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ABSTRACT
Introduction  Technetium thyroid uptake (TcTU) measured 
by single-photon emission CT/CT (SPECT/CT) is an 
important diagnostic tool for the differential diagnosis 
of Graves’ disease and destructive thyroiditis. Artificial 
intelligence (AI) may reduce CT-induced radiation exposure 
by substituting the role of CT in attenuation correction (AC) 
and thyroid segmentation, thus realising CT-free SPECT. 
This study aims to compare the diagnostic accuracy for 
the differential diagnosis of thyrotoxicosis between CT-free 
SPECT and SPECT/CT.
Methods and analysis  The AI-based CT-free SPECT is 
a single-blind, multicentre, prospective, non-inferiority, 
clinical trial with a paired design conducted in the Republic 
of Korea. Eligible participants are adult (≥19 years old) 
thyrotoxicosis patients without a previous history of 
hyperthyroidism or hypothyroidism. Approximately 160 
subjects will be screened for quantitative thyroid SPECT/
CT using Tc-99m pertechnetate. CT-free thyroid SPECT 
will be realised using only SPECT data by the trained 
convolutional neural networks. TcTU will be calculated by 
SPECT/CT and CT-free SPECT in each subject. The primary 
endpoint is the accuracy of diagnosing Graves’ disease 
using TcTU. The trial will continue until 152 completed 
datasets have been enrolled to assess whether the 
95% (two-sided) lower confidence limit of the accuracy 
difference (CT-free SPECT accuracy—SPECT/CT accuracy) 
for Graves’ disease is greater than −0.1. The secondary 
endpoints include the accuracy of diagnosing destructive 
thyroiditis and predicting the need for antithyroid drug 
prescription within 1 month of the SPECT/CT.
Ethics and dissemination  The study protocol has 
been approved by the institutional review board of Seoul 
National University Bundang Hospital (IRB No. B-2304-
824-301), Konkuk University Medical Center (IRB No. 
2023-05-022-006) and Chonnam National University 
Hospital (IRB No. CNUH-2023-108). Findings will be 
disseminated as reports, presentations and peer-reviewed 
journal articles.
Trial registration number  KCT0008387, Clinical 
Research Information Service of the Republic of Korea 
(CRIS).

INTRODUCTION
It is crucial to distinguish between Graves’ 
disease and destructive thyroiditis in patients 
with thyrotoxicosis because their respective 
treatments are significantly different. Graves’ 
disease is managed by antithyroid drugs, 
while destructive thyroiditis is often handled 
conservatively, often without specific medica-
tions. Not all cases of Graves’ disease display 
the specific symptoms/signs of the disease,1 
and biochemical laboratory findings are 
frequently inconclusive.2–4 Nuclear medicine 
tests that measure the technetium thyroid 
uptake (TcTU) have been widely used for the 
differential diagnosis of thyrotoxicosis.5 6 The 
TcTU is increasingly replacing the traditional 
radioactive iodine uptake (RAIU) because 
TcTU is easier to measure and renders patients 
to less radiation exposure than RAIU. More-
over, in addition to the quantitative param-
eter of TcTU, a thyroid scan using the same 
radioisotope (Tc-99m pertechnetate) often 
provides valuable information about radioac-
tivity distribution, facilitating the diagnosis of 
toxic adenoma or multinodular goitre.

STRENGTHS AND LIMITATIONS OF THIS STUDY
	⇒ This is a multicentre prospective study focused on 
the clinical application of artificial intelligence (AI).

	⇒ In this study, the AI application automates the mea-
surement of thyroid uptake parameter.

	⇒ Patient radiation exposure from CT is eliminated 
with the aid of AI.

	⇒ As a limitation, the study includes only thyrotoxicosis 
patients who meet specific inclusion criteria, which 
limits its ability to represent the broad spectrum of 
thyroid diseases that require thyroid single-photon 
emission CT imaging.
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Traditionally, TcTU has been measured using a one-
dimensional thyroid uptake system or two-dimensional 
planar gamma camera imaging. Now, three-dimensional 
single-photon emission CT/CT (SPECT/CT) is emerging 
as a promising alternative to conventional methods. The 
SPECT/CT allows thyroid function assessment in both 
quantitative and qualitative ways in a single session.7–10 
Quantitative SPECT/CT has proven to be the most 
accurate for the differential diagnosis of thyrotoxicosis, 
compared with the thyroid uptake system or planar 
scan.7 11 Hence, the utility of quantitative SPECT/CT is 
expanding to other hyperfunctioning or hypofunctioning 
thyroid situations, such as predicting intractable Graves’ 
disease, meticulously differentiating between thyroiditis 
and euthyroid and planning the treatment of autono-
mously functioning thyroid nodules.8–10 12

