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intRoduction
Medullary thyroid carcinoma (MTC) is a neuroendocrine 

tumor arising from the parafollicular neuroendocrine cells  
(C cells) of the thyroid gland (1–3). Although MTC accounts 
for only 1% to 4% of primary thyroid neoplasms, it con-
tributes to 13% to 15% thyroid cancer–related death (4, 5). 
Calcitonin, a polypeptide produced by C cells, exhibits excel-
lent sensitivity and specificity for MTC and serves as the most 
important biomarker for evaluating disease burden and ther-
apeutic efficacy (6, 7). A biochemical cure, defined as a return 
to normal serum calcitonin levels, is regarded as the strictest 
curative level for MTC (7, 8). Surgery remains the only cu-
rative option for MTC (7); however, 25% to 62% of patients 
continue to exhibit biochemical persistent disease (in which 
serum calcitonin does not return to normal) despite under-
going thyroidectomy and aggressive neck dissection (6, 9, 10).
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The clinical management of MTC encounters multiple 
challenges: (i) MTC may present regional or distant metas-
tases at any stage, yet current imaging modalities cannot 
fully map the extent of disease. Although ultrasound, CT, 
MRI, and PET-CT with various tracers have been proposed, 
single-image modality fails to localize disease in 29% to 60% 
of patients with persistent disease. (11–15), and 16% to 28% of 
patients remain undetectable by the combination of multiple 
imaging methods (16–19). (ii) There is no consensus regard-
ing the appropriate surgical extent for MTC. Latent lymph 
node metastasis may exist in the ipsilateral neck, contralateral 
neck, and upper mediastinum when serum calcitonin exceeds 
20, 200, and 500 pg/mL, respectively (6), which establishes a 
theoretical foundation for performing prophylactic lymph 
node dissection based on serum calcitonin levels. However, re-
cent studies suggest that prophylactic lateral neck dissection 

Medullary thyroid carcinoma (MTC) can only be cured through the excision of all 
metastatic lesions, but current clinical practice fails to localize the disease in 29% 

to 60% of patients. Previously, we developed a fibroblast activation protein inhibitor (FAPI)-based 
covalent targeted radioligand (CTR) for improved detection sensitivity and accuracy. In this first-in-
class clinical trial, we head-to-head compared [68Ga]Ga-CTR-FAPI PET-CT and [18F]fluorodeoxyglucose  
([18F]FDG) PET-CT in 50 patients with MTC. The primary endpoint was the patient-based detection 
rate, with [68Ga]Ga-CTR-FAPI exhibiting higher detection than [18F]FDG (98% vs. 66%, P = 0.0002).  
This improved detection was attributed to increased tumor uptake (maximum standardized uptake  
value = 11.71 ± 9.16 vs. 2.55 ± 1.73, P < 0.0001). Diagnostic accuracy, validated on lesions with 
gold-standard pathology, was greater for [68Ga]Ga-CTR-FAPI compared with [18F]FDG (96.7% vs. 43.3%, 
P < 0.0001). Notably, the management of 32% of patients was altered following [68Ga]Ga-CTR-FAPI 
PET-CT, and the surgical plan was changed for 66.7% of patients. Overall, [68Ga]Ga-CTR-FAPI PET-CT 
provided superior detection and diagnostic accuracy compared with [18F]FDG PET-CT, enabling preci-
sion management of patients with MTC.

SIgnIFICAnCE: In this first-in-class clinical trial of CTR, [68Ga]Ga-CTR-FAPI demonstrated an  
improved patient-based detection rate (98%), tumor uptake (maximum standardized uptake  
value = 11.71 ± 9.16), and pathology-validated diagnostic accuracy (96.7%) compared with the 
currently approved method in MTC treatment. It directly altered management in 32% of patients, 
enabling precision diagnosis and management of MTC.
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in patients without clinically apparent lateral neck disease 
does not improve biochemical cure rate or patient survival  
(9, 10). As a result, the debate continues regarding whether 
MTC surgery should be performed solely based on preopera-
tive imaging or whether prophylactic lymph node dissection 
is warranted (7). (iii) Patients with unresectable disease lack  
an efficient treatment strategy. Although targeted therapies,  
including multitarget tyrosine kinase inhibitors (e.g., cabozan-
tinib and vandetanib) and selective RET proto-oncogene  
(RET) inhibitors (e.g., selpercatinib and pralsetinib), are recom-
mended for progressive unresectable disease (20–24), available 
studies with long-term follow-up have not demonstrated im-
proved overall survival (20, 21).

Functional radionuclide imaging, represented by PET-CT, 
complements traditional imaging modalities in identifying 
MTC lesions (25). [18F]fluorodeoxyglucose ([18F]FDG) is the 
most widely used diagnostic radiopharmaceutical worldwide 
(the only approved positron-emitting diagnostic molecule 
in China) and has been utilized to detect recurrent or met-
astatic MTC due to its association with increased glucose  
metabolism. However, 30% to 40% of patients with MTC with 
elevated calcitonin levels exhibit negative [18F]FDG PET-CT 
findings (12, 26), and false positive may occur owing to the 
elevated glucose consumption in inflammatory conditions 
(27). Subsequently, [18F]fluorodihydroxyphenylalanine ([18F]
FDOPA) and [68Ga]Ga-somatostatin analogs ([68Ga]Ga-SSA) 
have been investigated and reported to exhibit high speci-
ficity (25); however, their accessibility and the sensitivity for 
detecting MTC require further improvement (12, 13, 28, 29). 
For postoperative patients with a persistently elevated serum 
calcitonin level (which may or may not exceed a threshold of 
150 pg/mL), the National Comprehensive Cancer Network 
guidelines favor [18F]FDG or [68Ga]Ga-SSA PET-CT when  
traditional imaging is negative (30), and the European 
Association of Nuclear Medicine guidelines suggest [18F]
FDOPA or [18F]FDG PET-CT to localize the potential resid-
ual lesions (25). Nonetheless, a novel radiopharmaceutical 
with sufficient MTC detection and diagnostic accuracy has 
yet to be developed.

