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Abstract

Purpose
18F-FDG PET/CT is widely used to evaluate indeterminate pulmonary nodules (IPNs).

False positive results occur, especially from active granulomatous nodules. A PET-based

imaging agent with superior specificity to 18F-FDG for IPNs, is badly needed, especially in

areas of endemic granulomatous nodules. Somatostatin receptors (SSTR) are expressed in

many malignant cells including small cell and non-small cell lung cancers (NSCLCs). 68Ga-

DOTATATE, a positron emitter labeled somatostatin analog, combined with PET/CT imag-

ing, may improve the diagnosis of IPNs over 18F-FDG by reducing false positives. Our study

purpose was to test this hypothesis in our region with high endemic granulomatous IPNs.

Methods

We prospectively performed 68Ga-DOTATATE PET/CT and 18F-FDG PET/CT scans in the

same 30 patients with newly diagnosed, treatment-naïve lung cancer (N = 14) or IPNs (N =

15) and one metastatic nodule. 68Ga-DOTATATE SUVmax levels at or above 1.5 were con-

sidered likely malignant. We analyzed the scan results, correlating with ultimate diagnosis via

biopsy or 2-year chest CT follow-up. We also correlated 68Ga-DOTATATE uptake with immu-

nohistochemical (IHC) staining for SSTR subtype 2A (SSTR2A) in pathological specimens.

Results

We analyzed 31 lesions in 30 individuals, with 14 (45%) being non-neuroendocrine lung

cancers and 1 (3%) being metastatic disease. McNemar’s result comparing the two
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radiopharmaceuticals (p = 0.65) indicates that their accuracy of diagnosis in this indication

are equivalent. 68Ga-DOTATATE was more specific (94% compared to 81%) and less sen-

sitive 73% compared to 93%) than 18F-FDG. 68Ga-DOTATATE uptake correlated with

SSTR2A expression in tumor stroma determined by immunohistochemical (IHC) staining in

5 of 9 (55%) NSCLCs.

Conclusion
68Ga-DOTATATE and 18F-FDG PET/CT had equivalent accuracy in the diagnosis of non-

neuroendocrine lung cancer and 68Ga-DOTATATE was more specific than 18F-FDG for the

diagnosis of IPNs. IHC staining for SSTR2A receptor expression correlated with tumor

stroma but not tumor cells.

Introduction

There were an estimated 221,000 newly diagnosed cases of lung cancer in the US in 2014, with

an estimated 158,000 deaths. Lung cancer is the leading cause of cancer death in the US and

worldwide. The five-year relative cancer survival of all stages and all types of lung cancer com-

bined (2002–2008) is 17%.[1] While 18F-fluorodeoxyglucose (18F-FDG) PET/CT is approved

and widely used for staging of lung cancer, and for initial diagnosis of an indeterminate pul-

monary nodule (IPN), the accuracy of 18F-FDG PET/CT for diagnosis of IPNs depends on

many factors, including regional exposures and infectious lung diseases. Regionality can result

in variable test accuracy by influencing false positive (FP) and false negative (FN) results.[2, 3]

Lesion size below 1 cm and low proliferative lung cancers can lead to FN results from low met-

abolic uptake.[4, 5] FP results occur from infectious or inflammatory foci, most infamously

granulomatous nodules. Granulomatous nodules occur in much of the United States (US),

especially the Ohio/Mississippi River Valley and the Southwestern US. These benign nodules

arise from a variety of soil fungi, such as Histoplasma capsulatum, endemic in our region. We

have reported [6] that 18F-FDG PET/CT is very sensitive (92% true positive, TP) for the diag-

nosis of IPNs in our region, but with a specificity (true negative, TN) of only 40%, mostly due

to FPs from granulomatous nodules, with similar results from others.[2, 7] Given our 40%

regionally low specificity of 18F-FDG PET/CT for IPNs, many clinicians have chosen serial CT

exams to follow IPNs with Fleischner guidelines.[8] Using either Fleischner criteria for a prev-

alent nodule, or Lung-RADS criteria for a screening-detected nodule, a solid IPN must show

no growth for 2 years by CT to be considered benign.[9, 10]

During this follow-up period, malignant nodules could theoretically metastasize, resulting

in a missed chance for a cure. An option to interval CT follow-up is to perform a tissue diagno-

sis at discovery, preferred for high risk patients with solid nodules 0.8 cm or greater in diame-

ter. Below this size, the likelihood of a successful, definitive biopsy diminishes with the

decreasing size of the IPN.[11] Clearly there is a great need for a PET-based imaging agent to

improve the 40% specificity of 18F-FDG in areas of endemic granulomatous lung nodules with-

out sacrificing 18F-FDG’s approximately 90% sensitivity for lung cancer.

Somatostatin receptors (SSTR) are a family of G protein-coupled receptors whose signal-

ing alter hormonal secretion, modulate apoptosis, and regulate cellular proliferation.[12–14]

These receptors are expressed in many normal and malignant cells, including both small cell

(SCLC) and non-small cell lung cancers (NSCLC). SSTRs signal canonically through cAMP,
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cGMP, and phosphotyrosine phosphatases leading to downstream AKT and ERK1/2 signal-

ing changes, increasing apoptosis and decreasing cell proliferation in multiple cell types.

Radiolabeled SSTR2 analogs are utilized for imaging tumors, especially neuroendocrine

tumors.[15] SSTRs, have little expression in normal lung tissue, but have increased expres-

sion in lung cancer correlating with SSTR2A IHC staining [16, 17] and 111In-Pentetreotide

uptake.[18] We tested the hypothesis that PET/CT imaging with a somatostatin analog

labeled with 68Ga, a positron emitter, might demonstrate superior accuracy compared to
18F-FDG for diagnosis of IPNs in our region by improving specificity with similar sensitivity.

To test our hypothesis, we compared the 18F-FDG and 68Ga-labeled 1,4,7,10-tetraazacyclo-

dodecane-N,N9,N99,N999-tetraacetic acid (68Ga-DOTATATE) PET/CT scans in patients

with newly detected, untreated IPNs or lung cancer at VA Tennessee Valley Healthcare Sys-

tem (VATVHS) in Nashville, TN.

