
PET/CT imaging of renal cell carcinoma with 18F-VM4-037: a 
phase II pilot study

Baris Turkbey1, Maria L. Lindenberg1, Stephen Adler2, Karen A. Kurdziel1, Yolanda L. 
McKinney1, Juanita Weaver2, Cathy D. Vocke3, Miriam Anver2, Gennady Bratslavsky4, 
Philip Eclarinal2, Gideon Kwarteng2, Frank I. Lin1,5, Nana Yaqub-Ogun3, Maria J. Merino6, 
W. Marston Linehan3, Peter L. Choyke1, Adam R. Metwalli3

1Molecular Imaging Program, National Cancer Institute, Bethesda, MD, USA

2Frederick National Laboratory for Cancer Research, Clinical Research Directorate/CMRP, Leidos 
Biomedical Research Inc., Frederick, MD 21702, USA

3Urologic Oncology Branch, National Cancer Institute, National Institutes of Health, Building 10, 
Room 2 W-5940, 10 Center Drive, MSC 1210, Bethesda, MD 20892-1210, USA

4Department of Urology, SUNY Upstate, Syracuse, NY, USA

5Cancer Imaging Program, National Cancer Institute, Bethesda, MD, USA

6Laboratory of Pathology, National Cancer Institute, Bethesda, MD, USA

Abstract

Background: Carbonic anhydrase IX (CA-IX) is a potential imaging biomarker of clear cell 

renal cell carcinoma (ccRCC). Here, we report the results of a phase II clinical trial of a small 

molecule radiotracer targeting CA-IX (18F-VM4-037) in ccRCC.

11 patients with kidney masses underwent 18F-VM4-037 PET/CT prior to surgery. Dynamic 

imaging was per-formed for the first 45 min post injection and whole-body imaging was obtained 

at 60 min post injection. Tumors were surgically excised or biopsied within 4 weeks of imaging.

Results: All patients tolerated the radiotracer well with no adverse events. Ten of the 11 patients 

had histologically confirmed malignancy. One patient had a Bosniak Type 3 cyst with no tumor 

found at surgery. Two patients had extrarenal disease and 9 had tumors only in the kidney. Primary 

ccRCC lesions were difficult to visualize on PET alone due to high uptake of the tracer in the 

adjacent normal kidney parenchyma, however when viewed in conjunction with CT, the tumors 

were easily localized.
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Metastatic lesions were clearly visible on PET. Mean SUV for primary kidney lesions was 2.55 in 

all patients; in patients with histologically confirmed ccRCC, the mean SUV was 3.16. The time-

activity curves (TAC) are consistent with reversible ligand binding with peak activity 

concentration at 8 min post injection followed by washout. Distribution Volume Ratio (DVR) of 

the lesions was measured using the Logan graphical analysis method. The mean DVR value across 

the 9 kidney lesions was 5.2 ± 2.8, (range 0.68–10.34).

Conclusion: 18F-VM4-037 is a well-tolerated PET agent that allows same day imaging of CA-

IX expression. The agent demonstrated moderate signal uptake in primary tumors and excellent 

visualization of CA-IX positive metastases. While the evaluation of primary ccRCC lesions is 

challenging due to high background activity in the normal kidney parenchyma, 18F-VM4-037 may 

be most useful in the evaluation of metastatic ccRCC lesions.
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Renal cell carcinoma (RCC) constitutes 3–4% of new cancers each year in the United States. 

The American Cancer Society estimates that 63,920 new cases will be diagnosed and 13,860 

patients will die of RCC in 2014 [1]. Clear cell RCC (ccRCC) is the most common 

histologic subtype of RCC and its initiation is often linked to mutations in the VHL gene 

which leads to upregulation of the hypoxia inducible factor (HIF) pathway [2]. von Hippel–

Lindau (VHL) is a hereditary cancer syndrome characterized by germline mutation of the 

VHL gene [3, 4]. The product of the VHL gene, pVHL, facilitates degradation of the 

hypoxia inducible factors (HIF) via ubiquitin-mediated proteosomal degradation. HIF, which 

mediates the cell’s response to hypoxia by activating the transcription of many genes, is a 

substrate of the pVHL and absence or mutation of the VHL gene-protein results in 

accumulation of HIF and transcription of downstream genes, which have been implicated in 

oncogenesis [5]. Carbonic Anhydrase IX (CA-IX), osteopontin, and heterogeneous nuclear 

Ribonucleo-protein (hnRNP) A2/B1 are downstream of HIF-1α and therefore, are elevated 

when the VHL protein is dysfunctional [6, 7]. Some studies demonstrate that the 

combination of low CA-IX expression and the absence of VHL mutation appear to predict 

worse overall survival, whereas the presence of a VHL mutation with high CA-IX 

expression correlates with a more favorable outcome [8]. However, other studies suggest that 

CA-IX expression is independent of VHL mutation status and prognosis [9, 10].