Fibroblast activation protein inhibitor (FAPI) is a small- 
molecule radiopharmaceutical targeting the overexpressed 
FAP in cancer-associated fibroblasts (31) and has emerged as 
a complementary or alternative tool for other imaging modal-
ities due to its high and selective tumor uptake across multi-
ple cancers (32). Given the excellent colocalization of MTC 
and FAP (expressed in tumor stroma; ref. 33), [68Ga]Ga-FAPI 
PET-CT has been shown to detect additional metastatic 
MTC lesions that were missed by standard imaging in case 
reports (34, 35). A recent retrospective study suggested 
that [68Ga]Ga-FAPI PET-CT outperformed [68Ga]Ga-SSA 
PET-CT in identifying lung, liver, bone, and pleural metas-
tases of MTC (36); however, many of these studies did not 
utilize gold-standard histopathology for validation. Fur-
thermore, current FAPIs exhibit a short blood half-life and 
limited tumor retention (restricted to a few hours), and the 
diagnostic performance as well as the therapeutic potenti-
ality can be further improved (37).

We have previously reported a platform technology by add-
ing a sulfur (VI)-fluoride exchange (SuFEx) chemistry-based 
linker to radiopharmaceuticals for tumor-selective covalent 

ligation (38). When this SuFEx-engineered covalent targeted 
radioligand (CTR) is integrated into FAPI, the molecule 
achieves more than 80% covalent binding to the tyrosine res-
idue of FAP, with minimal dissociation for up to 6 days (38). 
In two patients with MTC, the 68Ga-labeled CTR-FAPI ([68Ga]
Ga-CTR-FAPI) PET-CT identified more lesions (n = 8 vs. 4) 
and exhibited higher tumor uptake [maximum standard-
ized uptake value (SUVmax) = 12.68 ± 7.63 vs. 7.90 ± 5.69] 
compared with the original FAPI (38), facilitating tumor de-
tection by the significantly improved tumor retention. The 
irreversible covalent ligation also facilitated targeted radio-
nuclide therapy, in which CTR-FAPI carrying therapeutic  
β- and α-radionuclide resulted in a nearly complete regres-
sion of implanted tumor grafts in animal models, providing 
a promising solution to MTC management from both diag-
nostic and therapeutic perspectives.

The current study was a first-in-class clinical trial of CTR, 
prospectively conducting a head-to-head comparison between 
[68Ga]Ga-CTR-FAPI PET-CT and the currently approved [18F]
FDG PET-CT in patients with MTC, with the primary objec-
tive to evaluate their patient-based detection rates. Quantita-
tive parameters of [68Ga]Ga-CTR-FAPI PET-CT and [18F]FDG 
PET-CT were also compared in each individual lesion to inter-
pret the findings on detection rates. The diagnostic accuracy, 
for the first time, was validated on lesions that allowed for 
point-to-point matching of PET-CT images and histopathol-
ogy. Treatment plans and their modifications according to 
[68Ga]Ga-CTR-FAPI PET-CT were also documented to reflect 
the real-world impact of the CTR. This study aims to provide 
a new standard of imaging with sufficient diagnostic accuracy 
to facilitate precision management for patients with MTC.

Results
Study Design and Baseline Characteristics

This study was a prospective, single-center, open-labeled, 
single-arm comparative clinical trial designed to assess the 
effectiveness of [68Ga]Ga-CTR-FAPI PET-CT compared with 
the currently approved [18F]FDG PET-CT in the evaluation of 
patients with MTC. Patients with newly diagnosed, recurrent,  
or metastatic MTC with biochemical residual disease (serum 
calcitonin >10 pg/mL) and no prior or ongoing targeted ther-
apy were enrolled between May 11, 2023, and February 1, 2024. 
The [68Ga]Ga-CTR-FAPI PET-CT, [18F]FDG PET-CT, and serum 
calcitonin level assessments were performed on separate days.

A total of 158 patients were assessed for eligibility, with 
62 patients signing informed consent to undergo [68Ga]Ga-
CTR-FAPI PET-CT, and 50 patients finally enrolled in the cur-
rent analysis (Fig. 1A). Eight patients were newly diagnosed 
with MTC, whereas forty-two patients had persistent disease. 
The median calcitonin level was 885 (IQR, 365–1911) for the 
whole population, 606 (IQR, 388–930) for newly diagnosed 
patients with MTC, and 974 (IQR, 355–2,061) for those with 
persistent disease. Forty-six patients received the two PET-CT 
scans with a time interval of 1 day, whereas four patients  
received the two PET-CT scans with a time interval larger 
than 1 day (range, 2–22 days). No strict order between [68Ga]
Ga-CTR-FAPI PET-CT and [18F]FDG PET-CT scans was re-
quired, with 43 patients receiving [18F]FDG PET-CT before 
[68Ga]Ga-CTR-FAPI PET-CT and seven patients receiving 
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[18F]FDG PET-CT after [68Ga]Ga-CTR-FAPI PET-CT. Baseline 
characteristics of the study population are outlined in Sup-
plementary Table S1.

Superior Detection Rate of [68ga]ga-CTR-FAPI 
PET-CT Facilitated MTC Evaluation

The [68Ga]Ga-CTR-FAPI PET-CT scans were evaluated in-
dependently by three nuclear medicine physicians, and the 
[18F]FDG PET-CT scans were assessed by another three nu-
clear medicine physicians. All of the readers were blinded to 
patient information and were masked to the interpretation of 
other readers and other imaging modalities.

The primary objective of the study was accomplished: 
The patient-based detection rate for [68Ga]Ga-CTR-FAPI 
was higher than that for [18F]FDG PET-CT (98% vs. 66%; 
P = 0.0002; Fig. 1B). Improvements in detection rates with 
[68Ga]Ga-CTR-FAPI PET-CT were also observed across vari-
ous anatomical regions, including a 22% increase in the head 
and neck regions, a 16% increase in the thoracic region, a 18% 
increase in the abdomen region, and a 38% increase in the 
skeletal system (Table 1; Supplementary Fig. S1). The better 
detection by [68Ga]Ga-CTR-FAPI was not restricted to certain 
subpopulations, as similar trends were noted when strati-
fied by calcitonin levels; however, the difference did not reach 

158 patients with biochemical residual MTC were 
assessed for eligibility

62 patients received [68Ga]Ga-CTR-FAPI PET-CT

96 patients did not receive either PET-CT scan
93 declined to participate
2 were less than eighteen years of age
1 was pregnant during the study period