Methods

This investigation was performed with VATVHS IRB approval (#974), and with oversight of

the VATVHS Radioactive Drug Research Committee. All subjects gave their own written

informed consent. Consents were recorded in the subjects’ electronic healthcare record. All

consents were obtained with IRB review and approval. 68Ga-DOTATATE imaging was for

correlation of tumor or nodule uptake with final diagnosis via tissue diagnosis or 2-year fol-

low-up in all 30 subjects, but not for altering standard of care management. Our measured

dosimetry of 68Ga-DOTATATE is previously reported, with similar results reported by oth-

ers.[19, 20]

Patient selection

Inclusion criteria required adults aged�30 years able to provide informed consent, with a

newly diagnosed IPN (noncalcified pulmonary nodule 7–20 mm diameter) or a newly diag-

nosed, untreated lung cancer, and able to complete the dual imaging protocol. Both genders

were eligible, though the study reflects the predominately male gender of the VA population,

28 males and one female.

Imaging protocol

Radiopharmaceutical preparation was described previously. [19] All 18F-FDG PET/CT scans

were standard-of-care. The patients fasted for at least 8 hours, limiting physical exertion for 24

hours, before 18F-FDG PET/CT scanning. Insulin-dependent diabetics withheld insulin for�8

hours before 18F-FDG IV injection of 600 MBq, range 360–890 MBq (16.4 mCi, range 9.7–

24.0 mCi), with the activity adjusted for body weight. 18F-FDG imaging started 60 min (range

55–104) after injection, with fasting blood sugar averaging 119 mg/dL (range 71–267 mg/dL).

Each subject received 185 MBq, range 166–222 MBq (5 mCi, range 4.5–6.0 mCi), of 68Ga-

DOTATATE intravenously, imaged 60 min (range 45–118 min) after injection. Excluding sub-

jects for dosimetry measurements, [19] the subjects emptied their bladders immediately before

and after scanning, and were encouraged to hydrate and urinate frequently for 12 hours. All

imaging was performed with an integrated emission/transmission scanner (Discovery VCT,

GE Healthcare, Waukesha, WI, USA) from vertex to mid-thigh with a low-dose CT without

contrast used for anatomic localization and attenuation correction, followed by emission

imaging over the same regions with four minute bed positions, 3D mode, using a 128 matrix,

as previously reported.[19] Imaging interval between 18F-FDG and 68Ga-DOTATATE scans

averaged 11 days, range 3–29, with no intervening treatment.
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Immunohistochemistry

Immunohistochemical (IHC) staining for somatostatin receptor 2A (SSTR2A, Biotrend,

Schwabhausen, Germany) was performed on 5 μM formalin-fixed paraffin-embedded sections

as described [21] and interpreted visually. Of 22 lesions with tissue confirmation (14 NSCLCs,

8 benign lesions), 12 had IHC staining with scoring by intensity of membranous or cyto-

plasmic staining (no stain = 0, weak staining = 1, moderate staining = 2, strong staining = 3)

and extent of stained cells (<5% = 0, 5–25% = 1, 26–50% = 2, and 51–75% = 3, >75% = 4).[22,

23] SSTR2A immunoreactivity was evaluated in all cellular elements.

Molecular imaging data analysis

Imaging results were analyzed with the Xeleris 2™ workstation (GE Healthcare, Waukesha, WI,

USA). Standard 1 mL regions of interest were measured to obtain the maximum standardized

uptake values (SUVmax) normalized to lean body mass for primary tumors. All subjects in

our study were at high risk for lung cancer as defined by the National Lung Screening Trial,

[24] and either had known lung cancer or indeterminate but high risk nodules based on CT

appearance. Our analysis solely focuses on comparing uptake of our two radiopharmaceuticals

for discriminating benign from malignant disease, not on using the often invaluable contribu-

tion of the CT portion of the PET/CT, for the purposes of this pilot study.[25] Accordingly, a

cut-off of SUVmax of 18F-FDG of� 2.5 was arbitrarily used for diagnosis of cancer.[6] An

SUVmax of� 1.5 was retrospectively and empirically chosen for 68Ga-DOTATATE to opti-

mize overall accuracy for our population’s lung cancer prevalence, which was a-priori assumed

to be approximately 50%. Final diagnosis was determined by either pathological tissue diagno-

sis or 2-year radiographic surveillance by CT. CT follow-up was diagnostic of a benign solid

nodule if the nodule was stable or decreasing in size at 24 months, had developed interim

benign calcifications, or had resolved.

Contingency tables using the above criteria were created independently for 18F-FDG-PET

and 68Ga-DOTATATE-PET accuracy to diagnose cancer in all patients. Sensitivity, specificity,

positive and negative predictive values, with 95% confidence intervals, with McNemar’s chi-

square. All analyses were performed in Stata v12 (College Station, TX.)

Results

There were no observed serious adverse events from 68Ga-DOTATATE. Long term follow-up

of lab values from routine medical care, when available, revealed no evidence of delayed

toxicity.

Patient characteristics

Of 31 lesions, 15 were malignant. Average age was 61.2 years). Median lesion size was 22 mm

(inter-quartile range, 15–39 mm). Twelve of 31 lesions were larger than 30 mm. Fourteen of 15

(93%) had NSCLC, and 1 had metastatic transitional cell carcinoma. The other 15 patients had

16 benign nodules. Two subjects had 2 distinctly separate IPNs, each analyzed independently

with regards to diagnostic test results.

In one subject with a resected IPN, a benign 1.5 cm granuloma, an incidental microscopic

focus of bronchus-associated lymphoid tissue (BALT) lymphoma was found in the surgical

specimen, separate from the granulomatous nodule. We have included the imaging findings of

this granulomatous nodule, negative for significant uptake by both 18F-FDG and 68Ga-DOTA-

TATE, in the analysis of other benign nodules. Therefore, from 30 patients, we report the find-

ings of 14 primary lung cancers and 16 benign nodules, and one patient with a metastatic
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nodule from transitional cell carcinoma. We obtained primary tumor tissue in 12 patients to

correlate immunohistochemistry with imaging.