The quantitative SPECT/CT requires triple correc-
tions for radioactivity. Attenuation correction (AC) using 
an attenuation map (μ-map) is the first correction, and 
the μ-map is derived from CT. Scatter correction (SC) 
and collimator-detector response correction (resolution 
recovery (RR)) are also necessary corrections, fulfilled by 
vendor-specific software.13 14 In addition, segmentation of 
the organ of interest on the CT canvas is a critical process 
for quantitative SPECT/CT.15 16 Therefore, CT plays a 
pivotal role in AC and organ segmentation in quantitative 
SPECT/CT.

The use of CT has sparked debate in medical imaging due 
to potential radiation hazards. The as-low-as-reasonably-
achievable principle necessitates the optimisation of radi-
ation exposure and asks for possible alternatives to CT. In 
this respect, CT-free SPECT imaging techniques based on 
artificial intelligence (AI) hold significant promise.17 18 AI 
applications have facilitated AC through direct or indi-
rect generation of attenuation-corrected SPECT images 
without the aid of CT. In a further step, we conducted 
an AI study where not only was AC realised but organ 
segmentation was also achieved without CT, effectively 
replacing ‘thyroid SPECT/CT’ with ‘CT-free thyroid 
SPECT’.19

This prospective, multicentre study was designed to 
promote CT-free SPECT technology. The key question 
was whether the AI-based CT-free thyroid SPECT is not 
inferior to the conventional thyroid SPECT/CT in terms 
of differential diagnosis of thyrotoxicosis. We investigated 
the accuracy of diagnosing Graves’ disease and destruc-
tive thyroiditis using TcTU from both CT-free SPECT and 
SPECT/CT perspectives.

DIFFERENTIAL DIAGNOSIS OF THYROTOXICOSIS
Typical clinical symptoms and signs
Patients with excessive endogenous thyroid hormones 
can suffer serious complications from thyrotoxicosis, 
including cardiovascular or neuromuscular complica-
tions.20 Excessive thyroid hormone can stem from either 
productive causes, such as Graves’ disease, or destructive 
ones, such as painless thyroiditis, subacute thyroiditis and 

postpartum thyroiditis. Common signs of Graves’ disease 
include goitre, orbitopathy and pretibial dermopathy. 
While there is no concrete study about the prevalence of 
these signs among Graves’ disease patients, estimations 
are possible. In interviews with five renowned American 
endocrinologists, they reported a 70% prevalence (65%–
75%) of these signs in cases of overt hyperthyroidism.1 
Additionally, approximately 50% of patients with Graves’ 
disease were reported to exhibit orbitopathy.21 With the 
widespread availability of thyroid hormone level tests, 
clinically severe Graves’ disease, or its typical toxic appear-
ance, is less frequently detected nowadays. The T3/T4 
ratio may increase in Graves’ disease22 but decrease in 
destructive thyroiditis.23 However, the performance of 
these ratios was found to be unsatisfactory in subsequent 
studies.24 25 Thyroid-stimulating hormone (TSH) is often 
employed as a highly sensitive indicator of thyrotoxi-
cosis, resulting in more frequent encounters with mild 
subclinical hyperthyroidism with suppressed TSH levels. 
As a result, relying solely on clinical signs or symptoms is 
not sufficient for differential diagnosis of thyrotoxicosis. 
Additional supportive measurements are required in the 
modern practice of managing thyrotoxicosis.