25 were recommended 
for active surveillance

23 were recommended 
for surgery

2 were recommended for 
target therapy

15 received surgery at 
our hospital

7 declined to receive 
surgery

1 received surgery at 
another hospital

12 patients were excluded from the current analysis
7 did not receive [18F]FDG PET-CT
4 received two PET-CT > 30 days of interval
1 was administrated target therapy during the 
study period

50 patients were included in the current analysis
8 newly diagnosed with MTC
42 had persistent disease

9 pathological-proved 
non-MTC lesions

42 pathological-proved 
MTC lesions

9 follow-up-proved 
non-MTC lesions

50 patients with MTC were included in the study

16 successfully 
detected MTC lesions 
that were negative on 
other imaging method

8 directly changed the 
surgical plans

6 canceled surgery 
due to the detection of 
extensive metastasis

20 treatment plans 
unchanged

14 treatment plans 
unchanged

2 surgical plans 
changed

Patient who changed 
management

Patients with lesion detected

A

B

Figure 1.  Study profile. A total of 50 patients were included in the study, and 60 lesions from 15 patients who received surgery were applied to validate 
the accuracy of the PET-CTs in identifying MTC lesions (A). Impact of [68Ga]Ga-CTR-FAPI PET-CT on clinical practice, with 32% (16/50) patients changing 
management following [68Ga]Ga-CTR-FAPI PET-CT (B).
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statistical significance due to the small number of patients in 
the subgroups (Supplementary Tables S2–S4). Inter-reader 
agreements at each region for both imaging modalities were 
good, with Fleiss Kappa performances ranging from 0.643 to 
1.000 for [18F]FDG PET-CT and 0.733 to 0.947 for [68Ga]Ga-
CTR-FAPI PET-CT (Supplementary Table S5), indicating the 
reproducibility of the manual reading results.

Higher Tumor Uptake of [68ga]ga-CTR-FAPI 
Attributed to Better Detection of MTC

A quantitative analysis was conducted to elucidate the 
enhanced detection of MTC. [68Ga]Ga-CTR-FAPI PET-CT 
identified a total of 643 lesions from the 50 patients, with a 
median number of four (IQR, 2–11) lesions per patient. In 
comparison, [18F]FDG PET-CT only recognized 190 lesions 
(29.5% of [68Ga]Ga-CTR-FAPI PET-CT identified lesions), 
with a median number of two (IQR, 0–4) lesions per patient. 
For the lesions that were avid on either PET-CT, the lesion 
uptake of [68Ga]Ga-CTR-FAPI was higher than that of [18F]
FDG PET-CT, with a SUVmax of 11.71 ± 9.16 compared with 
2.55 ± 1.73 (P < 0.0001) and a tumor-to-normal (T/N) ratio of 
6.20 ± 5.52 versus 1.51 ± 1.12 (P < 0.0001; Table 2; Supplemen-
tary Fig. S2A–S2C). The lesion uptake of [68Ga]Ga-CTR-FAPI 
remained higher than that of [18F]FDG in lesions that were 
avid on both imaging modalities (Supplementary Table S6), 
stratified by anatomical locations (Table 2), calcitonin levels 
(Supplementary Table S7), carcinoembryonic antigen (CEA) 
levels (Supplementary Table S8), and whether the disease was 
newly diagnosed or persistent (Supplementary Table S9), im-
plying the superior tumor uptake was not limited to certain 
subpopulations. Examples of [18F]FDG PET-CT and [68Ga]
Ga-CTR-FAPI PET-CT in metastatic MTC are illustrated in 
Fig. 2A–D.

Better Diagnostic Accuracy in Surgically Validated 
Lesions

The validation of imaging findings with gold-standard 
histopathology is crucial for translating a novel radiophar-
maceutical into clinical practice. However, previous imaging 
reports primarily focused on comparisons between imaging 
modalities and lacked an exploration of diagnostic accuracy. 
In the current study, lesions suspected to be malignant in at 
least one imaging modality (including [68Ga]Ga-CTR-FAPI 
PET-CT, [18F]FDG PET-CT, contrast-enhanced CT, or ultra-
sound) were separately identified and labeled to evaluate the 
diagnostic accuracy of these imaging techniques.

Among the enrolled patients, 16 underwent surgery, with 
15 receiving surgery at our hospital, and a point-to-point 
matching of PET-CT images with histopathology was per-
formed. One patient received surgery at another institute in 
which the matching of PET-CT images with the surgical spec-
imen was unfeasible. The median interval between surgery 
and the latest PET-CT scan was 9 days (IQR, 6–18). A total of 
60 lesions were considered malignant on at least one imaging 
modality and were definitive for lesion property, with 44, 38, 
35, and 32 lesions suspected to be malignant on [68Ga]Ga-
CTR-FAPI PET-CT, [18F]FDG PET-CT, contrast-enhanced CT, 
and ultrasound, respectively (Supplementary Table S10). For 
the gold-standard reference of the 60 lesions, 42 were patho-
logically confirmed as MTC lesions, 9 were pathologically 
confirmed as non-MTC lesions, and 9 were non-MTC lesions 
confirmed by follow-up (lesions were not resected, and serum 
calcitonin levels returned to normal 1 month after surgery, sug-
gesting that the nonresected lesions were benign; Fig. 1A).

The [68Ga]Ga-CTR-FAPI PET-CT exhibited higher diag-
nostic accuracy for identifying MTC lesions compared with 
the [18F]FDG PET-CT (96.7% vs. 43.3%; P < 0.0001; Table 3, 
examples shown in Fig. 3A–D) and also outperformed the 
ultrasound combined with contrast-enhanced CT (96.7% vs. 
66.7%; P = 0.0003; Supplementary Table S11). In the post hoc 
quantitative imaging analysis, MTC lesions exhibited higher 
uptake than non-MTC lesions in [68Ga]Ga-CTR-FAPI PET-CT, 
with a SUVmax of 14.54 ± 11.11 compared with 2.35 ± 1.63  
(P < 0.0001); however, no differences existed in the [18F]FDG 
uptake between MTC and non-MTC lesions (Table 4). In 
the post hoc pathologic analysis, MTC colocalized with FAP 
expression in the tumor stroma (Supplementary Fig. S3A–
S3C), and a linear correlation between [68Ga]Ga-CTR-FAPI 
uptake (SUVmax and SUVmean) and FAP expression was ob-
served (r2 = 0.793 and 0.843, respectively; Supplementary 
Fig. S3D and S3E).