Molecular imaging characteristics of 68Ga-DOTATATE PET

Prevalence of malignancy among the 31 lesions was 48%, higher than our reported prevalence

for IPNs, due to the inclusion of high risk subjects with lesion diameter> 2 cm in this pilot

trial.
68Ga-DOTATATE was more specific (94% compared to 81% for 18F-FDG) and less sensi-

tive (73% compared to 93%) than 18F-FDG (Table 1). When comparing the ability of each test

to differentiate benign disease and malignancy, both tests characterized the same 24 lesions

correctly and both characterized two lesions incorrectly (Table 2). Of two lesions incorrectly

classified, one was a false negative by both tests and was a partially differentiated adenocarci-

noma and one benign lesion was a false positive by both modalities. Three malignant lesions,

two adenocarcinomas and one metastatic transitional cell carcinoma, were classified correctly

by 18F-FDG and incorrectly by 68Ga-DOTATATE. Two lesions, both benign, were classified

incorrectly by 18F-FDG and correctly by 68Ga-DOTATATE. There was no significant differ-

ence between the two imaging modalities in their overall diagnostic accuracy by McNemar’s

test (p = 0.65). Detailed imaging characteristics of 18F-FDG and 68Ga-DOTATATE imaging

are summarized in Table 3. Overall uptake in normal lung and mediastinal tissues was low and

similar between 68Ga-DOTATATE and 18F-FDG (Fig 1). Two inflammatory benign nodules

had intense 18F-FDG uptake (Fig 2), but were not avid with 68Ga-DOTATATE. The area

under the receiver operating characteristic curve (AUC) for 18F-FDG was 0.87 (95%CI: 0.76 to

0.99), and for 68Ga-DOTATATE was 0.84 (95%CI: 0.70 to 0.97), SUVmax cut-point, not sig-

nificantly different (chi-square; p = 0.58). The results of the 68Ga-DOTATATE and 18F-FDG

PET/CT for diagnosing and staging of IPNs and lung cancer in this investigation were statisti-

cally equivalent.

Table 1. Performance comparison of 18F-FDG and 68Ga-DOTATATE.

N = 31 18F-FDG (95% CI) 68Ga-DOTATATE (95% CI)

SENS (%) 93.3 (68.1–99.8) 73.3 (44.9–92.2)

SPEC (%) 81.3 (54.4–96.0) 93.8 (69.8–99.8)

PPV (%) 82.4 (56.6–96.2) 91.7 (61.5–99.8)

NPV (%) 92.9 (66.1–99.8) 78.9 (54.4–93.9)

Accuracy (%) 87.3 (0.76–0.99) 83.5 (0.70–0.97)

18F-FDG SUVmax� 2.5 or 68Ga-DOTATATE SUVmax� 1.5 defines a positive study.

SENS, sensitivity; SPEC, specificity; PPV, positive predictive value; NPV, negative predictive value;

SUVmax, maximum standardized uptake value; CI, confidence intervals

doi:10.1371/journal.pone.0171301.t001

Table 2. Contingency table categorizing the diagnostic accuracy of 18F-FDG and 68Ga-DOTATATE

PET/CT with McNemar’s chi-square test.

18F-FDG Correct 18F-FDG Incorrect

68Ga-DOTATATE Correct 24 2
68Ga-DOTATATE Incorrect 3 2

McNemar’s chi-square (1df) = 0.20; p = 0.65S

doi:10.1371/journal.pone.0171301.t002
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Localization and correlation of SSTR2 immunostaining pattern in tumors

and benign lesions with in vivo 68Ga-DOTATATE PET imaging

To further define SSTR2A receptor expression in lung cancer, we examined SSTR2A expres-

sion by IHC staining in our malignant and benign nodules (Table 4). Although we had no neu-

roendocrine lung cancers, or lung cancers with neuroendocrine differentiation, in our 30

patients, some degree of neuroendocrine differentiation is reported in one-third of non-small

cell lung cancers.[26] Thus, the 68Ga-DOTATATE uptake in our patients was not due to

uptake in either classic neuroendocrine lung cancers or lung cancers with neuroendocrine dif-

ferentiation. Cancer diagnosis was confirmed by tissue in all cases. Qualitative analysis of

SSTR2A IHC staining revealed no staining in tumor cells, with staining limited to support

stroma and/or inflammatory cells (Fig 3), including histiocytes, plasma cells, lymphocytes,

dendritic cells, and neutrophils, or in pericytes and endothelial cells of small blood vessels.

Table 3. Summary of imaging characteristics (30 patients, 31 lesions).

Subj ID Lesion diameter (cm) 18F-FDG SUVmax 68Ga-DOTATATESUVmax Age (y) Fasting blood sugar mg/dL Diagnosis

2 1.6 1.0 0.4 60 267 Benign

3 1.5 1.3 0.9 46 124 Benign

25 1.5 4.5 0.6 79 104 Metastatic

40 2.3 5.0 2.5 78 136 SCC

68 7.0 6.1 1.9 60 88 Benign

70 (IPN1) 2.4 0.8 1.2 46 103 Benign

70 (IPN2) 1.2 1.9 1.0 46 103 Benign

76 1.0 2.2 1.4 72 89 Benign

85 6.0 13.6 3.8 72 112 SCC

93 2.0 1.3 0.8 68 109 Benign

95 4.1 3.5 1.2 57 97 Benign

100 2.1 13.9 3.2 65 71 SCC

101 3.1 3.7 3.4 59 93 SCC

109 3.9 1.2 0.8 40 97 Benign

120 (IPN1) 2.0 3.4 0.8 53 125 Benign

120 (IPN2) 3.0 0.86 1.2 53 125 Benign

129 1.4 0.8 1.2 64 104 Benign

137 5.5 6.5 1.6 65 130 ADC

138 2.2 5.2 0.8 50 112 ADC

146 6.9 15.0 1.5 63 101 ADC

153 3.8 5.1 2.1 73 102 ADC

162 3.2 5.6 1.8 67 241 SCC

164 1.5 9.7 2.6 64 110 ADC

179 1.1 0.7 1.0 63 116 Benign

182 1.0 1.4 0.8 46 104 Benign

183 1.0 0.5 0.5 49 92 Benign

186 1.8 5.1 1.3 70 98 ADC

191 7.0 11.2 2.1 62 88 SCC

192 4.4 2.3 1.0 62 108 ADC

204 3.1 15.3 2.5 65 141 SCC

218 1.5 0.7 0.8 83 107 Benign

Note: See Tables 1 and 2, and the Discussion, for analysis of these results.

doi:10.1371/journal.pone.0171301.t003
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Of the 9 NSCLC specimens, 5 demonstrated SSTR2A IHC positivity, with 3 of 4 with nega-

tive staining obtained via fine-needle aspiration (FNA) samples with little tumor stroma, possi-

bly limiting the accuracy of IHC staining. Of the 3 benign lesions, none demonstrated IHC

positivity. Adequacy of IHC staining technique, including those without tumor immunoreac-

tivity, was verified by positive immunoreactivity in an associated inflammatory cell, such as a

lymphocyte or plasma cell, and by the use of positive and negative controls. To further confirm

the observed findings, we tested SSTR2A IHC in tissue microarrays of 3 NSCLC cell types and

in a granuloma tissue array, noting consistent results with SSTR2A immunoreactivity confined

to tumor stromal or endothelial cells (S1 Fig), similar to our clinical specimens.