TSH receptor antibody (TSHRAb) measurement
TSHRAb, especially the TSH receptor stimulating immu-
noglobulin (TSI), is a pathognomonic autoantibody of 
Graves’ disease. The TSI level is determined by a cell-based 
bioassay for intracellular cyclic adenosine monophos-
phate production, which has been proven to be highly 
sensitive, specific and cost-effective for Graves’ disease.1 26 
However, the TSI bioassay is not widely used due to its 
complexity and the considerable laboratory expertise it 
requires, despite its superior diagnostic ability compared 
with other methods.27 28 Currently, most TSHRAb assays 
are performed using a competitive-binding assay, which 
measures TSH receptor binding inhibitory immuno-
globulin (TBII). The TBII assay has evolved to the third 
generation, characterised by competitive inhibition of 
monoclonal anti-human TSH receptor antibodies or 
labelled TSH binding to recombinant TSH receptors.29 At 
present, this third-generation TBII assay is recommended 
for differential diagnosis of thyrotoxicosis.20

Despite TBII’s reported high sensitivity and specificity 
for diagnosing Graves’ disease,30 several pitfalls exist. First, 
TBII does not differentiate between stimulatory, blocking 
and neutral immunoglobulins.31 Second, population-
based studies in various countries demonstrated that the 
TSHRAb positivity in Graves’ disease is approximately 
80%,2 32–35 contrasting with the higher sensitivity and spec-
ificity (~99% each) seen in blood sample-based studies 
in highly selected patients.36 Third, painless thyroiditis, 
a type of destructive thyroiditis most similar to Graves’ 
disease, reportedly has a high incidence of TSHRAb 
positivity, up to 18.9%37 or 22.4%.38 Fourth, TSHRAb 
may be consistently negative in up to 10% of mild cases 
of Graves’ disease.39–41 Fifth, instead of a discrete cut-off 
level, a grey zone is suggested to exist between Graves’ 
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disease and destructive thyroiditis, leading to interlabora-
tory variability.42 Sixth, third-generation TSHRAb test kits 
are not available in all institutes/hospitals, even in well-
developed countries.43 In light of these factors, consid-
ering the sensitivity and specificity, the estimated clinical 
impact of the TSHRAb test for diagnosing Graves’ disease 
in real-world settings was 85%.1

Colour Doppler ultrasonography
Blood flow is increased in hyperfunctioning thyroid 
diseases such as Graves’ disease and autonomously func-
tioning thyroid nodules. Colour Doppler ultrasonography 
was able to evaluate the increased peak systolic velocity 
in the intrathyroidal or inferior/superior thyroidal 
arteries44 45 or the increased parenchymal colour flow 
echogenicity.46 However, the sonographic findings were 
never pathognomonic for Graves’ disease or any other 
thyroid disease.47 The presence of experienced operators 
was also a prerequisite for the proper use of ultrasonog-
raphy. In particular, for pregnant or lactating women, 
ultrasonography could be an alternative to nuclear 
imaging studies.48

Radioactive iodine uptake (RAIU)
RAIU is still the first-line test for the differential diagnosis 
of thyrotoxicosis.20 The high RAIU in Graves’ disease and 
the low RAIU in destructive thyroiditis are so clear-cut 
in most clinical or investigational conditions that RAIU 
is still advocated as the gold standard biomarker for 
thyrotoxicosis differentiation. Many laboratory tests37 or 
imaging studies49 50 have been conducted with RAIU as a 
reference. Iodine is fixed within the thyroid cells, while 
Tc-99m pertechnetate is not. The continuous accumu-
lation of iodine increases the RAIU to more than 50%, 
which is substantially greater than the 1%–2% for TcTU 
in euthyroid cases.

However, there are some limitations of RAIU. RAIU 
usually takes a longer time (~24 hours) than TcTU 
(20–30 min). The radiation exposure by RAIU is greater 
(11 mSv/MBq) than that by TcTU (0.013 mSv/MBq).6 
Thyroid scintigraphy using iodine-131 is impractical due 
to high-energy (364 keV) gamma rays, but thyroid scin-
tigraphy after TcTU is almost routine practice thanks to 
the ideal gamma energy (140 keV) of Tc-99m. Iodine-123 
may be an alternative to iodine-131, but iodine-123 is not 
easily available in many hospitals/institutes.