Change of Surgical Plans and Satisfactory 
Outcomes in Patients with MTC

Thanks to the sufficient detection rate and diagnostic accu-
racy, [68Ga]Ga-CTR-FAPI PET-CT was capable of changing the 
surgical plan of MTC because the current surgical extent of 
MTC (traditional imaging–based surgery or calcitonin-based 
surgery) was inaccurate.

Among the 15 patients who received surgery locally, 6 newly 
diagnosed MTC achieved R0 resection (complete resection of 
all [68Ga]Ga-CTR-FAPI PET-CT-avid lesions), 1 with newly 

[18F]FDG [68Ga]Ga-CTR-FAPI P value
Detection rate in the whole body 0.66 (0.51–0.79) 0.98 (0.93–1.00) 0.0002
Detection rate in the head and neck region 0.50 (0.36–0.64) 0.72 (0.58–0.84) 0.0098
Detection rate in the thoracic region 0.34 (0.21–0.49) 0.50 (0.36–0.64) 0.0269
Detection rate in the abdomen region 0.10 (0.03–0.22) 0.28 (0.16–0.43) 0.0077
Detection rate in the skeleton 0.16 (0.07–0.29) 0.54 (0.39–0.68) <0.0001

Data are presented as patient-based and region-based detection rates with a 95% confidence interval.

Table 1. Patient-based and region-based detection rate of [68ga]ga-CTR-FAPI and [18F]FDg.
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diagnosed MTC achieved R1 resection, and one with newly 
diagnosed MTC was unable to resect all [68Ga]Ga-CTR-FAPI 
PET-CT–avid lesions (distant metastasis existed). Among the 
seven patients with persistent MTC who received surgery  
locally, two achieved R0 resection whereas five could not re-
move all [68Ga]Ga-CTR-FAPI PET-CT–avid lesions.

All six patients with newly diagnosed MTC who achieved 
R0 resection reached biochemical cure 1 month after surgery 
(the strictest curative level for MTC, indicating no residual  
tumor existed), with a 1-month postsurgery calcitonin level of 
2.72 ± 1.83 pg/mL and a postsurgery to presurgery calcitonin 
ratio of 0.54% ± 0.42% (Supplementary Table S12). A total of 
83.3% (5/6) of the surgical plans were changed as per calci-
tonin level–based surgery (eliminating the need for prophy-
lactic lateral neck dissection), and 33.3% (2/6) of the surgical 
plan was modified compared with traditional imaging–based 
surgery (one patient necessitated additional neck dissection 
and one patient avoided neck dissection). The patient with 
newly diagnosed MTC with R1 resection and the two patients 
with persistent MTC with R0 resection also experienced fa-
vorable outcomes, with 1-month postsurgery calcitonin levels  
of 19.1 and 27.4 ± 24.9 pg/mL, respectively (Supplementary 
Table S12). The surgical plans for both patients with per-
sistent MTC were modified as [68Ga]Ga-CTR-FAPI PET-CT 
detected additional malignant lesions not visible on tradi-
tional imaging, necessitating more extensive surgery. In con-
trast, six patients were unable to have all [68Ga]Ga-CTR-FAPI 
PET-CT–avid lesions removed (already known during sur-
gery), with a 1-month postsurgery to presurgery calcitonin 

[18F]FDG [68Ga]Ga-CTR-FAPI P value
Whole body
 SUVmax 2.55 ± 1.73 11.71 ± 9.16 <0.0001
 SUVmean 1.79 ± 0.84 6.57 ± 2.82 <0.0001
 T/N ratio 1.51 ± 1.12 6.20 ± 5.52 <0.0001
Head neck
 SUVmax 3.02 ± 2.24 11.50 ± 9.23 <0.0001
 SUVmean 2.08 ± 1.25 6.56 ± 3.49 <0.0001
 T/N ratio 2.14 ± 1.53 7.55 ± 6.04 <0.0001
Thorax
 SUVmax 2.57 ± 1.96 9.74 ± 7.23 <0.0001
 SUVmean 1.72 ± 0.89 5.94 ± 2.53 <0.0001
 T/N ratio 1.96 ± 1.44 7.06 ± 5.67 <0.0001
Abdomen
 SUVmax 2.45 ± 0.94 9.22 ± 7.39 <0.0001
 SUVmean 1.97 ± 0.53 5.81 ± 2.24 <0.0001
 T/N ratio 1.03 ± 0.37 3.57 ± 2.26 <0.0001
Skeleton
 SUVmax 2.40 ± 1.70 13.60 ± 9.99 <0.0001
 SUVmean 1.59 ± 0.66 7.13 ± 2.73 <0.0001
 T/N ratio 1.38 ± 0.90 6.75 ± 5.99 <0.0001

Data are presented as the mean ± SD of each variable.

Table 2. Comparison between [68ga]ga-CTR-FAPI and 
[18F]FDg in suspected malignant lesions.

ratio of 59.2% ± 35.5% (Supplementary Table S12). A total of 
33.3% (2/6) of the surgical plan was enlarged compared with 
traditional imaging–based surgery.

In comparison, of the 15 patients who received surgery, 
3 would have canceled surgery due to the inability to locate 
lesions using [18F]FDG PET-CT, and one patient would have 
altered surgical plan according to [18F]FDG PET-CT, resulting 
in an uncured disease.

Real-World Impact of [68ga]ga-CTR-FAPI PET-CT in 
Patient Management

Initial treatment plans and their modifications following 
[68Ga]Ga-CTR-FAPI PET-CT were collected from the refer-
ring physicians to assess the real-world impact of the CTR 
(Fig. 1B). In addition to the 32% (16/50) patients able to iden-
tify MTC lesions that were negative on traditional imaging, 
a total of 20% (10/50) patients modified their surgical plans, 
and 12% (6/50) patients initially scheduled for surgery transi-
tioned to active surveillance or targeted therapy due to the de-
tection of extensive distant metastasis or unresectable lesions.

