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Purpose: To evaluate the diagnostic performance of '*F-FDG PET/MR in detecting recur-
rent or metastatic disease in patients with differentiated thyroid cancer (DTC) who have
increased thyroglobulin (Tg) levels but a negative '*'I whole-body scan (WBS). The
relationship between '*F-FDG PET/MR and serum Tg levels was explored. We also eval-
uated the therapeutic impact of PET/MR on patient clinical management.

Patients and Methods: Twenty-nine DTC patients with a negative '*'I-WBS of the last
post-therapeutic and increased Tg levels under thyroid-stimulating hormone suppression
treatment who underwent '*F-FDG PET/MR examination were retrospectively analyzed.
Results: Of those 29 patients, '*F-FDG PET/MR findings were true positive, true negative,
false positive, and false negative in 18, 7, 2, and 2 patients, respectively. The overall
sensitivity, specificity, and accuracy were 90.0%, 77.8%, and 86.2%, respectively. We
noticed significant differences in serum Tg levels between the PET/MR-positive and PET/
MR-negative patient groups (P=0.049). Receiver operating characteristic curve analysis
showed that a Tg level of 2.4 ng/mL was the optimal cut-off value for predicting PET/MR
results. The sensitivity, specificity, and accuracy of PET/MR were higher in patients with Tg
levels greater than 2.4 ng/mL than in patients with lower levels. By detecting recurrent or
metastatic disease, '*F-FDG PET/MR altered the clinical management in 7 patients (24.1%)
of the overall population.

Conclusion: '®F-FDG PET/MR has high diagnostic accuracy for detecting recurrent or
metastatic diseases in DTC patients and is useful for clinical management.
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Introduction

Thyroid cancer is one of the most common endocrine malignancies, and its incidence
has increased worldwide over recent decades.'” Differentiated thyroid carcinoma
(DTC) is the most common type of thyroid cancer and has a good overall prognosis.’
The effective treatment strategies for DTC patients are total thyroidectomy followed by
radioactive iodine (RAI) treatment and thyroid-stimulating hormone (TSH) suppres-
sion therapy in most cases. After thyroid remnant ablation, serum thyroglobulin (Tg) is
a sensitive marker for detecting recurrent or metastatic disease. The most accepted
follow-up imaging methods are neck ultrasound and '*'T whole-body scan (WBS) for

localizing recurrent disease.” Ultrasound examination is an operator-dependent
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technique, and '*'I-WBS has limited value for tumors that
have lost the features of differentiation.” Besides, an early
diagnosis of iodine-negative tumors appears to be important
because the prognosis of RAl-refractory disease is poor
compared with other DTC cases.® Therefore, it is necessary
to seek the optimal imaging modality for accurate disease
restaging and treatment decision making.

Growing evidence has indicated that '*F-FDG PET/CT
can be used as a reliable diagnostic tool for detecting local
and distant metastatic diseases in dedifferentiated thyroid
cancer.” ' Moreover, magnetic resonance imaging (MRI)
has become a major imaging modality for soft tissue tumors,
as it has superior soft-tissue contrast and functional imaging
abilities.'""'? Because MRI does not use ionizing radiation,
the radiation exposure of PET/MR is lower than that of PET/
CT, which is beneficial for cancer patients undergoing
a series of examinations for disease monitoring.
Additionally, RAI contrast agents are not used in PET/MR,
thus avoiding potential delays in situations requiring RAI
treatment. PET/MR is a hybrid modality that has demon-
strated promising results in head and neck cancers.'*'* There
are currently few studies with a limited number of cases on
the application of '®F-FDG PET/MR in DTC patients.'>'®
These studies revealed that PET/MR performed equivalently
to PET/CT. However, PET/MR appeared to be less sensitive
than PET/CT in assessing lung nodules.'> More research is
needed to evaluate the application value of PET/MR in DTC
patients.

In the present study, we aimed to evaluate the diagnos-
tic ability of hybrid PET/MR for detecting recurrent or
metastatic disease in DTC patients who have increased Tg
levels but a negative '>'I-WBS. The relationship between
PET/MR findings and serum Tg levels was investigated.
We also evaluated the therapeutic impact of PET/MR on

patient clinical management.

Patients and Methods

Patients

Between November 2017 and December 2019, twenty-
nine DTC patients were retrospectively screened at our
PET center. All selected patients previously underwent
total/near-total and all
31T treatment. All patients had a negative '*'I-WBS of
the last post-therapeutic and increased Tg levels (>1 ng/

thyroidectomy, underwent

mL) under TSH suppression treatment, and patients were
referred to our center for '*F-FDG PET/MR scans.