Technetium thyroid uptake (TcTU)
The uptake of Tc-99m pertechnetate in the thyroid is 
dependent on TSH or TSHRAb. The use of Tc-99m 
pertechnetate for thyrotoxicosis evaluation has twofold 
applications: one is the quantitative parameter about the 
per cent of injected uptake to the thyroid (ie, TcTU), 
and the other is qualitative thyroid scintigraphy for visual 
assessment. Both TcTU and visual assessment have been 
employed as a gold standard for Graves’ disease when 
TSHRAb,38 42 51 colour Doppler ultrasonography47 52 53 
or MRI54 were investigated for the differential diagnosis 

of thyrotoxicosis. Sometimes, not TcTU but thyroid scin-
tigraphy was considered sufficient for thyroid function 
assessment. However, the interpretation of thyroid scin-
tigraphy is too subjective to be standardised.55 56 Many 
institutes/hospitals have adopted TcTU instead of RAIU 
for functional assessment of the thyroid due to technical 
simplicity and lower radiation exposure to patients.57 In 
a direct head-to-head comparison, TcTU was superior 
to TSHRAb41 or RAIU58 for the differential diagnosis of 
thyrotoxicosis. Thus, TcTU is the objective biomarker of 
thyroid function.

The technique of TcTU measurement has evolved from 
a one-dimensional thyroid uptake system (in other words, 
a probe) to a two-dimensional planar scan method, and 
finally, to three-dimensional SPECT/CT. The planar scan 
and SPECT/CT can enable both TcTU measurement 
and visual assessment with a single injection of Tc-99m 
pertechnetate. However, TcTU by a one-dimensional 
thyroid uptake system is contaminated by the saliva or 
salivary gland Tc-99m uptake.7 Moreover, the accuracy of 
TcTU from three-dimensional SPECT/CT was superior to 
that from the two-dimensional uptake ratio of the planar 
scan for the differential diagnosis of thyrotoxicosis.8–11 In 
general, SPECT/CT is evolving into the highly advanced 
imaging technology of nuclear medicine. Therefore, 
thyroid SPECT/CT using Tc-99m pertechnetate may be 
the most accurate technology for the functional assess-
ment of the thyroid.

Nevertheless, the use of CT may be a source of concern 
due to radiation exposure. If the roles of CT in quanti-
tative SPECT/CT can be fulfilled by other methods, it 
would be preferable. In this regard, the recent develop-
ment of CT-free SPECT technology may be a solution to 
this issue if the diagnostic accuracy of the CT-free SPECT 
is not substantially lower compared with the conven-
tional SPECT/CT. This potential has been suggested in 
studies with myocardial perfusion SPECT,17 18 but it has 
not yet even explored in thyroid SPECT. In addition, 
CT-free SPECT is not labor intensive because thyroid 
segmentation is automatically performed by the trained 
networks, whereas human experts perform the same job 
for SPECT/CT.19 The usefulness of AI applications has 
been tested in a variety of medical imaging fields, such as 
simple patient positioning during radiographic studies, 
artefact reduction, selection of optimal imaging proto-
cols, etc.59 CT dose reduction is one of those promising 
applications.60 However, there are few studies that have 
proven the efficacy of AI applications in a prospective 
multi-institute setting.61 In the current study, we aimed 
to prove the non-inferiority of CT-free thyroid SPECT 
in comparison with conventional SPECT/CT regarding 
the diagnostic accuracy for Graves’ disease and destruc-
tive thyroiditis. The reduction in radiation exposure and 
savings in time and human resources would be benefits 
of CT-free SPECT if its non-inferiority to SPECT/CT is 
proven.
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METHODS AND ANALYSIS
AI-based CT-free SPECT/CT (AISPECT) study objectives and 
design
The AISPECT study was registered on 10 April 2023 in the 
Clinical Research Information Service of the Republic of 
Korea (CRIS, https://cris.nih.go.kr as KCT0008387). 
This study is a self-controlled, single-blind, multicentre, 
prospective, non-inferiority, clinical trial. Patients and/or 
the public were not involved in the design, or conduct, or 
reporting, or dissemination plans of this research. Adult 
patients (≥19 years old) with newly developed thyrotox-
icosis will be the target population. The primary goal 
of the study is to investigate whether AI-based CT-free 
thyroid SPECT could provide TcTU values that are not 
inferior to those from conventional SPECT/CT in terms 
of the diagnosis of Graves’ disease. For this purpose, 
approximately 160 subjects, including patients with 
Graves’ disease or destructive thyroiditis, will be screened 
from three tertiary referral hospitals in South Korea. The 
subjects will undergo conventional thyroid SPECT/CT 
with Tc-99m pertechnetate (185 MBq) using SPECT/CT 
scanners from the same vendor (GE Healthcare). The 
quantitative SPECT/CT protocols are all the same, and 
the TcTU will be calculated after the SPECT/CT data 
are uploaded to the cloud platform (IRM, BEST Image; 
https://irmbestimage.com) for centralised data anal-
ysis. In a core lab at Seoul National University Bundang 
Hospital (SNUBH), TcTU will be calculated by a human 
for SPECT/CT and by AI for CT-free SPECT. The study 
will end when 152 complete paired datasets of SPECT/
CT and CT-free SPECT are obtained, with an anticipated 
duration of 2 years. The secondary endpoints are the 
diagnostic accuracy for destructive thyroiditis and for 
the prediction of antithyroid drug prescription within 
1 month of SPECT/CT. The study protocol was approved 
on 6 April 2023, which was also the planned start date, 
and the planned end date of the study is 8 July 2025.