Safety
There was no grade 2 or higher adverse event. Nonspecific 

grade 1 events were noted in 2 of the 50 patients (4%) after 
[18F]FDG PET-CT and 1 of the 50% patients (2%) following 
[68Ga]Ga-CTR-FAPI PET-CT (Supplementary Table S13). None 
of the events necessitated further intervention, and no pa-
tient discontinued the study due to the adverse events.

discussion
In this first-in-class clinical trial of CTR, [68Ga]Ga-CTR-FAPI 

PET-CT demonstrated a superior detection rate, tumor up-
take, and diagnostic accuracy in patients with MTC compared 
with [18F]FDG PET-CT. The primary endpoint was met: the 
detection rate for [68Ga]Ga-CTR-FAPI PET-CT was higher than 
that for [18F]FDG PET-CT in patients with MTC (98% vs. 66%). 
This finding can be further supported by the higher lesion up-
take (SUVmax = 11.71 ± 9.16) and diagnostic accuracy (96.7%) of 
[68Ga]Ga-CTR-FAPI PET-CT, all of which contribute to the 
precision diagnosis of MTC. Additionally, 32% patients had 
management changes following [68Ga]Ga-CTR-FAPI PET-CT, 
and 66.7% patients changed surgical plans, transforming pre-
cision diagnosis into precision management.

Localizing MTC lesions is crucial for both initial diagnosis 
and follow-up, as the location and distribution of disease di-
rectly influence the therapeutic strategies. However, [18F]FDG, 
[18F]FDOPA, and [68Ga]Ga-SSA reported detection rates of 
59% to 71% per patient (12, 13), and in 16% to 28% of patients 
no lesion was able to be located despite the use of multiple 
imaging techniques (16–19). [18F]FDG was chosen as the com-
parison because it is the only approved positron-emitting di-
agnostic molecule in multiple countries and was supported by 
both National Comprehensive Cancer Network and European 
Association of Nuclear Medicine guidelines (25, 30). Given the 
colocalization of MTC and FAP, along with the positive cor-
relation between FAP expression and FAPI uptake (39), target-
ing elevated FAP expression in tumor stroma presents an 
alternative solution. In our study, [68Ga]Ga-CTR-FAPI PET-CT 
achieved a patient-based detection rate of 98%, identifying 3.4 
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times the number of lesions than [18F]FDG PET-CT and exhib-
iting 4.1 times of the T/N ratio than that of [18F]FDG PET-CT. 
In a previous retrospective study, [68Ga]Ga-DOTA.SA.FAPI  
(a noncovalent FAPI) outperformed [68Ga]Ga-DOTANOC 
(a type of [68Ga]Ga-SSA) in patients with MTC thanks to the 
clearer background in the abdomen and bone (36). These re-
sults suggest that FAPI PET-CT has the potentiality to locate 
MTC lesions more effectively than current methods.

The diagnostic and therapeutic efficacy of radiopharma-
ceuticals has long been restricted by the challenges of achiev-
ing sustainable tumor targeting and rapid clearance from 
healthy tissue simultaneously. The original FAPI interacts  

reversibly with its ligand with an in vivo half-life restricted to 
a few hours, thereby missing small malignant lesions due to 
insufficient tumor-to-background activity. In contrast, our 
targeted covalent strategy created covalent bonds between 
ligands and small-molecule radiopharmaceuticals, allowing 
the identification of more lesions that were neglected in the 
original FAPI PET-CT (supported by histopathology; ref. 38). 
The current study was the first-in-class clinical trial of CTR, 
not only providing valuable verification of this strategy to 
reformulate the design of radiopharmaceutical but also fur-
nishing, to the best of our knowledge, the most appropri-
ate radiopharmaceutical for MTC. It should be noted that 
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Figure 2.  Examples of [18F]FDG PET-CT and [68Ga]Ga-CTR-FAPI PET-CT in patients with MTC. A 47-year-old female who had previously received 
thyroidectomy, bilateral neck dissection, and upper mediastinum lymph node dissection currently had a calcitonin level of 1,772 pg/mL. Despite [18F]FDG 
PET-CT yielding negative results for MTC lesions (A), [68Ga]Ga-CTR-FAPI PET-CT detected malignant lesions in the head and neck (including the thyroid 
bed and neck lymph node), thoracic lymph nodes, and skeleton (involving the skull, thoracic bone, and lumbar vertebra, which can be seen through both 
maximum intensity projection (MIP) and cross-sectional images; B), with a SUVmax of 3.83–22.37 and a T/N ratio of 3.28–14.28. Similarly, a 58-year-old 
female who had undergone thyroidectomy and lymph node dissection currently had a calcitonin level of 140,983 pg/mL. Whereas [18F]FDG PET-CT was 
able to identify several metastatic lesions (C), [68Ga]Ga-CTR-FAPI PET-CT identified extensive whole-body metastasis (D) with a SUVmax of 4.19–49.73 
and a T/N ratio of 2.76–12.97.

[18F]FDG [68Ga]Ga-CTR-FAPI P value
Accuracy 43.3% (30.6%–56.8%) 96.7% (88.5%–99.6%) <0.0001
Sensitivity 54.8% (38.7%–70.2%) 100.0% (91.6%–100.0%) <0.0001
Specificity 16.7% (3.6%–41.4%) 88.9% (65.3%–98.6%) 0.0019

Data are presented as the mean ± SD of each variable.

Table 3. Accuracy of [68ga]ga-CTR-FAPI and [18F]FDg in identifying MTC or non-MTC lesions.
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CTR-FAPI is a pan-cancer radiopharmaceutical that can be 
expanded to a broad range of indications, and the application 
of CTR-FAPI in other tumors is also anticipated.