"®F_.FDG PET/MR was performed with a median per-
iod of 2.9 months after the negative post-therapy
BILWBS. Serum Tg levels were measured in patients
within 2 weeks before the PET/MR examination.

PET/MR Imaging Acquisition

Whole-body PET/MR images were acquired using
a hybrid PET/MR scanner (SIGNA PET/MR, GE
Waukesha, WI, USA). All participants
were instructed to fast for at least 6 hours, and the

Healthcare,

blood glucose level was confirmed to be <200 mg/dL.
Subsequently, all patients were intravenously injected
with a dose of 0.1 mCikg (3.7 MBg/kg) '|F-FDG.
After approximately 60 minutes, all patients underwent
PET/MR scans.

PET scanning included five beds covering the body
from head to thigh. The scanning time for the chest and
abdomen was 6 min per bed due to the need for respiratory
motion correction, while the time for the other locations
was 4 min per bed. The parameters for scanning and
reconstruction were as follows: axial length/bed, 24 cm,
and FOV, 60x60 cm”. The ordered subset expectation
maximum (OSEM) algorithm with the TOF technique
was used for PET reconstruction, with the following para-
meters: matrix, 192 x 192; filter cutoff, 5.0 mm; subsets,
28; and iterations, 3. The attenuation correcting of PET
was based on MRI and then combined the Dixon water-fat
separation technique and template matching methods.

During PET scanning, the MRI was acquired simulta-
neously. For the first bed, the MRI sequences were as
followed: axial T2 weighted imaging; axial T2 FLAIR;
axial T1 weighted imaging; axial diffusion-weighted ima-
ging (DWI); and axial apparent diffusion coefficient
(ADC). For the other four beds, there were four MRI
sequences for every bed as follows: axial T2 weighted
imaging with fat suppression (FS); three dimension liver
acceleration volume acquisition (LAVA) T1 weighted
image; axial DWI; and axial ADC.

After the whole-body scanning, another 10 min of local
PET/MR of the neck was performed to observe the thyroid
and neck lymph nodes in detail, which required only one
bed. The corresponding PET parameters were consistent
with the description above. The MRI sequences were as
follows: axial T1 weighted imaging; axial T2-FS; axial
DWI; axial ADC; coronal T2-FS. All MRIs were recon-

structed using Fast Fourier Transform Algorithm.
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PET/MR Image Analysis

The images were reviewed by two board-certified nuclear
medicine physicians and two board-certified radiologists.
All readers had information on the patient’s history of
thyroid cancer but were blinded to the follow-up results.
In MRI evaluation, the morphological criteria suspicious
for lymph metastases were as follow: (1) central necrosis;
(2) loss of a fatty hilus sign; (3) round shape; (4) focally
increased cortical thickness; and (5) irregular external
contour.'” At least two suspicious morphological criteria
were regarded as signs of malignancy. In addition, long T1
and long T2 signal images, signs of increased signal
intensity on DWI images and a low signal on the corre-
sponding ADC map were considered indications of

> During the PET imaging evaluation,

malignancy.
a focal tracer uptake (SUVmax>2.5) was considered
abnormal if it was different from physiological back-
ground. For the PET/MR imaging evaluation, MR imaging
abnormalities or increased tracer uptake were suspicious

for malignancy.

Follow-Up

During the follow-up period, serum Tg and TgAb levels
under TSH suppression treatment and imaging examina-
tions, such as ultrasonography, CT, and MRI, were eval-
uated every 6 months. The diagnosis of recurrent or
metastatic thyroid cancer was based on pathology findings
(cytological reports, histopathologic examinations) or clin-
ical follow-up (range, 12—37 months; mean, 31.6 months).
Moreover, an increasing Tg trend of more than 6 months
was considered a biochemical indication of disease. The
impact of PET/MR on clinical management were
investigated.

Statistical Analysis

Statistical analyses were conducted using SPSS software
21.0 (IBM, Chicago, IL, USA). The continuous data are
shown as the mean + standard deviation, and the catego-
rical data are presented as percentages. The sensitivity,
specificity, accuracy, and positive and negative predictive
values were recorded in a patient-based approach. Fisher’s
exact test was used to compare the sensitivity and specifi-
city of the MRI and PET/MR imaging. Comparison of
serum Tg levels between PET/MR-positive and PET/MR-
negative patient groups were performed using Mann—
Whitney U-test.
(ROC) curve was used to assess the cut-off value of

A receiver operating characteristic

serum Tg level with optimal sensitivity and specificity.
P values < 0.05 were considered significant.