Discussion

This study uniquely reports the results of a prospective trial comparing 18F-FDG with 68Ga-

DOTATATE PET/CT in patients with newly diagnosed lung cancer or IPNs in patients at

high risk for lung cancer. Importantly, we performed our investigation in a region with high

endemic granulomatous nodules, a confounder of 18F-FDG PET imaging.[27] Our investiga-

tion demonstrates that 68Ga-DOTATATE is equivalent in accuracy to 18F-FDG PET/CT for

diagnosis of a malignant IPN, and, in most cases, for diagnosis and staging of NSCLC

(Table 1). Since 68Ga is a generator-based product, the equivalent accuracy of 68Ga-DOTA-

TATE vs. 18F-FDG PET/CT suggests that, upon validation in a larger cohort, 68Ga-DOTA-

TATE PET/CT could be an alternative to 18F-FDG PET/CT in areas where 18F-FDG is not

available, which would include isolated areas of the US (Rocky Mountain states such as Idaho,

Montana, or Wyoming) or developing countries, where access to a medical cyclotron is still

limited.

Investigators have tested a variety of imaging probes to differentiate benign malignant lung

nodules, including other somatostatin receptor imaging agents, such as 99mTc-depreotide. In

Fig 1. 68Ga-DOTATATE (A-D) and 18FDG PET/CT (E-H) concordant staging stage IIIB squamous cell carcinoma. Concordant uptake

in the right upper lobe tumor, right hilum and mediastinal adenopathy. Axial CT images (A&E) at mid chest with emission (C&G) and fused

images (B&F). Anterior 3D maximum intensity images, D&H.

doi:10.1371/journal.pone.0171301.g001
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an early report of SSTR imaging in lung cancer, Kwekkeboom, et al [28] reported successful

imaging of small cell lung cancer using 123I-Tyr-3-octreotide in 5 of 8 subjects (62.5%).

Kahn and colleagues [29] compared 18F-FDG PET with 99mTc-depreotide SPECT imaging

in 157 patients for staging of NSCLC with equivalent sensitivities (96% for 18F-FDG PET, 94%

for 99mTc-depreotide SPECT), though 18F-FDG PET specificity (71%) was superior to 99mTc-

depreotide SPECT (51%). Blum et al [30] reported a Phase III multi-center trial using 99mTc-

depreotide SPECT imaging for solitary IPNs or masses up to 6 cm in diameter; in 114 patients,
99mTc-depreotide SPECT had an accuracy of 91% for discriminating benign from malignant

lesions.

Halley et al [31] prospectively and consecutively enrolled 28 subjects with no prior history

of cancer, comparing18F-FDG PET with 99mTc-depreotide SPECT imaging for diagnosis of

IPNs 0.8–3 cm in diameter. Combining the two tests, when either one was positive, they

achieved 18/18 (100%) sensitivity for malignant diagnosis, though not significantly superior to
18F-FDG PET alone. Likewise, there was no significant difference in the specificity of 18F-FDG

PET (70%) compared to 99mTc-depreotide SPECT (80%).

In a prospective series, [32] Ferran, et al, compared 18F-FDG PET/CT and 99mTc-depreo-

tide SPECT/CT in 29 patients with IPNs. The overall accuracies were 85% for 99mTc-depreo-

tide and 96% for 18F-FDG PET, though not statistically different in this study. Naalsund, et al,

Fig 2. Discordant image, FP 18F-FDG, TN 68Ga-DOTATATE PET/CT. Axial CT (A) with a spiculated IPN. Fused 18F-FDG PET/CT (B)

with IPN intense uptake (SUVmax 5.8) vs. 68Ga-DOTATATE (C) with no visible uptake (SUVmax 0.90). Comparison ratios of the SUVmax

of the nodule to normal lung and aortic blood pool for 18F-FDG were 11.8 and 6.4, respectively, with corresponding values of 68Ga-

DOTATATE being 2.2 and 1.5. Biopsy revealed inflammatory cells; nodule resolved on CT follow-up.

doi:10.1371/journal.pone.0171301.g002
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[33] compared 99mTc-depreotide SPECT or SPECT/CT imaging with histopathology in 118

subjects in a prospective multi-center trial, with 29 also receiving 18F-FDG PET imaging. In

the subset of 29 that were compared to 18F-FDG PET, the results were identical between
18F-FDG PET and 99mTc-depreotide imaging with sensitivity, specificity and accuracy of 90%,

67% and 83%.

A somatostatin analog imaging agent, 68Ga-1,4,7,10-tetraazacyclododecane-N,N’,N”,N”‘-

tetraacetic acid-D-Phe1-Tyr3-octreotide (68Ga-DOTATOC), was compared with 18F-FDG

PET in 9 NSCLC patients.[34] The mean primary tumor SUVmax for 68Ga-DOTATOC was

2.0 vs. 5.7 for 18F-FDG.

In our study, 68Ga-DOTATATE PET/CT and 18F-FDG PET/CT were statistically equiva-

lent for diagnosing lung cancer, though there were isolated cases with discrepant findings (Fig

2). The overall accuracy of each radiopharmaceutical was 87.5%, each misclassifying 4 patients

(68Ga-DOTATATE PET/CT misclassified the one metastatic nodule).

IHC staining positivity in our tissue specimens was not in tumor cells, but in the stroma or

inflammatory cells (Table 4).[35] SSTR2A and SSTR2B can be highly expressed on a variety of

other, benign cells as well, including activated macrophages, fibroblasts and the endothelium.

