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Objectives

Tumor-induced osteomalacia (TIO) is a rare acquired paraneoplastic disorder characterized by hypophosphatemia resulting from tumor-secreted fibroblast growth factor-23 (FGF23). Surgical resection of the culprit TIO is the first choice of treatment. However, TIO is difficult to detect with conventional diagnostic tools due to its small size and variable location in the body. Somatostatin receptor scintigraphy (SSR) has recently emerged as a functional molecular imaging choice for TIO detection and localization. This research was undertaken to evaluate the efficacy of 99mTc-labeled hydrazinonicotinyl-Tyr3-octreotide (99mTc-HYNIC-TOC) SPECT/CT in detecting TIO.





Methods

99mTc-HYNIC-TOC SPECT/CT and the available clinical data of 25 patients with suspected TIO were analyzed retrospectively. The 99mTc-HYNIC-TOC SPECT/CT findings were compared with the post-surgical pathology diagnosis and clinical follow-up results.





Results

Using 99mTc-HYNIC-TOC SPECT/CT, suspicious tumors were found in 18 of the 25 patients, and 15 of them underwent surgical resection. The post-operative pathology confirmed a TIO in those 13 patients whose symptoms and biochemical anomalies gradually resolved after the surgery. The remaining five patients were finally considered false positives. Moreover, the 99mTc-HYNIC-TOC SPECT/CT results were negative in seven patients, with six patients being true negative (4 patients were diagnosed with acquired Fanconi syndrome and 2 patients responded well to conservative therapy) and one being false negative. Therefore, the sensitivity and specificity values of 99mTc-HYNIC-TOC SPECT/CT in the evaluation of TIO were 92.9% (13/14) and 54.5% (6/11), respectively. The overall accuracy of 99mTc-HYNIC-TOC SPECT/CT for detecting TIO was 76.0% (19/25).





Conclusions

The 99mTc-HYNIC-TOC SPECT/CT is an accurate imaging modality for locating culprit tumors in TIO.
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Introduction

Tumor-induced osteomalacia (TIO), also known as oncogenic osteomalacia, is a rare paraneoplastic syndrome mainly caused by small phosphaturic mesenchymal tumors (PMTs) that secrete fibroblast growth factor-23 (FGF-23) (1). FGF-23 is a phosphatonin that regulates renal phosphate handling and vitamin D homeostasis. Thus, a high level of FGF23 causes renal phosphate wasting, hypophosphatemia, and decreased serum active vitamin D. Chronic hypophosphatemia ultimately results in osteomalacia (1, 2). Typically, patients with TIO present with clinical findings of progressive muscle weakness, bone pain, and recurrent fractures. The primary treatment option is surgical resection of the culprit tumor. However, localization of the causative tumor is challenging due to its small size and rare location. In addition, because of the slow-growing nature of TIO tumors, local symptoms are frequently overshadowed by the severe systemic consequences of osteomalacia (1, 2). This often delays the correct diagnosis and localization of tumors. Consequently, locating the culprit tumor remains the most crucial aspect of treating TIO.

With relatively low sensitivity and specificity, anatomy-based imaging modalities, such as X-rays, computed tomography (CT), and magnetic resonance imaging (MRI), have been used for the localization of these rare tumors (1, 2). Recently, functional molecular imaging with a somatostatin receptor (SSTR)-based strategy has emerged as a sensitive diagnostic method for TIO localization (1–5). The SSTR-targeting agent, octreotide, was labeled with PET tracer Ga-68, which has gained popularity for TIO localization due to its better-quality images in recent years (3–11). The use of SPECT-based tracers, such as 99mTc-HYNIC-TOC, for the detection of TIO was also demonstrated. A few studies have reported promising results when using the 99mTc-HYNIC-TOC whole-body scan to detect TIO (12, 13).

In the present study, the diagnostic performance of 99mTc-HYNIC-TOC whole-body scan with SPECT/CT in detecting TIO was retrospectively analyzed.