CA-IX has been identified as a potential imaging biomarker for ccRCC [11, 12]. Early 

attempts to target CA-IX for imaging involved the use of radiolabeled monoclonal 

antibodies (mAb G250). In addition to occasional immunologic reactions [13, 14], mAbs 

have a prolonged serum half-life requiring several days after initial dosing for satisfactory 

tumor to background ratios to be achieved [15-18]. The decreased renal excretion seen with 

mAbs allows uptake in the tumor to be more easily recognized, however the prolonged 

imaging times, which range up to a week post injection, reduce its clinical applicability.

The radiotracer, 18F-VM4-037, was developed as a small molecule that binds to the active 

ligand site of CA-IX [19]. Imaging can be performed on the same day as the injection. 
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Herein, we report the results of a phase 2 pilot trial of 18F-VM4-037 for imaging of CA-IX 

expression in localized and metastatic ccRCC.

Methods

Study design and patient population

This is a HIPAA compliant, prospective, single institution study, approved by the local 

institutional review board (IRB) with written informed consent. Inclusion criteria included 

patients with primary RCC ≥2.5 cm in diameter or one or more extrarenal/extrahepatic 

metastatic RCC lesions (≥1 cm in diameter). Exclusion criteria were contraindications to 

PET/CT scan or abnormal liver function. Patients who had prior radiation therapy to the site 

of the target lesion within 6 months of enrollment were ineligible.

Between October 2012 and May 2013, 12 patients signed the consent form, but only 11 

patients (n = 3 female, n = 8 men) (mean age 60.5 years, range: 46–78 years) underwent an 
18F-VM4-037 PET/CT scan (Table 1). Patients underwent surgical removal or biopsy of 

their lesions within 4 weeks after their 18F-VM4-037 PET/CT scans.

18F-VM4-037 PET/CT imaging protocol

Patients were required to rest for at least 30 min before injection of 18F-VM4-037 and 

patients were encouraged to void prior to imaging.

18F-VM4-037 was produced on a FASTlab automated synthesis module as described 

previously [19]. Manufacturing occurred at PET NETSolutions (North Wales, PA, USA).

Each patient received an IV bolus injection of 168.72 MBq [4.56 mCi] (range 129.5-185 

MBq [3.5-5 mCi]) of 18F-VM4-037, mean dose within 5 h of radiosynthesis.

PET was performed on two different PET/CT cameras: for six patients 3D time of flight 

(TOF) images were obtained on a Philips Gemini TF camera (Philips, Cleveland OH), 

whereas for five patients 3D time of flight (TOF) images were obtained on a Siemens 

Biograph PET mCT camera. Details of the imaging parameters are presented in Table 2. 

Raw data were reconstructed with an ordered subset expectation maximization (OSEM) 

algorithm using 3 iterations and 33 subsets. Both scanners applied the standard set of pre-

reconstruction corrections. These are random, normalization, dead time, model-based 

scatter, and CT-based attenuation corrections [20]. As part of the PET/CT imaging protocol, 

two low dose transmission CT scans were obtained (120 kV, 60mAs), one for the 45 min 

dynamic scan centered on the primary or metastatic lesion and one for the whole-body scan 

at 60 min post injection. The dynamic scan (4 × 30 s frames, 8 × 60 s frames, 10 × 120 s 

frames, 3 × 300 s frames) began at the time of injection and continued for 45 min. This was 

followed by a 2 min/bed position whole-body scan at 60 min post injection. This was 

immediately followed by a final 10 min single bed position scan with the subject in the same 

position as the original 45 min dynamic scan.
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Vital signs were obtained prior to 18F-VM4-037 injection, at 10 and 30 min post injection 

and directly after the last PET scan. The patients were queried regarding potential subjective 

adverse events. An additional telephone query was performed the following day.

Clinical management

Within 3 weeks of enrollment, selected tumors underwent biopsy or surgical resection as 

part of the standard of care in all patients. Surgical managements of primary tumors have 

been described previously [21]. Metastatic lesions were biopsied or resected as clinically 

indicated.