[36–38] This phenomenon has been reported before by Reubi and colleagues [39], and several

others, in a variety of tumors, where IHC staining for SSTR2A receptors was observed in the

stroma, especially the neovascularity, of a variety of malignancies, and not limited to the malig-

nant cells. Additional causes of uptake include hemangiomas, with large areas of endothelium,

and active granulomatous diseases (such as acute fungal or mycobacterial infection) or a sub-

acute to chronic bacterial pneumonia. Still, SUVmax values averaged higher for 68Ga-DOTA-

TATE in lung cancer than in benign lesions (2.1 vs.0.9, respectively), as did SUVmax valued

for 18FDG (8.1 vs. 1.7, respectively). Similarly, Herlin, et al, [40] found uptake of 99mTc-

depreotide in NSCLC did not correlate with IHC expression levels of SSTR2A in tumor cells,

consistent with our tissue samples and microarrays (S1 Fig).

Limitations of our investigation include our small number of subjects with tissue sampling

(12 of 30, 40%). The unexpected lack of granulomatous nodules may be due to study size and

incomplete tissue sampling. In other series from areas of endemic histoplasmosis, granuloma

Table 4. SSTR2 IHC staining results—12 biopsies.

Patient

ID

Diagnosis Biopsy

Source

Staining

Intensity

Percent Cells

Staining

IHC

Score

Cells with IHC

Staining

SUVmax 68Ga-

DOTATATE

SUVmax
18F-FDG

153 ADC Resection 2 <5% 0 Inflam 2.1 5.1

137 ADC Resection 0 0 0 None 1.6 6.5

138 ADC Resection 1 <5% 0 NeoV 0.8 5.2

204 SCC Biopsy 1 30% 2 Inflam, NeoV 2.5 15.3

120 Benign Biopsy 0 0 0 None 0.8 3.4

70 Benign Biopsy 0 0 0 None 1.2 0.8

129 Benign Biopsy 0 0 0 None 1.2 0.8

101 SCC/ADC Resection 2 20% 2 Inflam 3.4 3.7

192 ADC Resection 1 <5% 0 Inflam 1.0 2.3

40 SCC FNA Bx 0 0 0 none 2.5 5.0

164 ADC FNA Bx 0 0 0 none 2.6 9.7

100 SCC FNA Bx 0 0 0 none 3.2 13.9

ADC, adenocarcinoma; SCC, squamous cell cancer; SCC/ADC, squamous cell cancer with adenosquamous features; Poorly diff, poorly differentiated lung

cancer; Resection, tissue via surgical resection; Biopsy, core or wedge biopsy; FNA Bx, fine-needle aspiration biopsy; Inflam, inflammatory infiltration; LF,

lymphoid follicles; NeoV, neovascular endothelium, pericytes.

doi:10.1371/journal.pone.0171301.t004
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Fig 3. Inflammatory cells within non-neuroendocrine tumor. A. Hematoxylin and eosin stain of squamous

cell carcinoma (black arrows) with abundant plasma cells. B. SSTR2A IHC stain showing negative tumor

staining (black arrows) but positive staining in inflammatory cells (original magnification 100X). C. High power

field shows tumor (black arrows) with SSTR2A IHC membranous staining in plasma cells (white arrows).

doi:10.1371/journal.pone.0171301.g003

68Ga-DOTATATE - lung nodules & cancer

PLOS ONE | DOI:10.1371/journal.pone.0171301 February 9, 2017 10 / 14



prevalence was 50%–65% [3, 27, 41], and may be represented in those 18F-FDG and 68Ga-

DOTATATE negative nodules that were followed by CT for 2 or more years to establish benig-

nity. Another limitation was our predominately male population.

In conclusion, we prospectively imaged 30 patients with 31 total lesions with 18F-FDG and
68Ga-DOTATATE PET/CT (S1 Table). 18F-FDG and 68Ga-DOTATATE imaging had equiva-

lent accuracy (87.5%), each misclassifying 4 lesions. The overall accuracy of diagnosis of

NSCLC using 68Ga-DOTATATE and 18F-FDG PET/CT was equivalent (87.5%). IHC staining

for SSTR2A was non-reactive in all tumor cells (none were neuroendocrine, and none demon-

strated neuroendocrine differentiation on histological examination) with 68Ga-DOTATATE

uptake likely within the tumor stroma, though averaging more in malignant lesions, suggesting

a tumor/microenvironment interaction deserving further investigation. The sensitivity of
18F-FDG for malignancy (92.9%) was very close to our previously reported regional results for

indeterminate lung nodules, [6] though the specificity (83.3%) was much higher, probably

because we enrolled subjects with a known diagnosis of lung cancer as well as indeterminate

lung nodules. Thus, our hypothesis that 68Ga-DOTATATE PET/CT imaging in our area of

high endemic granulomatous nodules would be more accurate for the diagnosis of a malignant

lesion than 18F-FDG PET/CT was not supported by our data. While 68Ga-DOTATATE PET/

CT was more specific for the diagnosis of lung cancer than 18F-FDG PET/CT, it was also less

sensitive. Additionally, our data demonstrate that the majority of SSTR2A receptor expression

was related to tumor stroma in our non-neuroendocrine lung cancers, suggesting a tumor/

stroma interaction that deserves further investigation.

Supporting information

S1 Fig. Pathological specimens and tissue microarrays with hematoxylin and eosin (H&E)

and SSTR2A immunohistochemical (IHC) staining. Black arrows (when present) indicate

tumor cells. Red arrows (when present) indicate IHC staining for SSTR2A in stroma and/or

inflammatory cells.

(PDF)

S1 Table. Complete dataset of prospective imaging of 30 patients with 31 total lesions with

18F-FDG and 68Ga-DOTATATE PET/CT.

(PDF)

Author Contributions

Conceptualization: RW PPM.

Data curation: RW PPM.

Formal analysis: SD RW PPM ELG.

Funding acquisition: RW PPM.

Investigation: RW SD GS CS JL JC BM RB ELG PPM.

Methodology: RW PPM SD GS CS JL.

Project administration: RW PPM.

Resources: JC BM RB.

Supervision: RW PPM.

Validation: RW SD GS CS JL JC BM RB ELG PPM.