Materials and methods




Patients

From June 2017 to March 2022, the medical records of 25 patients (14 men and 11 women) with suspected TIO were retrospectively analyzed. The inclusion criteria were clinical symptoms (fatigue, bone pain, and/or pathological fractures) and biochemical anomaly (low serum phosphate) compatible with TIO. Each patient was evaluated using 99mTc-HYNIC-TOC SPECT/CT. The 99mTc-HYNIC-TOC scintigraphy findings were compared with the other imaging methods (CT, MRI), the results of post-surgical pathology diagnosis, and clinical follow-up. Based on the principles of the Declaration of Helsinki, the ethics committee of the Henan Provincial People’s Hospital & Zhengzhou University People’s Hospital approved this study (Approval number: 109-10-15). All patients gave written permission to use their data and informed consent for anonymous publication.





99mTc-HYNIC-TOC scintigraphy

99mTc-HYNIC-TOC was synthesized and labeled according to published methods (12, 14). Whole-body imaging was acquired at one and four hours after intravenous injection of 555-740 MBq (15-20 mCi) of 99mTc-HYNIC-TOC via a dual-head SPECT/CT camera (D670, GE Healthcare). Whole body planar scintigraphy (anterior and posterior) was acquired using a low-energy high-resolution (LEHR) collimator with a matrix of 256 × 1024 and a scan speed of 10 cm/min. SPECT/CT on the thorax, abdomen, and suspected positive regions was performed for each enrolled patient at four hours post-radiopharmaceutical administration. Imaging parameters for SPECT were: 6 degrees angular resolution and 30s per step with a 256 × 256 matrix. Low-dose CT scan parameters were as follows: 130 kV and 25 references mAs modulation. CT data were reconstructed at 5 mm slice thicknesses using smooth (B41s) kernels. SPECT, CT, and fused imaging of 99mTc-HYNIC-TOC scan were analyzed using MedEx software (MedEx Medical Ltd, Beijing, China). Masked reading was performed by two senior and one junior nuclear medicine physicians who were unaware of clinical information. The activity of foci higher than adjacent normal tissues and not associated with physiological uptake was regarded as a positive finding.






Results




Patients’ characteristics and final diagnoses

Twenty-five patients (14 men and 11 women) with suspected TIO were retrospectively analyzed. The clinical characteristics, 99mTc-HYNIC-TOC imaging results, as well as histopathological findings are summarized in Table 1. The patients’ ages ranged from 29 to 77 years (median 53 years). All patients presented with clinical symptoms associated with fatigue, bone pain, tenderness, and biochemical abnormalities suspicious of TIO. As depicted in Table 1, the mean serum phosphate concentrations were 0.52 mmol/L (the normal reference range was 0.85–1.51 mmol/L). The serum alkaline phosphatase (ALP) level was higher in 17 patients. Bone densitometry revealed osteopenia or osteoporosis in 12 patients. From the onset of symptoms to the completion of the 99mTc-HYNIC-TOC SPECT/CT, the average time for all patients was 35 months (range 9-108 months).


Table 1 | The patients’ characteristics, 99mTc-HYNIC-TOC imaging results, and histopathological findings of 25 patients.



In 18 patients, suspicious tumors were detected using 99mTc-HYNIC-TOC SPECT/CT imaging. Surgical resection was performed on 15 patients. In 11 cases, the post-surgical pathology confirmed phosphaturic mesenchymal tumors (PMTs), including mixed connective tissue variants (Figures 1, 2), while the other two patients had giant cell tumor and hemangioma (Figure 3), respectively. After surgery, these patients’ symptoms gradually improved over several months. Due to the predominance of necrotic tissue in the surgical specimen of one patient, the tumor type could not be determined. In the other one operated patient, the post-operative pathological diagnosis was a well-differentiated G2 neuroendocrine tumor, as illustrated in Figure 4. After surgery, the patient’s pain symptoms subsided, and their serum phosphate levels returned to normal after oral phosphate supplementation. Therefore, 99mTc-HYNIC-TOC detected foci were considered false positive findings.