Results

Patient Characteristics

This study was approved by the ethics committee of
Tongji Medical College of Huazhong University of
Science and Technology and in accordance with the
Declaration of Helsinki. The ethics committee waived the
requirement for informed consent because of the retro-
spective nature of the study.

A total of 29 patients were included in this retrospec-
tive study (20 women, 9 men; mean age, 40.3 + 11.8
years). All recruited patients had elevated serum Tg levels
with TSH suppression therapy (mean, 18.6 ng/mL; range,
1.1-202.0 ng/mL). All patients had undergone at least one
B3I therapy: five patients underwent one treatment; 18
patients underwent two treatments; three patients under-
went three treatments; two patients underwent four treat-
ments; and one patient underwent six treatments. The
detailed clinical and imaging characteristics of those 29
patients are presented in Table 1.

Table | Pertinent Characteristics of the Patients

Cancer Management and Research 2021:13

Characteristics Value
Sex, n (%)

Male 9 (31.0)
Female 20(69.0)
Mean age (years) 403 £ |1.8
Mean follow-up period (months) 31.6+6.3
Mean Tg (ng/mL) 18.6 (1.1-202.0)

Histology, n (%)
Papillary 28 (96.6)
Follicular 1 (3.4)
AJCC stage, n (%)
| 20 (69.0)
Il 5(17.2)
1] 2 (6.9)
v 2 (6.9)
Total number of RAI therapy, n (%)
| 5(17.2)
2 18 (62.1)
>3 6 (20.7)
PET/MR findings, n (%)
Positive 20 (69.0)
Negative 9 (31.0)
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'8F-FDG PET/MR Findings

In the overall population, the PET/MR imaging results
were positive in 20 patients (69.0%). The distribution of
positive lesions in PET/MR was as follows: neck lymph
nodes in 11 patients (Figure 1); thyroid bed lesion and
cervical lymph nodes in three patients; pulmonary lesions
in three patients; lung lesions and thyroid bed lesion in one
patient; thyroid bed lesion, supraclavicular and mediastinal
lymph nodes in one patient (Figure 2); and cervical and
axillary lymph nodes in one patient. After a full assess-
ment, 10 patients were true positive (TP) as confirmed by
pathology results. Of the remaining 10 patients, two
patients were identified by neck ultrasound with enlarged
neck lymph nodes and elevated levels of serum Tg, two
patients were identified by lung CT with enlarged pulmon-
ary nodules and elevated levels of serum Tg, and four
patients were confirmed by persistently/progressively
increased serum Tg levels (TP). One patient had no evi-
dence of disease (FP), and this patient could be explained

by inflamed lymph nodes in the follow-up. One patient had
a suspicious lymph node on MRI without a correlate tracer
uptake, and disease recurrence or metastasis was not found
in the follow up (FP).

PET/MR scans were negative in nine patients (31.0%).
Of those patients with negative PET/MR findings, one
patient was a false negative (FN) according to pathology
finding. In the remaining 8 patients identified by clinical
follow-up, disease recurrence or metastasis was not found
in 7 patients (TN). One patient was confirmed by neck
lymph nodes metastases during clinical follow-up (FN).

In the total 29 patients, 14 cases underwent lung CT
and PET/MR examinations at the same time, and five
cases were negative on both examination images. Eight
patients with lung nodules were detected by CT only
(diameter range, 2—4 mm), and two patients were finally
diagnosed with cervical lymph nodes and lung metastases
in the follow-up. One patient had multiple lung nodules

(diameter range, 0.5—1.1 cm), which was found on both
CT and PET/MR.

Figure | A 43-year-old female patient with a history of papillary thyroid carcinoma who underwent thyroidectomy and RAI therapy. Her serum Tg level was 38.72 ng/mL.
The images ((A) maximal intensity projection; (C and F) PET/MR fusion; (D) PET image; arrows) showed cervical lymph nodes with increased FDG uptake (SUVmax, 15.6).
Cervical lymph nodes can be identified the MRI ((B and E) axial T2-weighted with fat suppression, arrows). The patient underwent neck surgery, and pathology results
confirmed lymph node metastasis. The serum Tg levels decreased in the later follow-up.
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Figure 2 A 60-year-old male patient with a history of papillary thyroid carcinoma who underwent thyroidectomy and RAI therapy. The patient presented with a serum Tg
level of 10.68 ng/mL. Maximal intensity projection ((A) arrow, thin arrow, curved arrow) showed multiple lesions with elevated activity in the neck and chest. The MRI axial
image of the neck ((B) T2-weighted with fat suppression, arrow) revealed a |.3cm lesion with an SUVmax of 5.5 on the corresponding fusion image ((C) arrow). The
selected axial images ((D) MRI T2-weighted with fat suppression; (E) fusion image; thin arrows) show the left supraclavicular node with elevated focal activity and an
SUVmax of 6.9. The images ((F) MRI Tl-weighted sequence; (G) fusion image; curved arrows) show the mediastinum lesion with increased FDG uptake (SUVmax, 4.2).
Recurrent disease was confirmed by pathology results. The serum Tg levels decreased in the later follow-up.