68Ga-DOTATATE - lung nodules & cancer

PLOS ONE | DOI:10.1371/journal.pone.0171301 February 9, 2017 11 / 14

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0171301.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0171301.s002


Visualization: RW PPM SD CS GS JL.

Writing – original draft: RW PPM SD.

Writing – review & editing: RW PPM SD JL CS ELG GS.

References
1. Siegel RL, Miller KD, Jemal A. Cancer statistics, 2015. CA Cancer J Clin. 2015; 65(1):5–29. doi: 10.

3322/caac.21254 PMID: 25559415

2. Deppen SA, Blume JD, Kensinger CD, Morgan AM, Aldrich MC, Massion PP, et al. Accuracy of FDG-

PET to diagnose lung cancer in areas with infectious lung disease: a meta-analysis. JAMA. 2014; 312

(12):1227–36. doi: 10.1001/jama.2014.11488 PMID: 25247519

3. Grogan EL, Deppen SA, Ballman KV, Andrade GM, Verdial FC, Aldrich MC, et al. Accuracy of fluoro-

deoxyglucose-positron emission tomography within the clinical practice of the American College of Sur-

geons Oncology Group Z4031 trial to diagnose clinical stage I non-small cell lung cancer. Ann Thorac

Surg. 2014; 97(4):1142–8. doi: 10.1016/j.athoracsur.2013.12.043 PMID: 24576597

4. Gould MK, Donington J, Lynch WR, Mazzone PJ, Midthun DE, Naidich DP, et al. Evaluation of individu-

als with pulmonary nodules: when is it lung cancer? Diagnosis and management of lung cancer, 3rd ed:

American College of Chest Physicians evidence-based clinical practice guidelines. Chest. 2013; 143(5

Suppl):e93S–120S. doi: 10.1378/chest.12-2351 PMID: 23649456

5. Fletcher JW. PET for the Evaluation of Solitary Pulmonary Nodules. J Nucl Med. 2009. Epub 2009/01/

24.

6. Deppen S, Putnam JB Jr., Andrade G, Speroff T, Nesbitt JC, Lambright ES, et al. Accuracy of FDG-

PET to Diagnose Lung Cancer in a Region of Endemic Granulomatous Disease. The Annals of thoracic

surgery. 2011; 92(2):428–33. Epub 2011/05/20. doi: 10.1016/j.athoracsur.2011.02.052 PMID:

21592456

7. Croft DR, Trapp J, Kernstine K, Kirchner P, Mullan B, Galvin J, et al. FDG-PET imaging and the diagno-

sis of non-small cell lung cancer in a region of high histoplasmosis prevalence. Lung Cancer. 2002; 36

(3):297–301. Epub 2002/05/16. PMID: 12009241

8. MacMahon H, Austin JH, Gamsu G, Herold CJ, Jett JR, Naidich DP, et al. Guidelines for management

of small pulmonary nodules detected on CT scans: a statement from the Fleischner Society. Radiology.

2005; 237(2):395–400. Epub 2005/10/26. doi: 10.1148/radiol.2372041887 PMID: 16244247

9. McKee BJ, Regis SM, McKee AB, Flacke S, Wald C. Performance of ACR Lung-RADS in a Clinical CT

Lung Screening Program. J Am Coll Radiol. 2014.

10. Smith GT, Rahman AR, Li M, Moore B, Gietema H, Veronesi G, et al. Reproducibility of Volumetric

Computed Tomography of Stable Small Pulmonary Nodules with Implications on Estimated Growth

Rate and Optimal Scan Interval. PLoS One. 2015; 10(9):e0138144. doi: 10.1371/journal.pone.0138144

PMID: 26379272

11. Islam S, Walker RC. Advanced imaging (positron emission tomography and magnetic resonance imag-

ing) and image-guided biopsy in initial staging and monitoring of therapy of lung cancer. Cancer J.

2013; 19(3):208–16. doi: 10.1097/PPO.0b013e318295185f PMID: 23708067

12. Clay Callison, Ronald Walker, Pierre Massion. Somatostatin Receptors in Lung Cancer: From Function

to Molecular Imaging and Therapeutics. Journal of Lung Cancer. 2011; 10(2):69–76 NIHMSID#

465036. doi: 10.6058/jlc.2011.10.2.69 PMID: 25663834

13. Bodmer D, Brand Y, Radojevic V. Somatostatin receptor types 1 and 2 in the developing mammalian

cochlea. Dev Neurosci. 2012; 34(4):342–53. doi: 10.1159/000341291 PMID: 22986312

14. Theodoropoulou M, Stalla GK. Somatostatin receptors: From signaling to clinical practice. Frontiers in

neuroendocrinology. 2013. Epub 2013/07/23.

15. Herrmann K, Czernin J, Wolin EM, Gupta P, Barrio M, Gutierrez A, et al. Impact of 68Ga-DOTATATE

PET/CT on the Management of Neuroendocrine Tumors: The Referring Physician’s Perspective. J Nucl

Med. 2014.

16. Tsuta K, Wistuba II, Moran CA. Differential expression of somatostatin receptors 1–5 in neuroendocrine

carcinoma of the lung. Pathol Res Pract. 2012; 208(8):470–4. doi: 10.1016/j.prp.2012.05.014 PMID:

22770972

17. Righi L, Volante M, Tavaglione V, Bille A, Daniele L, Angusti T, et al. Somatostatin receptor tissue distri-

bution in lung neuroendocrine tumours: a clinicopathologic and immunohistochemical study of 218 ’clini-

cally aggressive’ cases. Ann Oncol. 2010; 21(3):548–55. doi: 10.1093/annonc/mdp334 PMID:

19759190

68Ga-DOTATATE - lung nodules & cancer

PLOS ONE | DOI:10.1371/journal.pone.0171301 February 9, 2017 12 / 14

http://dx.doi.org/10.3322/caac.21254
http://dx.doi.org/10.3322/caac.21254
http://www.ncbi.nlm.nih.gov/pubmed/25559415
http://dx.doi.org/10.1001/jama.2014.11488
http://www.ncbi.nlm.nih.gov/pubmed/25247519
http://dx.doi.org/10.1016/j.athoracsur.2013.12.043
http://www.ncbi.nlm.nih.gov/pubmed/24576597
http://dx.doi.org/10.1378/chest.12-2351
http://www.ncbi.nlm.nih.gov/pubmed/23649456
http://dx.doi.org/10.1016/j.athoracsur.2011.02.052
http://www.ncbi.nlm.nih.gov/pubmed/21592456
http://www.ncbi.nlm.nih.gov/pubmed/12009241
http://dx.doi.org/10.1148/radiol.2372041887
http://www.ncbi.nlm.nih.gov/pubmed/16244247
http://dx.doi.org/10.1371/journal.pone.0138144
http://www.ncbi.nlm.nih.gov/pubmed/26379272
http://dx.doi.org/10.1097/PPO.0b013e318295185f
http://www.ncbi.nlm.nih.gov/pubmed/23708067
http://dx.doi.org/10.6058/jlc.2011.10.2.69
http://www.ncbi.nlm.nih.gov/pubmed/25663834
http://dx.doi.org/10.1159/000341291
http://www.ncbi.nlm.nih.gov/pubmed/22986312
http://dx.doi.org/10.1016/j.prp.2012.05.014
http://www.ncbi.nlm.nih.gov/pubmed/22770972
http://dx.doi.org/10.1093/annonc/mdp334
http://www.ncbi.nlm.nih.gov/pubmed/19759190


18. Papotti M, Croce S, Bello M, Bongiovanni M, Allia E, Schindler M, et al. Expression of somatostatin

receptor types 2, 3 and 5 in biopsies and surgical specimens of human lung tumours. Correlation with

preoperative octreotide scintigraphy. Virchows Archiv: an international journal of pathology. 2001; 439

(6):787–97. Epub 2002/01/15.

19. Walker RC, Smith GT, Liu E, Moore B, Clanton J, Stabin M. Measured Human Dosimetry of 68Ga-

DOTATATE. J Nucl Med. 2013.

20. Sandstrom M, Velikyan I, Garske-Roman U, Sorensen J, Eriksson B, Granberg D, et al. Comparative

biodistribution and radiation dosimetry of 68Ga-DOTATOC and 68Ga-DOTATATE in patients with neu-

roendocrine tumors. J Nucl Med. 2013; 54(10):1755–9. doi: 10.2967/jnumed.113.120600 PMID:

23929824

21. Papotti M, Bongiovanni M, Volante M, Allia E, Landolfi S, Helboe L, et al. Expression of somatostatin

receptor types 1–5 in 81 cases of gastrointestinal and pancreatic endocrine tumors. A correlative immu-

nohistochemical and reverse-transcriptase polymerase chain reaction analysis. Virchows Arch. 2002;

440(5):461–75. doi: 10.1007/s00428-002-0609-x PMID: 12021920

22. Kaemmerer D, Peter L, Lupp A, Schulz S, Sanger J, Baum RP, et al. Comparing of IRS and Her2 as

immunohistochemical scoring schemes in gastroenteropancreatic neuroendocrine tumors. Int J Clin

Exp Pathol. 2012; 5(3):187–94. PMID: 22558472

23. Daniel K, Maria A, Amelie L, Isabell L, Stefan S, Luisa P, et al. Somatostatin receptor immunohis-

tochemistry in neuroendocrine tumors: comparison between manual and automated evaluation. Int J

Clin Exp Pathol. 2014; 7(8):4971–80. PMID: 25197368

24. Aberle DR, Adams AM, Berg CD, Black WC, Clapp JD, Fagerstrom RM, et al. Reduced lung-cancer

mortality with low-dose computed tomographic screening. New Engl J Med. 2011; 365(5):395–409.

Epub 2011/07/01. doi: 10.1056/NEJMoa1102873 PMID: 21714641

25. Kim SK, Allen-Auerbach M, Goldin J, Fueger BJ, Dahlbom M, Brown M, et al. Accuracy of PET/CT in

characterization of solitary pulmonary lesions. J Nucl Med. 2007; 48(2):214–20. Epub 2007/02/03.

PMID: 17268017

26. Howe MC, Chapman A, Kerr K, Dougal M, Anderson H, Hasleton PS. Neuroendocrine differentiation in

non-small cell lung cancer and its relation to prognosis and therapy. Histopathology. 2005; 46(2):195–

201. doi: 10.1111/j.1365-2559.2005.02047.x PMID: 15693892

27. Deppen S, Putnam JB Jr., Andrade G, Speroff T, Nesbitt JC, Lambright ES, et al. Accuracy of FDG-

PET to diagnose lung cancer in a region of endemic granulomatous disease. Ann Thorac Surg. 2011;

92(2):428–32; discussion 33. doi: 10.1016/j.athoracsur.2011.02.052 PMID: 21592456

28. Kwekkeboom DJ, Krenning EP, Bakker WH, Oei HY, Splinter TA, Kho GS, et al. Radioiodinated

somatostatin analog scintigraphy in small-cell lung cancer. J Nucl Med. 1991; 32(10):1845–8. Epub

1991/10/01. PMID: 1655997

29. Kahn D, Menda Y, Kernstine K, Bushnell D, McLaughlin K, Miller S, et al. The utility of 99mTc depreo-

tide compared with F-18 fluorodeoxyglucose positron emission tomography and surgical staging in

patients with suspected non-small cell lung cancer. Chest. 2004; 125(2):494–501. Epub 2004/02/11.

PMID: 14769730

30. Blum J, Handmaker H, Lister-James J, Rinne N. A multicenter trial with a somatostatin analog (99m)Tc

depreotide in the evaluation of solitary pulmonary nodules. Chest. 2000; 117(5):1232–8. Epub 2000/05/

16. PMID: 10807805

31. Halley A, Hugentobler A, Icard P, Porret E, Sobrio F, Lerochais JP, et al. Efficiency of 18F-FDG and

99mTc-depreotide SPECT in the diagnosis of malignancy of solitary pulmonary nodules. Eur J Nucl

Med Mol Imaging. 2005; 32(9):1026–32. Epub 2005/05/07. doi: 10.1007/s00259-005-1812-1 PMID:

15877227

32. Ferran N, Ricart Y, Lopez M, Martinez-Ballarin I, Roca M, Gamez C, et al. Characterization of radiologi-

cally indeterminate lung lesions: 99mTc-depreotide SPECT versus 18F-FDG PET. Nucl Med Commun.