Figure 1 | A 41-year-old male presented with muscle weakness, inability to walk, and hypophosphatemia for more than five years. A whole-body 99mTc-HYNIC-TOC scan (A, B) was conducted to evaluate possible TIO, which revealed abnormal activity in the right foot (white arrow). Further, SPECT/CT images demonstrated an intense focal uptake (white arrow) between toes 1 and 2 in the right feet (E, F), which was visualized as a soft tissue density nodule on the CT scan (C, D). Subsequent MRI (T2-weighted image) depicted a small mass (white arrow) in the region seen on 99mTc-HYNIC-TOC SPECT/CT (G, H). A further physical examination of the subcutaneous area confirmed the presence of a nodule. The patient underwent surgery, and the histology indicated a benign phosphaturic mesenchymal tumor without malignancy. His symptoms resolved, and his serum phosphate levels increased from 0.51 mmol/L pre-surgically to 0.96 mmol/L post-operatively.






Figure 2 | A 72-year-old male had diffuse bone pain and muscle weakness for nine years. Before this study, his serum phosphate level was lower than normal at 0.65 mmol/L. the patient underwent a 99mTc-HYNIC-TOC whole-body planar scan, and no evident focus of elevated activity was identified (A, B). Subsequent thoracic and abdominal SPECT/CT images revealed small 99mTc-HYNIC-TOC positive foci in the fourth lumbar vertebra (white arrow) (C–E). The foci (white arrow) were missed during planar scanning due to radio-retention interference from adjacent bowels. The diagnosis of phosphaturic mesenchymal tumor was confirmed after the lesion was surgically removed. The long-term symptoms of this patient disappeared promptly, and his post-surgical serum level increased to normal at 1.21 mmol/L.






Figure 3 | A 50-year-old male had diffuse bone pain for three years. Laboratory tests revealed severe hypophosphatemia (serum phosphate level of 0.38 mmol/L, normal reference range of 0.85–1.51 mmol/L). During a 99mTc-methylene diphosphonate bone scan (A, B), multiple foci of intense MDP activity were identified in the skeleton (white arrow), suggesting fractures. In the 99mTc-HYNIC-TOC whole-body planar scan (C, D), abnormal activity foci were observed in the right buttock (white arrow). Subsequent SPECT/CT images revealed focal uptake (white arrow) in the right buttock muscle gap (E, F). Contrast-enhanced CT depicts that the tissue nodule lesion (white arrow) was strongly enhanced (G, H). Interestingly, none of the fracture sites found on a bone scan had elevated 99mTc-HYNIC-TOC activity. After excision of the suspicious lesion, the histology was hemangioma without malignant features. Post-surgically, the patient ’s symptoms gradually improved, and his serum phosphate level returned to normal at 1.03 mmol/L.






Figure 4 | A 67-year-old female had left foot pain for more than two years. Her serum phosphate level was 0.79 mmol/L at presentation. The whole-body 99mTc-HYNIC-TOC scan (A, B) demonstrated abnormal activity foci in the left foot (white arrow). SPECT/CT images revealed focal intense uptake in the left calcaneus bone in SPECT (E, F) and fused SPECT-CT images (white arrow) (G, H). CT scans (C, D) identified bone destruction with associated soft tissue swelling of the left calcaneus. The lesion was completely excised and confirmed to be a well-differentiated G2 neuroendocrine tumor. Pain symptoms ceased, and the patient’s serum phosphate levels increased to 1.17 mmol/L after oral phosphate supplementation. Thus, 99mTc-HYNIC-TOC SPECT/CT detected foci were considered a false positive finding.