Study population
Patients of this study were prospectively enrolled from 
13 April 2023. To be included in the study, participants 
should be at least 19 years old and have thyrotoxicosis. 
A reduced level of TSH with elevated or normal range 
T3 (or free T3) and free T4 (or T4) is the main indi-
cator of thyrotoxicosis in the current study. In a typical 
case scenario, subjects will be referred from primary or 
secondary hospitals for thyrotoxicosis evaluation to the 
three tertiary referral hospitals: SNUBH, Konkuk Univer-
sity Medical Center (KUMC) and Chonnam National 
University Hospital (CNUH). Initially, endocrinologists 
or family medicine doctors in the three hospitals will take 
care of the subjects, and thyroid SPECT/CT and other 
blood tests including TSHRAb are requested. When the 
subjects come to the department of nuclear medicine for 
thyroid SPECT/CT, they are screened for participation 
in the study. Table 1 shows the exclusion criteria which 
comprise previous hyperfunctioning or hypofunctioning 
thyroid diseases, concomitant other thyroid diseases, 

medication of thyroid-affecting agents and technical 
failure of AI operation. Approximately 2% of technical 
failure of AI operation was experienced in our previous 
tests (unpublished data). Therefore, a 5% dropout rate 
after screening is expected in the study. The schema of 
the case enrolment process is outlined in figure 1.

SPECT/CT imaging
The subjects, who provide informed consent, will undergo 
quantitative thyroid SPECT/CT with Tc-99m pertechne-
tate (185 MBq intravenous injection). The general process 
of the quantitative SPECT/CT is available in the litera-
ture.7 In brief, the system sensitivities between the dose 
calibrators and the SPECT/CT scanners are determined 
in advance. The protocols for SPECT/CT acquisition are 
harmonised to be exactly the same, but the acquisition 
protocols for planar scans are allowed to differ. In addi-
tion, the effective radiation dose of a thyroid CT scan 
in each subject will be calculated from the dose–length 
product value.

TcTU measurement by SPECT/CT and CT-free SPECT
TcTU will be measured in a core laboratory located at 
SNUBH. All the imaging data (sinograms for emission 
and scattering, NCRR (non-corrected for attenuation 
and scattering but with resolution recovery applied) 
SPECTs for emission and scattering, CT and planar scan) 
in digital imaging and communications in medicine 
(DICOM) format will be uploaded from the three partici-
pating hospitals to the cloud platform (IRM, BEST Image; 
https://irmbestimage.com) after anonymisation. Clinical 
information will also be recorded on the same platform.

For TcTU by CT-free SPECT (figure  2), the sinograms 
for emission and scattering will be reconstructed at each 
hospital (Q.Volumetrix MI, GE Healthcare) into corre-
sponding NCRR SPECTs, which means that not corrections 

Table 1  Exclusion criteria

Pre-existing functional thyroid diseases

 � Hyperthyroidism History of antithyroid drug 
(propylthiouracil, methimazole, 
carbimazole) medication

 � Hypothyroidism History of thyroid hormone 
(thyroxine, triiodothyronine) 
medication