2006; 27(6):507–14. Epub 2006/05/20. PMID: 16710105

33. Naalsund A, Maublant J. The solitary pulmonary nodule—is it malignant or benign? Diagnostic perfor-

mance of Tc-depreotide SPECT. Respiration. 2006; 73(5):634–41. Epub 2006/05/09. doi: 10.1159/

000093232 PMID: 16679755

34. Dimitrakopoulou-Strauss A, Georgoulias V, Eisenhut M, Herth F, Koukouraki S, Macke HR, et al. Quan-

titative assessment of SSTR2 expression in patients with non-small cell lung cancer using(68)Ga-

DOTATOC PET and comparison with (18)F-FDG PET. Eur J Nucl Med Mol Imaging. 2006; 33(7):823–

30. Epub 2006/03/30. doi: 10.1007/s00259-005-0063-5 PMID: 16570185

35. Elliott DE, Li J, Blum AM, Metwali A, Patel YC, Weinstock JV. SSTR2A is the dominant somatostatin

receptor subtype expressed by inflammatory cells, is widely expressed and directly regulates T cell IFN-

γ release. European Journal of Immunology. 1999; 29(8):2454–63. doi: 10.1002/(SICI)1521-4141

(199908)29:08&#60;2454::AID-IMMU2454&#62;3.0.CO;2-H PMID: 10458759

68Ga-DOTATATE - lung nodules & cancer

PLOS ONE | DOI:10.1371/journal.pone.0171301 February 9, 2017 13 / 14

http://dx.doi.org/10.2967/jnumed.113.120600
http://www.ncbi.nlm.nih.gov/pubmed/23929824
http://dx.doi.org/10.1007/s00428-002-0609-x
http://www.ncbi.nlm.nih.gov/pubmed/12021920
http://www.ncbi.nlm.nih.gov/pubmed/22558472
http://www.ncbi.nlm.nih.gov/pubmed/25197368
http://dx.doi.org/10.1056/NEJMoa1102873
http://www.ncbi.nlm.nih.gov/pubmed/21714641
http://www.ncbi.nlm.nih.gov/pubmed/17268017
http://dx.doi.org/10.1111/j.1365-2559.2005.02047.x
http://www.ncbi.nlm.nih.gov/pubmed/15693892
http://dx.doi.org/10.1016/j.athoracsur.2011.02.052
http://www.ncbi.nlm.nih.gov/pubmed/21592456
http://www.ncbi.nlm.nih.gov/pubmed/1655997
http://www.ncbi.nlm.nih.gov/pubmed/14769730
http://www.ncbi.nlm.nih.gov/pubmed/10807805
http://dx.doi.org/10.1007/s00259-005-1812-1
http://www.ncbi.nlm.nih.gov/pubmed/15877227
http://www.ncbi.nlm.nih.gov/pubmed/16710105
http://dx.doi.org/10.1159/000093232
http://dx.doi.org/10.1159/000093232
http://www.ncbi.nlm.nih.gov/pubmed/16679755
http://dx.doi.org/10.1007/s00259-005-0063-5
http://www.ncbi.nlm.nih.gov/pubmed/16570185
http://dx.doi.org/10.1002/(SICI)1521-4141(199908)29:08&amp;#60;2454::AID-IMMU2454&amp;#62;3.0.CO;2-H
http://dx.doi.org/10.1002/(SICI)1521-4141(199908)29:08&amp;#60;2454::AID-IMMU2454&amp;#62;3.0.CO;2-H
http://www.ncbi.nlm.nih.gov/pubmed/10458759


36. Brogsitter C, Hofmockel T, Kotzerke J. (68)Ga DOTATATE uptake in vertebral hemangioma. Clin Nucl

Med. 2014; 39(5):462–3. doi: 10.1097/RLU.0000000000000282 PMID: 24152639

37. Armani C, Catalani E, Balbarini A, Bagnoli P, Cervia D. Expression, pharmacology, and functional role

of somatostatin receptor subtypes 1 and 2 in human macrophages. J Leukoc Biol. 2007; 81(3):845–55.

doi: 10.1189/jlb.0606417 PMID: 17148691

38. Ambrosini V, Zompatori M, De Luca F, Antonia D, Allegri V, Nanni C, et al. 68Ga-DOTANOC PET/CT

allows somatostatin receptor imaging in idiopathic pulmonary fibrosis: preliminary results. J Nucl Med.

2010; 51(12):1950–5. doi: 10.2967/jnumed.110.079962 PMID: 21078794

39. Reubi JC, Horisberger U, Laissue J. High density of somatostatin receptors in veins surrounding human

cancer tissue: role in tumor-host interaction? Int J Cancer. 1994; 56(5):681–8. PMID: 8314345

40. Herlin G, Kolbeck KG, Menzel PL, Svensson L, Aspelin P, Capitanio A, et al. Quantitative assessment

of 99mTc-depreotide uptake in patients with non-small-cell lung cancer: immunohistochemical correla-

tions. Acta Radiol. 2009; 50(8):902–8. Epub 2009/08/27. doi: 10.1080/02841850903127477 PMID:

19707908

41. Grogan EL, Weinstein JJ, Deppen SA, Putnam JB Jr., Nesbitt JC, Lambright ES, et al. Thoracic opera-

tions for pulmonary nodules are frequently not futile in patients with benign disease. J Thorac Oncol.

2011; 6(10):1720–5. Epub 2011/07/16. doi: 10.1097/JTO.0b013e318226b48a PMID: 21760552

68Ga-DOTATATE - lung nodules & cancer

PLOS ONE | DOI:10.1371/journal.pone.0171301 February 9, 2017 14 / 14

http://dx.doi.org/10.1097/RLU.0000000000000282
http://www.ncbi.nlm.nih.gov/pubmed/24152639
http://dx.doi.org/10.1189/jlb.0606417
http://www.ncbi.nlm.nih.gov/pubmed/17148691
http://dx.doi.org/10.2967/jnumed.110.079962
http://www.ncbi.nlm.nih.gov/pubmed/21078794
http://www.ncbi.nlm.nih.gov/pubmed/8314345
http://dx.doi.org/10.1080/02841850903127477
http://www.ncbi.nlm.nih.gov/pubmed/19707908
http://dx.doi.org/10.1097/JTO.0b013e318226b48a
http://www.ncbi.nlm.nih.gov/pubmed/21760552

