 0.001. 

 

Figure 4. 3-Dimensional reconstruction of B18F4 PET/CT of AAV-9-CAG-hNIS (A) or -

wNIS (B) treated mice in the absence and presence of perchlorate. The first mouse from each 

representative column in Figure 3A is shown. Two of the AAV-9 transduced tissues, heart and 

liver, are indicated. Two major sites of endogenous uptake, the salivary glands and thyroid, are 

indicated. The bladder collects the radiotracers nonspecifically and is indicated. 
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Uptake of radioisotopes by endogenous sodium iodide symporter (NIS) limits the efficacy and 
safety of NIS-mediated bioimaging and radionuclide therapy. Use of the naturally perchlorate-
resistant NIS protein from minke whales and the NIS inhibitor perchlorate for in vivo imaging 
improves image clarity and reduces uptake in endogenous NIS-expressing tissues. 
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