Data analysis

Histopathologic analysis—All conventional stainings were reviewed by a single 

pathologist (MJM).

Imaging analysis—PET/CT images were analyzed with commercial software (MIM 5.4 

Software, MIM Software Inc. Cleveland, OH). One intrarenal tumor from each patient was 

included in the analysis. In two patients, metastases (n = 1 in the lung, n = 1 in the bony 

pelvis) were also included in the analysis. A lesion-based analysis was applied to all 13 

target lesions to obtain SUVmean (the average SUV value within the lesion contour) on the 

static whole-body PET/CT images acquired at ~ around 60 min post injection. SUVmax was 

not used for primary lesions in this study because of the high likelihood of contamination 

from adjacent kidney that had significantly higher uptake than the tumor. On the other hand, 

for metastatic lesions SUVmax was used since these lesions were isolated with no adjacent 

background activity.

VHL gene mutation analysis—Patients suspected of being affected with Von Hippel–

Lindau disease (VHL) were evaluated on an NCI IRB-approved protocol (NCT00001238). 

Family history, clinical phenotype, tumor characteristics, and mutational assessment were 

evaluated. Germline VHL mutation testing was performed using Clinical Laboratory 

Improvement Amendments (CLIA) certified laboratories.

For patients without clinical suspicion of germline VHL, tumor mutation analysis for VHL 

alterations was performed on an NCI IRB approved protocol (NCT000026884). For this 

analysis, DNA was extracted from fresh frozen tissue using a Promega Maxwell 16 Tissue 

DNA Purification Kit or from formalin-fixed, paraffin-embedded tissue using a Maxwell 16 

FFPE Tissue LEV DNA Purification Kit (Madison, WI, USA). Quantification of extracted 

DNA was performed using a ThermoScientific Nanodrop 1000 (Wilmington, DE, USA). A 

Qiagen Taq PCR Core Kit (Germantown, MD, USA) was used to amplify all three VHL 

exons. Purified DNA products were sequenced bidirectionally using the Big Dye Terminator 

v.1.1 Cycle Sequencing Kit (Applied Biosystems, Foster City, CA) according to the 

manufacturer’s specifications and run on an ABI 3130xl Genetic Analyzer (Applied 

Biosystems). Forward and reverse sequences were evaluated using Sequencher 4.10.01 (Ann 

Arbor, MI, USA).

Statistical analysis—Descriptive statistics were used to define patient characteristics.
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Graphical analysis—Time-activity curves (TAC) were generated from the 45 min 

dynamic scans for the primary tumor lesion, the aorta, to generate a blood TAC and healthy 

kidney and liver tissue, to study background effects. The distribution volume ratio (DVR) 

was calculated using the Logan graphical analysis method for the primary lesions. The Ki 

rate constant from the Patlak graphical analysis method was calculated for the primary 

lesion, and the healthy kidney and liver tissues. Because of the high uptake of the ligand 

causing background effects of the normal kidney tissue, the mean SUV was recorded for the 

primary kidney lesions. The 80% max was used for the aorta TAC to help offset partial 

volume effects. Because of the non-uniform uptake in the kidney and to a lesser extent in the 

liver, the 80% max was also used for the normal kidney and liver tissue TAC.

Results

Clinical findings

All eleven patients tolerated the radiotracer well without any adverse events. Ten patients 

had histologically confirmed malignancy. One patient had a Bosniak 3 complex cyst on pre-

operative conventional CT with no tumor found at surgery. Among the 10 patients with renal 

malignancy, two patients had extrarenal disease (n = 1 in the lungs, n = 1 in the left iliac 

bone). All 10 patients with malignancy had ccRCC with two patients exhibiting sarcomatoid 

features, and 1 demonstrating smooth muscle features. Both metastatic lesions were 

consistent with ccRCC with poor differentiation in the lung lesion.

Lesion-based 18F-VM4-037 uptake

The primary ccRCC lesions were partly obscured by the high 18F-VM4-037 uptake within 

normal kidney parenchyma, whereas clear tumor images were observed in metastatic lesions 

in two patients (Figs. 1, 2, 3). Mean SUV for all target lesions was 3.04 (range: 0.58–9.61; 

SD: 1.14). Mean SUV for primary ccRCC lesions after excluding the Bosniak 3 cyst in 

patient #1 was 2.55 (range: 0.58–4.23; SD:1.23. Mean SUVmax for metastatic lesions was 

5.92 (Table 3). The mean SUV for normal kidney was 35.4 (range 19.6–50.3; SD 12.3).