 � Other thyroid diseases History of thyroidectomy

Coexisting thyroid cancer

Intrathoracic goitre

Medications that affect thyroid

Iodine contrast-enhanced CT 
scan within 2 months

History of lithium, amiodarone or 
immune-checkpoint inhibitors

Technically not feasible for AI operation

AI, artificial intelligence.
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for attenuation and scattering but RR application is used. 
The NCRR SPECTs for emission and scattering are uploaded 
to the cloud platform (IRM, BEST Image; https://irmbesti-
mage.com), where an AI server is connected via Ethernet. 
The previously established sequential deep-learning algo-
rithms (the first for synthetic μ-map generation from SPECT 
images and the second for automatic thyroid segmentation 
from the generated μ-map), which demonstrated successful 
performance in both Graves’ disease and thyroiditis cases in 
our previous study, will be applied. Detailed architectures and 
training methods of the deep-learning model are described 
in the previous study.19 The NCRR SPECTs are input for the 
first convolutional neural network (CNN), and the output is 
a synthetic attenuation map (μ-map). The process of μ-map 
generation will take less than 1 min. The generated μ-map 
and emission SPECT are used as the input of the second 
CNN after being cropped and down sampled. The output 
of the second CNN is a thyroid segmentation map. The 

cropping/downsampling and the second CNN workout will 
take less than 1 min. In another process, the synthetic μ-map 
is downloaded to each hospital and used for AC in conjunc-
tion with sinograms for emission and scattering to recon-
struct ACSCRR (AC, SC and RR applied) SPECT, which is a 
quantitative SPECT with AC, SC and RR applications (Q.Vol-
umetrix MI, GE Healthcare). The reconstructed ACSCRR 
SPECT is then uploaded to the cloud platform, where the 
thyroid segmentation map (the output of the second CNN) is 
applied to the ACSCRR SPECT to produce TcTU by CT-free 
SPECT. An investigator (DO), who is not aware of clinical 
information, is in full charge of the AI operation.

For TcTU by conventional SPECT/CT at the core labo-
ratory, a human expert (JHK), who participated in the 
development of the AI,19 will download the sinograms 
(for emission and scattering) and CT from the cloud 
platform. She will reconstruct the conventional quan-
titative ACSCRR SPECT (using Q.Volumetrix MI, GE 

Figure 1  The schema of the case enrolment process. *This includes the following information: the patient’s gender, body 
weight, height and blood tests (serum T3, T4, TSH and TSHRAb). SPECT/CT, single-photon emission CT/CT; TcTU, technetium 
thyroid uptake; TSH, thyroid-stimulating hormone; TSHRAb, thyroid-stimulating hormone receptor antibody.
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Healthcare) and manually segment the thyroid using the 
CT, which will lead to TcTU by SPECT/CT. The segmen-
tation process usually takes at least 40 min. The clinical 
information of the subjects and the TcTU results gener-
ated by the AI will be kept blind to her.

Study objectives
Primary objective
The primary objective of the current study is to determine 
whether CT-free thyroid SPECT is not significantly infe-
rior to conventional thyroid SPECT/CT for diagnosing 
Graves’ disease. The diagnosis of Graves’ disease will be 
based on the optimal TcTU value that is determined using 
the Youden index test, which measures the maximum 
distance between the ROC curve and the diagonal line. 
The gold standard for diagnosing Graves’ disease is the 
fulfilment of all of the following four criteria: (1) elevated 
or within normal range levels of T4 (either free T4 or total 
T4) and T3 (either free T3 or total T3), (2) reduced TSH, 
(3) increased TSHRAb and (4) hyperthyroid pattern of 
increased thyroid uptake as shown by planar scan find-
ings.55 An experienced endocrinologist (JHM), with more 
than 15 years of clinical practice, will determine the final 
diagnosis based on the above four findings, which will be 
available on the cloud platform. If any of these criteria 
are not met, the subject will be categorised as ‘indeter-
minate’. The endocrinologist will not have access to the 
TcTU results.

Secondary objective
The study’s secondary objectives are twofold. The first 
is to evaluate whether CT-free thyroid SPECT is not 
significantly inferior to conventional thyroid SPECT/
CT for diagnosing destructive thyroiditis. The second 
is to ascertain if CT-free thyroid SPECT can accurately 
predict the need for antithyroid medication prescrip-
tions within 1 month of the SPECT/CT. The optimal 
TcTU values for these objectives will be determined by 
the Youden index test and ROC analysis. The gold stan-
dard for diagnosing destructive thyroiditis comprises 
the following four criteria: (1) T4 (free T4 or total 
T4) and T3 (free T3 or total T3) are elevated or within 
normal range, (2) TSH is reduced, (3) TSHRAb is 
within normal range and (4) planar scan demonstrates 
a hypothyroid pattern of decreased thyroid uptake.55 
The endocrinologist (JHM), who is blinded to the 
TcTU results, will also determine the final diagnosis of 
destructive thyroiditis. Similar to Graves’ disease, if any 
of these criteria are not met, the subject will be labelled 
as ‘indeterminate’. The decision to prescribe antithy-
roid drugs (propylthiouracil, methimazole, carbima-
zole) will be made by the physicians who ordered the 
thyroid SPECT/CT. These physicians are not involved 
in the clinical trial and will prescribe the medications 
without considering the TcTU results.