In addition to the visual and quantitative assessments, the 
reliability of [68Ga]Ga-CTR-FAPI PET-CT in identifying MTC 
was validated through histopathology/calcitonin-based follow- 
up of 60 lesions. This point-to-point matching of PET-CTs  

and the gold-standard reference was essential for establishing 
the diagnostic accuracy of this novel radiopharmaceutical. 
[68Ga]Ga-CTR-FAPI PET-CT exhibited higher accuracy (96.4%) 
in identifying MTC than [18F]FDG PET-CT and traditional 
imaging, thereby proving the reliability of [68Ga]Ga-CTR-FAPI 
PET-CT. Future translational studies are necessary to eluci-
date the mechanism of FAP-based MTC detection (40–46).
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Figure 3.  Examples of [18F]FDG PET-CT and [68Ga]Ga-CTR-FAPI PET-CT in pathologically proven MTC and non-MTC lesions. A 66-year-old female, newly 
diagnosed with MTC, had a current calcitonin level of 4,180 pg/mL. The right neck level VI lymph node (A) and the bilateral level III lymph node (B) exhibited 
moderate [18F]FDG uptake (SUVmax = 2.81–3.69 and T/N ratio 1.78–2.34) but showed significant [68Ga]Ga-CTR-FAPI uptake (SUVmax = 10.34–13.17 and 
T/N ratio 6.47–8.24), and postsurgical histopathology confirmed the lesions to be metastatic lymph nodes. Conversely, the bilateral level II lymph node 
(C) and level V lymph node (D) displayed significant [18F]FDG uptake (SUVmax = 5.14–7.98, T/N ratio 3.26–5.06) but only mild [68Ga]Ga-CTR-FAPI uptake 
(SUVmax = 2.52–3.90, T/N ratio 1.57–2.44), and histopathology indicated that the lesions were not lymph nodes with MTC metastasis. Furthermore, the 
[68Ga]Ga-CTR-FAPI PET-CT excluded distant metastasis of MTC, and the patient reached biochemical cure (1-month postsurgical calcitonin of 1.49), 
suggesting that no residual MTC cells remained.

[18F]FDG [68Ga]Ga-CTR-FAPI
MTC (n = 42) Non-MTC (n = 18) P value MTC (n = 42) Non-MTC (n = 18) P value

SUVmax 3.56 ± 2.56 3.93 ± 2.89 0.623 14.54 ± 11.11 2.35 ± 1.63 <0.0001
SUVmean 2.43 ± 1.34 2.84 ± 1.82 0.325 7.83 ± 4.23 1.87 ± 1.25 <0.0001
T/N ratio 2.36 ± 1.77 2.57 ± 1.63 0.679 8.16 ± 7.37 1.51 ± 0.91 <0.0001

Data are presented as the mean ± SD of each variable.

Table 4. Uptake comparison of [68ga]ga-CTR-FAPI and [18F]FDg in MTC and non-MTC lesions.
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Thanks to its sufficient detection rate and diagnostic accu-
racy, [68Ga]Ga-CTR-FAPI PET-CT facilitated precision surgery 
of MTC, as there remains no consensus on the surgical extent 
of MTC (some physicians rely on preoperative ultrasound 
and do not perform prophylactic lateral neck dissection if the 
ultrasound is negative, whereas others advocate prophylactic 
lateral neck dissection according to serum calcitonin level; 
refs. 6, 7). In our study, five patients with newly diagnosed 
MTC were spared from prophylactic lateral neck dissection 
because the [68Ga]Ga-CTR-FAPI PET-CT results were negative 
for the lateral neck. All of these patients reached biochemical 
cure 1 month after surgery, suggesting that no remaining tu-
mor existed. On the other hand, five patients with MTC had 
additional malignant lesions detected by [68Ga]Ga-CTR-FAPI 
PET-CT, and the excision of [68Ga]Ga-CTR-FAPI PET-CT–
avid lesions yielded positive pathologic outcomes. Inspired 
by the promising results, a prospective interventional clinical 
trial (NCT06277180) was recently launched to investigate the 
potential of [68Ga]Ga-CTR-FAPI PET-CT to guide the surgical 
extent of MTC. However, it is essential to note that although 
excision of [68Ga]Ga-CTR-FAPI PET-CT–avid lesions is im-
portant, standard dissection of regional lymph nodes should 
be performed to address the possible minimum metastases in 
small lymph nodes, aligning with the surgical principles for 
all types of thyroid cancers.

The region-based detection rate, along with the calcitonin- 
stratified detection, deepened our understanding of the dis-
ease. Generally, patients with higher calcitonin levels experi-
enced a greater burden of disease. In addition to the head and 
neck region, thoracic lymph nodes were the second common 
site for MTC involvement; however, not only the upper medi-
astinum but also the anterior and middle mediastinum areas 
may be affected, and small lesions that did not satisfy the 
RECIST criteria can still be malignant and warrant interven-
tion (47). Whereas liver metastasis presented predominantly 
in patients with calcitonin levels higher than 500 pg/mL, bone 
metastasis can occur across any calcitonin levels, reshaping 
the previous opinion that distant metastasis only occurs when 
calcitonin levels surpass 1,000 pg/mL (8). In contrast to differ-
entiated thyroid carcinoma, the lung was not the primary site 
for MTC metastasis and was observed in only 4% of patients. 
Nevertheless, the subgroup analyses in the current study were 
performed to confirm that the improved detection and tumor 
uptake were not confined to specific subpopulations, and the 
findings warranted exploration in larger patient populations.

Significant changes in the management of patients with 
MTC shall occur when [68Ga]Ga-CTR-FAPI PET-CT is inte-
grated into clinical practice: (i) detection of the MTC lesion, 
including in postsurgery patients with elevated calcitonin 
levels who are negative, inconclusive, or incompletely assessed 
by traditional imaging, as well as presurgery patients, to ex-
clude distant metastasis; (ii) changes to the surgical plan, 
where additional malignant lesions may be resected and 
prophylactic neck dissection may be avoided; and (iii) deter-
mination of the screening and follow-up schedules, priori-
tizing lesion-located regions. However, a major limitation 
of this study was the inability to correlate [68Ga]Ga-CTR-
FAPI PET-CT direct therapy with improvements in patient 
survival, particularly as patients with unresectable disease lack 
efficient treatment options. Additional limitations include 

the relatively small patient cohort in this explorative trial, 
the difficulty in recruiting patients with very low calcitonin 
levels, and the inability to histopathologically validate the 
PET-CT findings in the abdomen region and bone. For fu-
ture works, CTR-FAPI carrying therapeutic radionuclide (e.g., 
177Lu) necessitates attentive investigations, which have shown 
considerable improvements over unmodified FAPIs in pre-
clinical models (38).

In conclusion, [68Ga]Ga-CTR-FAPI PET-CT demonstrated 
a superior detection rate, tumor uptake, and diagnostic accu-
racy compared with [18F]FDG PET-CT in patients with MTC, 
facilitating precision diagnosis and management of the dis-
ease. Together with previous reports indicating that [68Ga]
Ga-CTR-FAPI outperforms the original FAPI, [68Ga]Ga-CTR-
FAPI PET-CT has the potential to become the standard of im-
aging for patients with MTC.