VHL gene mutation analysis

Of the 11 total patients who were enrolled and subsequently imaged and underwent surgery, 

5 had germline VHL testing with 4 having identifiable mutations of the VHL gene. The 

remaining six patients did not have germline VHL mutation testing due to low index of 

clinical suspicion although 2 of the 6 had germline analysis for other gene mutations linked 

to familial RCC conditions. Interestingly, of the 10 tumors resected that were histologically 

classified as ccRCC, 9 of the 10 were found to have VHL gene mutations meaning five of 

six patients without germline VHL alterations had somatic VHL mutations in their tumors. 

Among the four subjects with known germline VHL mutations, 3 of the 4 had ccRCC 

tumors as expected and one had a complex cyst without tumor present. The remaining 

patient without either germline or somatic VHL alterations had a tumor histology read as 

clear cell RCC with smooth muscle.
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Graphical analysis

For the kinetic data analysis, the DVR for the primary kidney lesions had a mean of 5.2 ± 

2.8, whereas the Ki for the same primary lesions had a mean value of 0.01/min ± .05/min. 

Subject #9, who had an iliac bone metastatic lesion had a DVR of 7.4 ± 0.1 and a Ki of 

−0.06/min ± 0.04/min. The normal kidney Ki had a mean of .45/min ± 0.22/min and the liver 

Ki had a mean of 0.54/min ± .018/min (Fig. 4, 5, 6).

Discussion
18F-VM4-037 was developed to image CA-IX expression primarily in clear cell carcinoma. 

These results indicate that clear cell kidney cancers demonstrate uptake of 18F-VM4-037, 

however, due to the high level of activity in the normal kidney, the uptake within tumor 

tissue is not conspicuous despite having an SUVmean of over 2. In one patient with a 

complex renal cyst, 18F-VM4-037 uptake was low (SUVmean = 1.68). The signal within this 

lesion gives some estimate of the contribution of the adjacent parenchyma to the SUV of the 

tumor as there should have been no uptake within this cystic lesion. Interestingly, metastatic 

sites not only demonstrated more tracer uptake compared to in situ renal tumors, but the 

metastatic tumor sites were visibly obvious due to the much lower background uptake in the 

surrounding tissue compared to normal kidney parenchyma. This suggests that this 

compound may have some utility in detecting extrarenal ccRCC deposits. However, the high 

uptake noted in the liver will make detection of low volume liver metastases difficult to 

detect with this compound.

18F-VM4-037 was well tolerated by all injected patients without any adverse event. This 

compound has been shown to be safe in healthy subjects with biodistribution dominated by 

accumulation in the liver and kidney [19]. The plasma half-life of 18F-VM4-037 is reported 

to be approximately 18 min which is substantially shorter than the reported half-life of 

monoclonal antibodies targeting CA-IX (e.g., Girentuximab:cG250) that have entered Phase 

III testing in humans [13-18]. This property of 18F-VM4-037 may yield a theoretical clinical 

benefit due to reduced radiation exposure as a result of short half-life and rapid clearance. 

However, the principle benefit is the ability to scan the same day as injection, thus making 

the agent more practical. This is balanced against the decreased conspicuity of primary renal 

masses compared to the radiolabeled antibody.

The pharmacokinetic modeling of the agent shows reversibility of binding to the ligand. This 

is seen both via visual inspection of the lesion TAC which has an initial peak uptake at about 

8 min post injection followed by varying degrees of washout, as well as in the very high 

linear correlation in the Logan graphical analysis. Furthermore, the Patlak graphical analysis 

which measures the uptake rate constant Ki had very poor linear correlation in the graphical 

analysis again consistent with reversible binding. On the other hand, the healthy liver and 

kidney tissue show no binding reversibility by visual inspection of the TACs and the Patlak 

uptake rate constant Ki shows appreciable uptake rates with means of .54/min ± 0.17/min 

and .45/min ± 0.22/min, respectively.

Regarding the one iliac metastatic lesion imaged in subject #9, the DVR was much higher, 

and measured 7.4 ± 0.1. This was because the SUV 80% max was used to generate the TAC 
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instead of the simple SUV mean which was required in the other lesions. The lesion was 

located far away from the kidney and liver background regions allowing one to use the SUV 

80% max without the danger of background contamination skewing the uptake.