Figure 2  The process of artificial intelligence-based CT-free SPECT for TcTU calculation. SPECT, single-photon emission CT; 
TcTU, technetium thyroid uptake; NCRR, non-corrected for attenuation and scattering but with resolution recovery applied; 
ACSCRR, attenuation correction, scatter correction and resolution recovery applied.

P
ro

tected
 b

y co
p

yrig
h

t, in
clu

d
in

g
 fo

r u
ses related

 to
 text an

d
 d

ata m
in

in
g

, A
I train

in
g

, an
d

 sim
ilar tech

n
o

lo
g

ies.
 . 

E
rasm

u
sh

o
g

esch
o

o
l

at D
ep

artm
en

t G
E

Z
-L

T
A

 
o

n
 A

p
ril 30, 2025

 
h

ttp
://b

m
jo

p
en

.b
m

j.co
m

/
D

o
w

n
lo

ad
ed

 fro
m

 
14 O

cto
b

er 2024. 
10.1136/b

m
jo

p
en

-2024-089552 o
n

 
B

M
J O

p
en

: first p
u

b
lish

ed
 as 

http://bmjopen.bmj.com/


7Oh D, et al. BMJ Open 2024;14:e089552. doi:10.1136/bmjopen-2024-089552

Open access

Statistical analyses
The enrolled datasets of CT-free SPECT and SPECT/CT 
will be used for the statistical analyses. The diagnostic 
accuracy of TcTU from both CT-free SPECT and SPECT/
CT will be determined for Graves’ disease. The two-sided 
95% CI for the accuracy difference (accuracy of CT-free 
SPECT—accuracy of SPECT/CT) will be calculated by 
an asymptotic restricted maximum-likelihood estimation 
(RMLE) test statistic which has been suggested for paired 
binary data.62

The null hypothesis (H0) and the alternate hypothesis 
(H1) of the current non-inferiority trial are:

	﻿‍ H0 : PCT−free SPECT − PSPECT/CT ≤ −∆‍�

	﻿‍ H1 : PCT−free SPECT − PSPECT/CT > −∆‍�

where, PCT-free SPECT is the diagnostic accuracy of TcTU 
by CT-free SPECT, PSPECT/CT is the diagnostic accuracy of 
TcTU by SPECT/CT and Δ is the non-inferiority margin 
(=0.1). Non-inferiority of CT-free SPECT to SPECT/
CT will be defined as a lower limit of the 95% CI of the 
accuracy difference for >−0.1. Additionally, paired t-test, 
Pearson’s correlation analysis, McNemar test and ROC 
analysis will be conducted. A two-sided p value of <0.05 is 
considered statistically significant.

Non-inferiority margin determination
The non-inferiority margin (Δ) is set as 0.1 (=10% 
points) for the accuracy difference between PCT-free SPECT−
PSPECT/CT. As an active control, the PSPECT/CT is assumed 
to be 95% because (1) the planar TcTU study using the 
newest gamma camera scanner reported 94.1% accuracy 
for Graves’ disease63 and (2) the TcTU by quantitative 
SPECT/CT was superior to the TcTU by planar scan.11 
Meanwhile, using as a placebo study (ie, not imaging study 
but clinical judgement alone), 85% accuracy is suggested 
for Graves’ disease because (1) typical sign and symptoms 
were reported in about 50%–70% of Graves’ disease,1 21 
(2) TSHRAb positivity in Graves’ disease was found to be 
around 80% of tested populations2 32–35 and (3) the pain-
less thyroiditis, the most similar thyroiditis type to Graves’ 
disease had 20% positivity of TSHRAb.37 38

There should exist a reference study directly comparing 
the SPECT/CT (active control) and the clinical judge-
ment (placebo) for the non-inferiority margin determi-
nation. However, there is no such study. Furthermore, 
it is hard to expect such a study design because TcTU 
is already considered as one of the gold standards for 
Graves’ disease and there is no need for reconfirmation 
of TcTU competency in the near future. In this regard, 
10% points of non-inferiority margin by 95% of SPECT/
CT accuracy minus 85% of clinical judgement accuracy is 
reasonably acceptable.