Methods
Study Design and Participants

This study was a prospective, single-center, open-labeled, single- 
arm comparative imaging trial designed to assess the effectiveness of  
[68Ga]Ga-CTR-FAPI PET-CT compared with the currently approved 
[18F]FDG PET-CT in evaluating patients with MTC. The study be-
longed to an independent subcohort of an investigator-initiated trial 
exploring the clinical value of [68Ga]Ga-CTR-FAPI PET-CT in malig-
nant tumors (NCT06084767), which was approved by the Institutional 
Review Board (2023YJZ20). Written informed consent was obtained 
from all study participants. The Clinical Protocol and Notification to 
Attending Physicians are included as supplementary data. Supple-
mentary Table S14 provides information about the representativeness 
of the study population in relation to the larger population.

Inclusion criteria for the current study were as follows: (i) age be-
tween 18 and 75 years; (ii) newly diagnosed MTC or recurrent or met-
astatic MTC with biochemical persistent disease (serum calcitonin 
>10 pg/mL); (iii) no previous or currently administrated targeted 
therapy (i.e., vandetanib and cabozantinib; refs. 24, 48, 49), as targeted  
therapy can significantly affect the calcitonin levels in MTC; (iv) no 
significant abnormalities in blood routine, liver function, and kidney 
function or recent onset of infections; amd (v) willingness to partici-
pate and ability to sign the informed consent form. For patients with 
persistent MTC, those exhibiting negative findings on traditional 
imaging or discordant results between traditional imaging and calci-
tonin levels were encouraged to enroll as the PET-CTs might provide 
additional benefit. Patients with stable calcitonin levels or definitive 
findings on traditional imaging were discouraged from participation.

Based on previous meta-analyses, the patient-based detection rate 
of [18F]FDG PET-CT in patients with MTC with elevated calcitonin 
ranged from 59% to 69% (estimated detection rate 65%; refs. 12, 26), 
and the detection rate of another FAPI ([68Ga]Ga-DOTA.SA.FAPI) in 
patients with MTC was 96% (estimated using lesion-based detection 
rate; ref. 36). A statistical power analysis established prospectively 
that enrolling at least 44 participants would provide an 80% power 
of the test to detect the expected differences of 31% detection rates 
at the patient level with two-sided α of 0.05. Considering a potential 
dropout rate of 10%, the final sample size was set as 50 patients.

PET-CT Imaging and Serum Calcitonin
[68Ga]Ga-CTR-FAPI PET-CT, [18F]FDG PET-CT, and serum calci-

tonin level were assessed on separate days with a maximum interval 
of 30 days. No strict order between [68Ga]Ga-CTR-FAPI PET-CT and 
[18F]FDG PET-CT was required, as they targeted different receptors 
on different cells.
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Patients were required to fast for at least 4 hours prior to [18F]
FDG administration, whereas no specific preparation was required 
for [68Ga]Ga-CTR-FAPI. Both [18F]FDG and [68Ga]Ga-CTR-FAPI 
were hospital-produced and administrated intravenously, with doses 
of 3.7 to 5.5 MBq/kg for [18F]FDG and 1.8 to 3.7 MBq/kg for [68Ga]
Ga-CTR-FAPI, respectively. PET-CT scans were performed 60 minutes  
after administration using a uEXPLORER total-body PET-CT scan-
ner (United Imaging Healthcare). The PET images were acquired with 
an axial field of view of 194 cm, an original matrix of 192 × 192, and a 
slice thickness of 3.0 mm, and the voxels were subsequently normal-
ized by body weight and decay factor to generate a SUV map. All pa-
tients were required to receive local [68Ga]Ga-CTR-FAPI PET-CT, and 
the DICOM images of [18F]FDG PET-CT were obtained for patients 
who had previously received [18F]FDG PET-CT at other institutes.

Safety
Patients were monitored for adverse events during and within  

2 hours after radiotracer administration. Vital signs, including body 
temperature, heart rate, and blood pressure, were recorded before and 
after the injection of each radiopharmaceutical. Phone call report or 
outpatient visit was available for patients to report any delayed ad-
verse event.

Manual Image Interpretation
Manual evaluation was first implemented for patient-based and 

region-based detection. The [68Ga]Ga-CTR-FAPI PET-CT scans were 
evaluated independently by three nuclear medicine physicians, and 
the [18F]FDG PET-CT scans were assessed by another three nuclear  
medicine physicians. All of the readers were blinded to patient infor-
mation and not involved in the study’s design or data collection. The 
readers were masked to the interpretation of the other five readers 
and the other imaging modalities (i.e., the physician reading [18F]FDG  
PET-CT did not read [68Ga]Ga-CTR-FAPI PET-CT). Anonymized 
data, including PET-CT scans, patient history, and the recent cal-
citonin level, were provided. Readers were required to assess the 
presence of MTC in the following regions: head and neck region 
(including the thyroid bed and neck lymph node), thoracic region 
(mediastinum lymph node, hilar lymph node, axillary lymph node, 
and lung), abdomen region (liver and retroperitoneal lymph node), 
and skeleton system (skull, vertebra, thoracic bone, pelvic bone, and 
limb). Patient-based detection of MTC was summarized from the 
region-based detections. In cases of disagreement between readers, a 
consensus was reached through a majority rule vote.

Quantitative Image Evaluation
Quantitative analysis of individual lesions was performed to in-

terpret the findings from physician readings. Lesions identified on 
[68Ga]Ga-CTR-FAPI PET-CT were semi-automatically segmented by 
an experienced nuclear medicine physician and edited by a senior sur-
geon and another nuclear medicine physician. A spherical reference 
region of interest (ROIref) with a diameter of 0.5 cm (lymph node),  
1.0 cm (bone and thyroid if not resected), or 2.0 cm (lung, liver, and 
aorta) was manually placed on normal organs, and the maximum 
SUV of normal organs (Nmax) was calculated. Lesion ROIs were 
first semi-automatically created for regions with a SUV greater than  
2.0 × Nmax of the corresponding normal regions and were subsequently 
manually revised. Areas with focal uptake that were visually higher than 
the surrounding background but did not reach 2.0 × Nmax were also 
considered positive and delineated into an ROI. Areas with a SUV 
higher than 2.0 × Nmax but were known as alternative benign or ma-
lignant tumor (i.e., adrenal pheochromocytoma) or nonmalignant 
lesions (i.e., history and image-diagnosed arthritis) were considered 
negative and excluded from the ROI. ROIs were considered as sepa-
rate lesions if they were anatomically discontinuous at x, y, and z axis, 
otherwise they were recognized as a continuous lesion.