Diagnostic Impact of MRI, PET/MR and

Serum Tg Levels

Of the 29 patients, MRI findings were TP, TN, FP, and FN
in 12, 8, 1, and 8 patients, respectively. MRI demonstrated
a sensitivity, specificity, and accuracy of 60.0, 88.9,
69.0%, respectively, for detecting recurrent or metastatic
DTC in the patient-based analysis. MRI failed to detect
metastatic lymph nodes in six patients and lung nodules in
two patients. PET/MR findings were TP, TN, FP, and FN
in 18, 7, 2, and 2 patients, respectively. We observed
a sensitivity, specificity, and accuracy of 90.0, 77.8, and
86.2% for PET/MR (Table 2). The sensitivity of PET/MR
was higher than that of MRI. Conversely, the specificity of
PET/MR was lower than that of MRI. However, there was

no significant difference in the sensitivity or specificity
between the two methods (P=0.147 and P=0.222, respec-
tively). PET/MR was able to identify metastatic cervical
lymph nodes in four patients classified as benign lesions
by MRI and pulmonary metastases in two patients missed
by MRI.

We noticed significant differences in serum Tg levels
between the PET/MR-positive and PET/MR-negative patient
groups (median, 7.8 ng/mL vs 2.1 ng/mL, P = 0.049, Figure
3). To assess the potential ability of serum Tg levels to predict
PET/MR results, ROC analysis was employed, and the results
showed that a Tg level of 2.4 ng/mL was the optimal cut-off
value with 80.0% sensitivity and 66.7% specificity (area under
the curve:0.733, P = 0.048, Figure 4). The sensitivity and
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Table 2 '8F-FDG PET/MR Findings Compared with Serum Tg
Levels

'®F_.FDG PET/ All Tg<2.4 ng/ Tg>2.4 ng/
MR Patients mL (n = 10) mL (n=19)
(n=29)

Positive (n) 20 4 16
Negative (n) 9 6 3
True-positive (n) 18 2 16
True-negative (n) 7 5 2
False-positive (n) 2 2 0
False-negative (n) 2 | |
Sensitivity (%) 90.0 66.7 94.1
Specificity (%) 778 714 100
PPV (%) 90.0 50.0 100
NPV (%) 778 83.3 66.7
Accuracy (%) 86.2 70.0 94.7

specificity of PET/MR scans were 94.1% and 100%, respec-
tively, in patients with Tg levels > 2.4 ng/mL. Among patients
with lower Tg levels, the sensitivity and specificity were
66.7% and 71.4%, respectively (Table 2).

Change in Treatment After PET/MR

Among the 20 patients with positive PET/MR results,
PET/MR guided the surgical strategy for seven patients
with local relapse or neck node metastases. PET/MR

showed unresectable metastases in 4 patients, and all

407 p=0.049
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Figure 3 Distribution of serum Tg levels in patients according to positive and
negative '8F-FDG PET/MR findings.
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Figure 4 Receiver operating characteristic curve analysis demonstrates Tg cut-off
value (2.4 ng/mL, arrow) under TSH suppression therapy.

patients were treated with TSH suppression therapy. Nine
patients unwilling to undergo surgical intervention, and all
of them with TSH suppression therapy. By detecting recur-
rent or metastatic disease, '*F-FDG PET/MR changed the
treatment plan in 7 patients (24.1%) of the overall
population.

Discussion
PET/MR combines the advantages of the high soft-tissue
contrast of MRI with the metabolic imaging of PET.
However, there are currently limited studies on the applica-
tion of 'F-FDG PET/MR in DTC patients. In the present
study, we enrolled 29 DTC patients who had elevated serum
Tg levels but negative '*'I-WBS scan undergoing '*F-FDG
PET/MR examination. PET/MR demonstrated a sensitivity,
specificity, and accuracy of 90.0, 77.8, and 86.2%, respec-
tively, in patient-based analysis. In ROC analysis, a Tg level
of 2.4 ng/mL was the optimal cut-off value for predicting
the PET/MR results. Compared with patients who had
lower Tg levels, PET/MR had higher sensitivity and speci-
ficity in patients with serum Tg levels > 2.4 ng/mL.
Moreover, '*F-FDG PET/MR provided additional informa-
tion and changed the treatment management in 7 patients
(24.1%) of the overall population.