In three non-operated patients, 99mTC-HYNIC-TOC detected TIO-suspicious foci, but the clinical presentation ultimately refuted this diagnosis. The symptoms of the three patients were promptly relieved after oral phosphate and calcitriol supplementation. During the 12 months of follow-up, none of these three patients had hypophosphatemia, excluding a TIO diagnosis.

Among the seven patients with negative 99mTc-HYNIC-TOC scans, six were finally diagnosed with other causes of hypophosphatemia (acquired Fanconi syndromes, n = 4) or responded well to conservative therapy (phosphate and calcitriol supplementation, n = 2). Physical examination revealed a subcutaneous nodule on a patient’s right forearm, which was later determined to be PMT after surgical removal. Accordingly, the result of this patient was considered false negative.





The accuracy of the 99mTc-HYNIC-TOC SPECT/CT imaging

99mTc-HYNIC-TOC SPECT/CT detected the culprit tumors in 18 of the 25 patients. Thirteen of these 18 patients were confirmed pathologically as true positives, while the remaining five were found to be false positives. Among the seven patients with negative 99mTc-HYNIC-TOC images, six were true negatives, and one was a false negative. The sensitivity and specificity values of 99mTc-HYNIC-TOC SPECT/CT in the evaluation of TIO were, therefore, 92.9% (13/14) and 54.5% (6/11), respectively. The overall accuracy was 76.0% (19/25).





Locations of the culprit tumors

As summarized in Figure 5, the culprit tumors could be either in the soft tissues (Figures 1, 3) or the bones (Figure 2). The most common tumor locations were within the soft tissues (9/14), which were distributed in the craniofacial region (one case), torso (two cases, Figure 3), upper (one case), and lower extremities (five cases, Figure 1). The remaining five cases of bone tumors were found in the right mandible (two cases), the fourth lumbar vertebra (one case, Figure 2), the right femoral head (one case), and the lower end of the left femur (one case).




Figure 5 | Anatomic localization of pathologically confirmed culprit tumors in 14 patients. The tumors are located in the soft tissues (A) and the bones (B) (as pointed out by the black shape). The numbers correspond to the patients listed in Table 1.








Discussion

The diagnosis of TIO remains challenging when serum phosphate levels are chronically low in the setting of progressive muscle weakness, bone pain, and recurrent fractures (1, 2). Due to their small size and random distribution, tumors can be challenging to locate and pinpoint. Conventional diagnostic approaches, such as ultrasound, CT, MRI, and clinical examination, are insufficient for tumor detection (1, 2).

Recent studies have highlighted the role of functional imaging in the early diagnostic workup of TIO. Multiple mesenchymal tissue-derived tumors, such as PMT, are known for overexpression of SSTR, especially the SSTR2 receptor. Thus, SSTR scintigraphy has been identified as an effective diagnostic method for localizing causative tumors (3–13). In the present study, the utility of a 99mTc-HYNIC-TOC whole-body scan with SPECT/CT in detecting culprit tumors for TIO was retrospectively analyzed. Our results illustrated that 99mTc-HYNIC-TOC SPECT/CT has a high diagnostic performance for localizing causative tumors, with a sensitivity of 92.9% (13/14), a specificity of 54.5% (6/11), and an accuracy of 76.0% (19/25).

Despite the limited number of studies, a few have previously demonstrated that 99mTc-HYNIC-TOC scintigraphy has a valuable diagnostic yield on TIO, with high sensitivity, specificity, and accuracy (12, 13, 15). Zuo et al. (13) reported a comparable detection rate (81.8%, 9/11). In the largest 99mTc-HYNIC-TOC image study, Jing et al. (12) demonstrated an accuracy of 93.4% (171/183) for detecting culprit tumors in 183 patients, which was higher than the accuracy (76.0%) from our investigation. This discrepancy might be attributed to the difference in the number of subjects enrolled. A similarly high detection rate was also observed in another smaller study by Jadhav et al. (100%, 6/6) (15).