ROIs from [68Ga]Ga-CTR-FAPI PET-CT were semi-automatically 
coregistered to [18F]FDG PET-CT and manually relocated if nec-
essary, allowing identical regions to be analyzed across different 
imaging modalities. This was essential for an accurate quantification 
of [18F]FDG PET-CT, as relying solely on delineations from [18F]FDG 
PET-CT would significantly underestimate the disease burden.  
Potential malignant lesions identified on [18F]FDG PET-CT were also 
segmented and coregistered to [68Ga]Ga-CTR-FAPI PET-CT.

Treatment Decision and Surgical Validation
The treatment decision for each patient (surgery, active surveil-

lance, or targeted therapy) was ultimately determined by the referring 
physician based on all available information (patient history, PET-CT  
results, conventional imaging findings, and calcitonin level and 
trends) and the patient’s will. A survey was required from the referring 
physician to report the initial suggested treatment (before PET-CTs), 
the final suggested treatment (after PET-CTs), the final implemented 
treatment, and whether [68Ga]Ga-CTR-FAPI PET-CT results in-
fluenced the treatment plan. For patients scheduled for surgery, 
contrast-enhanced CT and neck ultrasound were also performed.

Lesions that met the following criteria were separately obtained 
and labeled to evaluate the diagnostic accuracy of the imaging 
modalities (50, 51): (i) suspected to be malignant on least on one 
imaging modality ([68Ga]Ga-CTR-FAPI PET-CT, [18F]FDG PET-CT,  
contrast-enhanced CT, or ultrasound) and (ii) available for the 
gold-standard reference, determined by either histopathology (MTC 
or non-MTC) or follow-up (only to identify non-MTC lesions that 
were not resected and for which biochemical cure was achieved 
after surgery). Lesions under the following circumstances were 
not included: (i) considered malignant only by imaging but lacking 
gold-standard pathology (i.e., for patients who did not receive sur-
gery) and (ii) considered benign by all imaging modalities, as they 
could not be separately labeled and point-to-point matched between 
imaging and intraoperative findings.

The extent of surgery was determined by the referring physician 
and aligned with patient preferences. Consistent with the surgical 
principles for all thyroid cancers (7, 52), therapeutic dissection of  
the relevant lymph node regions should be performed, if planned, 
rather than merely removing the malignant lesion. Calcitonin levels 
at 1 month after surgery were tested and compared with presurgery 
calcitonin levels to evaluate treatment response.

IHC and Pathologic Analysis
The FAP expression was determined by the IHC of FAP, and MTC 

was identified by the IHC of calcitonin and CEA. FAP quantification 
was performed semi-automatically on scanned digital slices and ana-
lyzed in high-power fields (10 × 10) containing tumor cell clusters to 
calculate the average optical density.

Outcomes
The primary outcome was the patient-based detection rate of [68Ga]

Ga-CTR-FAPI PET-CT and [18F]FDG PET-CT in patients with MTC, 
defined as the ratio of reader-identified PET-CT–positive patients to the 
number of all patients (50, 53). The secondary outcomes included the 
following: (i) region-based detection rates (ratio of PET-CT–positive re-
gions to the number of all patients); (ii) the value comparison of tumor 
uptake between [18F]FDG and [68Ga]Ga-CTR-FAPI PET-CT at the indi-
vidual lesion level, (iii) the accuracy of the imaging modalities in identi-
fying histopathology or calcitonin-based follow-up–confirmed MTC or 
non-MTC lesions; and (iv) the safety of the PET-CT reagents.

Statistical Analysis
To compare the reader-reported patient-based and region-based 

detection rate, the two-sided McNemar test was used to calculate the 
statistical differences for paired variables, and the Clopper–Pearson 
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test was conducted to calculate the 95% confidence interval of detection 
rates. Fleiss multirater Kappa statistics were utilized to assess in-
ter-reader agreement between reviewers.

To quantify the [18F]FDG and [68Ga]Ga-CTR-FAPI uptake of  
lesions, PET parameters, including SUVmax (maximum SUV within 
the ROI), SUVmean (mean SUV within the ROI), and T/N ratio (ratio 
of lesion SUVmax to the corresponding regional Nmax), were calculat-
ed for each individual lesion (54). The mean and SD were calculated 
for the PET parameters and were compared using the paired sample 
t test.

To evaluate the accuracy of [18F]FDG, [68Ga]Ga-CTR-FAPI PET-CT,  
and traditional imaging (ultrasound plus contrast-enhanced CT) in 
identifying MTC, a lesion-based comparison between imaging iden-
tification and the gold-standard reference was performed in patients 
who received surgery (50, 51). Individual lesions were calculated for 
PET parameters (SUVmax, SUVmean, and T/N ratio), and the gold- 
standard reference was determined by either histopathology (MTC or 
non-MTC) or follow-up (only to identify the non-MTC lesions that 
were not resected, and the biochemical cure was reached after sur-
gery). The two-sided McNemar test and Clopper–Pearson test were 
applied to calculate the statistical differences and 95% confidence in-
tervals. The mean and SD for the PET parameters were calculated and 
compared using the independent sample t test. To assess the treat-
ment response after surgery, the calcitonin levels at 1 month after  
surgery was measured, and the ratio of 1-month postsurgical calci-
tonin to presurgical calcitonin were calculated. The [68Ga]Ga-CTR-
FAPI parameters (SUVmax and SUVmean) and FAP expression (average 
optical density of IHC) were fitted into linear curves, and the coeffi-
cient of determination (r2) was subsequently calculated.

The [18F]FDG and [68Ga]Ga-CTR-FAPI PET-CT were processed 
using 3D slicer (version 4.11) and Python (version 3.8.5). Pathologic 
analysis was conducted using ImageJ (version 1.54 g). Statistical anal-
yses were conducted in R (version 4.2.0).

Data Availability
The data generated in this study are available upon reasonable  

request from the corresponding author.
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