Determination of sample size
The study is planned to observe 152 self-controlled 
SPECT/CT cases to rule out an accuracy difference of 0.1 
at the 95% (2-sided) lower confidence limit (Zα/2=1.96) 
with 90% power (Zβ=1.28). The sample size was calculated 

using the following equation, which was derived from the 
RMLE-based test statistics for non-inferiority clinical trial 
of paired binary data62:

	﻿‍
n = 2p01

{
Zα/2/

−
w+Zβ

∆

}2

‍�

where

	﻿‍

−
w = (2p01)1/2/(

−
p01 −∆−∆2)1/2 and

−
p01

=
{
−a +

(
a2 − 8b

)1/2
}

/4.
‍�

Here,

	﻿‍ a = −θ(1 −∆) − 2(p01 + ∆) and b = ∆(1 + ∆)p01.‍�

In a preliminary test of 34 thyrotoxicosis patients, the 
CT-free SPECT and the SPECT/CT showed the same accu-
racy for Graves’ disease with the same discordant accuracy 
of SPECT/CT (p01) and CT-free SPECT (p10) as 6%. With 

‍θ = PCT−free SPECT − PSPECT/CT = p10 − p01 = 6% − 6% = 0%‍, a 
and b are calculated as −0.32 and 0.0066, respectively. 
Accordingly, ‍

−
p01‍ and ‍

−
w ‍ are calculated as 0.1357 and 

0.8623, respectively.
Thus, the required sample size is calculated as 

‍
2 × 0.06 ×

(
1.96/0.8623+1.28

0.1

)2
≈ 152

‍
.

Therefore, the study will continue until 152 complete 
sets of SPECT/CT and CT-free SPECT are obtained. 
Assuming a 5% dropout rate, 160 is determined as the 
final sample size for screening.

Study organisation
The leadership of AISPECT comprises three nuclear 
medicine physicians (WWL, HWC and S-GC) repre-
senting the three investigating hospitals. They are the 
key members of the Korean Research Council of Hybrid 
SPECT (K-SPECT) group, which is a branch society of 
Korean Society of Nuclear Medicine. The leadership 
designed the study and holds full responsibility for its 
integrity. Statistical analysis, including the determina-
tion of sample size, was conducted in consultation with 
the Medical Research Collaborating Center at SNUBH. 
The quality assurance team of the institutional review 
board (IRB) at SNUBH provided monitoring services for 
the clinical research. The IRBs of the three investigating 
hospitals approved the study protocol, and all subjects 
will provide their informed consent. All the authors read 
and approved the final draft for submission.

Perspective
The AISPECT study is a single-blind, multicentre, 
prospective, non-inferiority, clinical trial in a paired 
design regarding AI application in medical imaging. 
Despite many promising retrospective AI studies, there 
are few prospective studies validating the clinical impact 
in real-world settings.64 To our knowledge, a multicentre 
prospective trial of AI application has never been reported 
before. Among various potential AI applications, CT-free 
SPECT technology has not been thoroughly investigated, 
except in a few proof-of-concept studies of myocardial 
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SPECT for just AC.18 In the current study, both AC and 
thyroid segmentation will be automatically performed 
by the trained AI, and the performance of the AI will be 
tested in comparison to conventional SPECT/CT. The 
TcTU is still an important practical tool for the differen-
tial diagnosis of thyrotoxicosis. The TcTU will be calcu-
lated by the CT-free SPECT technology with the aid of AI. 
If the non-inferiority of CT-free SPECT to SPECT/CT is 
proven, this could lead to a reduction in patients’ radia-
tion exposure and save human resources for analysis.

ETHICS AND DISSEMINATION
The study protocol has been approved by the IRB of 
SNUBH (IRB No. B-2304-824-301), KUMC (IRB No. 
2023-05-022-006) and CNUH (IRB No. CNUH-2023-108). 
Findings will be disseminated as reports, presentations 
and peer-reviewed journal articles.
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