For decades, 111 in-labeled octreotides SPECT/CT imaging has been available on the market for the detection of culprit tumors in the clinical setting (2, 3, 16). One of the pioneering studies (2) showed a sensitivity of 71.4% (5/7) in seven patients who suspected TIO, which was lower than the sensitivity (92.9%) of our findings. A significantly lower detection rate of 36.3% (4/11) was observed in the comparative study by El-Maouche et al. (3). The reasons for this discrepancy might be partly due to differences in the tumor uptake of imaging agents. Decristoforo et al. demonstrated that 99mTc-HYNIC-TOC has higher retained somatostatin receptor binding affinities than 111In-octreotide (17).

Recently, Ga-68 labeled somatostatin analogs (such as 68Ga-DOTA-TATE, 68Ga-DOTA-NOC, and 68Ga-DOTA-TOC) PET/CT imaging have demonstrated a favorable diagnostic performance for localizing offending tumors in TIO (3, 11). 68Ga-DOTA-TATE are the most frequently reported in current clinical practice. As displayed in Table 2, several studies have reported high TIO detection rates with 68Ga-DOTA-TATE PET/CT, ranging from 83% to 100% (6, 7, 15, 20, 23–27). Zhang et al. (8) and Yu et al. (22) reported similar high sensitivity, specificity, and accuracy in the detection of TIO. In contrast, several studies demonstrated a similar high diagnostic accuracy of 68Ga-DOTA-NOC and 68Ga-DOTA-TOC for the localization of TIO (4, 5, 11, 28, 29). Nevertheless, three series have reported less promising detection rates of 55%, 53%, and 57%, respectively, with 68Ga-DOTA-TATE, 68Ga-DOTA-NOC, and 68Ga-DOTA-TOC PET/CT (3, 9, 10).


Table 2 | Summary of series (N > 2) reporting nuclear medicine imaging for detecting tumor-inducing osteomalacia.



Recently, a few new positron-labeled octreotide analogs have been attempted to diagnose TIO. Long et al. (26) demonstrated a sensitivity of 87.5%, a specificity of 100%, and an accuracy of 88.2% for localization of TIO in 14 patients using 18F-AlF-NOTA-Octreotide PET/CT. In a prospective study (27), 68Ga-DOTA-JR11 was developed as an SSTR2-specific antagonist PET tracer for detecting TIO. 68Ga-DOTA-JR11 revealed a considerably lower detection rate (57.9%, 11/19) than 68Ga-DOTA-TATE (94.7%, 18/19). This result may be due to different binding affinities: 68Ga-DOTA-JR11 has a lower SSTR2 affinity than 68Ga-DOTA-TATE.

A direct comparison involving the same patient population between 68Ga-DOTA-TATE and 99mTc-HYNIC-TOC were reported by Zhang et al. (18). The diagnostic sensitivity and accuracy of 99mTc-HYNIC-TOC SPECT/CT imaging were 58.5% and 66.1%, respectively, which were lower than the sensitivity (95.1%) and accuracy (71.4%) of 68Ga-DOTA-TATE PET/CT imaging. In a different study, Jadhav et al. (15) demonstrated somatostatin receptor-based scans, 99mTc-HYNIC-TOC SPECT/CT and 68Ga-DOTA-TATE PET/CT performed equally well for localization of TIO. Ding et al. (25) and Xia et al. (30) reported that mild activity at fracture sites does not significantly affect the accuracy of 68Ga-DOTA-TATE PET/CT in detecting causative tumors. As illustrated in Figure 3, similar results were observed in our study. Although PET/CT imaging provides high-quality images, 68Ga generators are not easily and affordably available to many hospitals in our country. In contrast, 99mTc-HYNIC-TOC is relatively cheap, readily available, and can be performed in any nuclear medicine department equipped with SPECT/CT devices. As mentioned above, there is considerable potential for 99mTc-HYNIC-TOC SPECT/CT to be used in TIO for the localization of culprit tumors.