18F-FDG PET is limited for detection of RCC. The main reasons behind this are relatively 

lower metabolic status of majority of subtypes of RCCs such as cystic-solid ones and 

excretion of 18F-FDG through the kidney collecting system, which can easily obscure an 

accurate image evaluation [22]. Currently, use of 18F-FDG PET is limited to staging in high 

risk patients, especially ones with a suspicion of tumor thrombus and in patients who are 

monitored for targeted molecular therapies [23]. Experience with Girentuximab suggested 

that a CA-IX imaging agent would have utility in defining the presence of clear cell 

carcinoma. Given that the majority of renal cancers are of the clear cell subtype, uptake 

within the lesion suggests this diagnosis. This may make it useful in patients with suspected 

benign renal masses (angiomyolipoma or oncocytoma) and may thus, avoid biopsy or 

unnecessary surgery. Moreover, such targeted radiotracers may help to characterize the 

lesion biology and may aid stratification of therapy and assist delivery of targeted therapy 

approaches.

Our study has several limitations. We only included ccRCC cancers which limits 

conclusions regarding the specificity of this agent. Also, only two patients with metastatic 

lesions were imaged, thus limiting our conclusions regarding the relative uptake of primary 

and secondary renal tumors. These two cases were relatively straightforward to visualize on 

PET but this small number of cases only suggests its utility in patients with metastatic 

disease.

In conclusion, 18F-VM4-037 is a small molecular weight radiotracer that demonstrated 

uptake in localized and metastatic ccRCC and no adverse events in a limited patient 

population. The evaluation of primary ccRCC lesions with 18F-VM4-037 on the PET alone 

can be challenging due to high background activity in the normal kidney parenchyma; 

however, 18F-VM4-037 tumor uptake can be measured by limiting the region of interest to 

the tumor as defined on the accompanying CT. Metastatic lesions are more easily recognized 

due to lower background signal. Since CA-IX is downstream of HIF, this agent may also be 

useful as a marker of hypoxia in other indications; however, this requires further 

investigation.
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Fig. 1. 
A 78-year-old man with left-sided ccRCC detected on contrast enhanced CT (arrow) (A). 

Axial 18F-VM4-037 PET (B) and PET/CT (C) show uptake within the left kidney lesion 

(arrow) with an SUVmean of 1.86. Coronal 18F-VM4-037 PET/CT shows the uptake within 

the left sided lesion (arrow) and the high uptake of the tracer in normal kidney parenchyma 

as well as in the liver (D).
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Fig. 2. 
A 44-year-old male with left-sided ccRCC detected on contrast enhanced CT (arrow) (A). 

Axial 18F-VM4-037 PET (B) and PET/CT (C) show uptake within the left kidney lesion 

(arrow) with an SUVmean of 2.45. Axial CT shows bilateral metastases in lung bases (SUV 

= 2.22 in the right lower lobe lesion with histology confirmation of poorly differentiated 

ccRCC) (arrows) (D). Axial 18F-VM4-037 PET/CT (E) show uptake of 18F-VM4-037 both 

lesions (arrows).
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Fig. 3. 
A 62-year-old female with metastatic ccRCC in the left ilium detected on CT (A). The 

lesions show uptake on axial 18F-VM4-037 PET (B) and PET/CT (C) with SUVmax of 

9.61.

Turkbey et al. Page 12

Abdom Radiol (NY). Author manuscript; available in PMC 2021 January 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 4. 
Time-activity curves (TAC) for the 11 subjects. Note, subject 9 only had a few voxels of 

liver activity and thus the liver TAC is not well sampled. Visual inspection shows the tumor 

lesion demonstrating reversible binding of the ligand, while the kidney and liver tissue do 

not. Also note subject #1 had a benign lesion with no uptake.
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Fig. 5. 
Logan graphical analysis for the primary lesions. Subjects 1 and 4 had very low uptake and 

thus the axis were rescaled (color blue). The rest of the Logan plots are graphed using the 

same X and Y axis scales so one can visually compare the slopes (DVR) of the graphical 

analysis.
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Fig. 6. 
The results of both the Logan and Patlak graphical analysis. The Logan graphical analysis 

showed a strong linear fit for all subjects except subject #5 with an R2 greater than .95. In 

contrast, the Patlak graphical analysis shows very poor linear fits with R2 fit values much 

less than .9, thus demonstrating that the ligand shows reversible binding.
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