Using some other functional imaging modalities, such as 18F-FDG PET/CT, attempts have already been made to localize the offending tumor (3, 15, 16, 19–22). Compared with somatostatin receptor-based imaging modalities, 18F-FDG PET/CT exhibited lower diagnostic accuracy (3, 15, 20). The low diagnostic potential of 18F-FDG PET/CT can be attributed to the fact that TIO grows slowly, indicating that the glucose metabolism of these tumor cells is only slightly or not at all increased. Interestingly, Wang et al. (31) revealed that a positive presurgical FDG PET/CT suggests an increased likelihood for possible recurrence of TIO after surgical resection.

According to our patient population, most tumors responsible for TIO were located in the soft tissue (64.3%, 9/14), particularly the lower extremities (35.7%, 5/14). This finding is similar to a previous study using a 99mTc-HYNIC-TOC scan (12). TIO-associated tumors were more commonly found in the lower extremities, so they should be thoroughly examined. In our study, the whole-body scan was performed routinely at one and four hours after the 99mTc-HYNIC-TOC injection to prevent missed diagnoses. In addition, to avoid interference with the physiological distribution of the 99mTc-HYNIC-TOC on the corresponding region in the planar scan, SPECT/CT on the thorax, abdomen, and suspected positive regions was performed for each enrolled patient. Jing et al. (12) found a false negative patient who was missed due to interference with radioactive retention of the bladder in a whole-body planar scan. In our study, one patient did not reveal a 99mTc-HYNIC-TOC positive lesion in the whole-body scan. However, a 99mTc-HYNIC-TOC positive lesion was found on the fourth lumbar vertebra during routine thoracic and abdominal SPECT/CT tomography. During planar imaging, this lesion was missed due to radioretention interference from adjacent bowel, as displayed in Figure 2. Because SPECT/CT is superior to planar imaging for detecting subsequent lesions, this was done to maximize sensitivity. Using this method, we found that the sensitivity of detecting TIO was higher than that of a previous study (92.9% vs. 86.3%) (12).

In terms of histopathology, these tumors are ubiquitous benign mesenchymal tumors originating from mesenchymal tissue or mixed connective tissues. Our results depicted that all offending tumors were benign, with 12 patients (12/14, 85.7%) diagnosed with PMT, including a mixed connective tissue variant, while the other two causative tumors were giant cell tumor and hemangioma, respectively. Our study is consistent with previous findings showing a predominance of PMT.

TIO is a rare paraneoplastic syndrome, only 895 cases have been reported until April 2020 (32). During nearly five years of follow-up, we found 13 confirmed TIO patients using 99mTc-HYNIC-TOC SPECT/CT. This result undoubtedly increases our confidence in 99mTc-HYNIC-TOC SPECT/CT imaging for localizing culprit tumors. Since 99mTc-HYNIC-TOC is easily synthesized, cost-effective, and can be performed in most nuclear medicine departments, further popularization and application of 99mTc-HYNIC-TOC will help improve the detection rate of TIO.

Our study has a few limitations. First, this was a retrospective study with a small number of subjects due to the rarity of the disease. These patients were referred to our study by different clinicians who had incomplete medical data, particularly for FGF-23. During the time of this study, the FGF-23 test was not yet available at our institution, even though FGF-23 plays a key role in the pathogenesis of TIO. Second, the accuracy of clinical diagnosis among 99mTc-HYNIC-TOC SPECT/CT negative patients remains unclear, and it has not been established whether these patients had TIO or other diseases. Because of these limitations, further studies with larger cohorts and comparable SSTR tracers must validate our results.





Conclusion

This study demonstrated that 99mTc-HYNIC-TOC SPECT/CT is an accurate imaging modality in the localization of culprit tumors responsible for TIO. This can provide clinicians with more comprehensive information for clinical diagnosis, treatment, and prognostic evaluation.
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