As PET/MR is a relatively new imaging modality, only
a few studies have evaluated PET/MR in thyroid cancer
patients using 'F-FDG or '*I as a tracer. Binse et al'®
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reported that '*I PET/MR was superior to '**I PET/CT in the
detection of iodine-positive lesions of the neck. Vrachimis
et al'” evaluated the diagnostic ability of '*F-FDG PET/MR
compared with that of '"®F-FDG PET/CT in dedifferentiated
thyroid cancer patients, and the results showed that 96% of
patients with dedifferentiated thyroid cancer were correctly
identified by both PET/CT and PET/MR in patient analysis,
and as expected, PET/MR appeared less sensitive in assessing
lung metastases. Similarly, a recent study showed that PET/
MR brought only slight improvements over PET/CT
numerically.'® In this study, we did not compare the diagnostic
ability of PET/MR and PET/CT because none of the patients
had PET/CT scans at the same time. In the present study, PET/
MR was able to identify metastatic cervical lymph nodes in
four patients classified as benign lesions by MRI, and pulmon-
ary metastases in two patients missed by MRI. However, there
was no significant difference in sensitivity or specificity
between the two methods, which may be due to the sample
in the present study was relatively small. One FP finding with
elevated tracer uptake was observed on the reactive cervical
lymph nodes. Because of the overlap between the SUVmax
values of the TP and FP findings, the SUVmax value should
not be used as the sole discriminating factor for differential
diagnosis. Eight patients showed pulmonary nodules (dia-
meter, 2-4 mm), which were found on CT only, and two
patients were finally diagnosed with cervical lymph nodes
and lung metastases in the follow-up. PET scans failed to
find small lung metastases due to partial volume effects and
respiratory motion. MRI has difficulty detecting lung nodules
that are smaller than 4 mm.'® Therefore, PET/MR combined
with non-contrast CT scans of the lung may provide more
valuable information in thyroid cancer patients.'”> PET/MR
had a lower radiation dose delivered to the patient than PET/
CT. The mean effective dose from '*F-FDG was estimated at
9.0£1.6 mSv. For all standard PET/CT patients, the mean
effective dose from CT was 5.0+1.0 mSv. For the diagnostic
PET/CT modality, the mean CT effective dose was 154 +
5.0mSv.*° PET/MR is a beneficial technique for performing
serial examinations for disease monitoring in DTC patients,
who have an excellent prognosis.

The American Thyroid Association guidelines recommend
that "*F-FDG PET/CT examination should be performed when
DTC patients have stimulated Tg >10 ng/mL.* Other studies
have reported different cut-offs of serum Tg levels for predict-
ing PET/CT results.>*' Klain et al'® reported that PET/MR
was positive in 10/22 patients (45%) with serum Tg>2 ng/mL
and in only 1/18 patients (5%) with serum Tg < 2 ng/mL. To
our knowledge, there has been no study concerning serum Tg

levels for predicting PET/MR results. In the present study, we
noticed significant differences in serum Tg levels between the
PET/MR-positive and PET/MR-negative patient groups.
A serum Tg level of 2.4 ng/mL was the optimal cut-off
value for predicting PET/MR results, and compared with
patients who had lower Tg levels, PET/MR had higher sensi-
tivity and specificity in patients with serum Tg levels > 2.4 ng/
mL. Similar to previous studies concerning '*F-FDG PET/CT
examination, PET/CT had high sensitivity rates in patients
with increasing Tg levels.*>

PET/MR guided surgical intervention in seven patients
(24.1%). "SF-FDG PET/MR offered important diagnostic
information and accurately localized recurrent or metastatic
disease for these patients. The proportion of patients guided
to surgical intervention by PET/MR appeared relatively low.
This finding may be due to some patients being unable or
unwilling to undergo surgical intervention. The results are in
line with those of studies concerning '*F-FDG PET/CT, and
areview reported that '*F-FDG PET/CT changes the clinical
management in 14%-78% of DTC patients.**

It cannot be overlooked that there are several limita-
tions in this study. The retrospective nature of the study
and relatively small sample size are the main limitations.
Furthermore, we assessed the diagnostic performance of
PET/MR on patient-based analysis and not on lesion-based
analysis because of the lack of pathological results for all
lesions. Therefore, large-scale prospective studies are
needed to verify our results.

Conclusion

Taken together, our findings showed that '*F-FDG PET/
MR may be a valuable imaging modality for detecting
recurrent or metastatic disease and useful for the clinical
management of DTC patients who have increased Tg
levels and negative '*'I-WBS results. However, there
was a relatively small sample size in this study, and further
studies are needed to verify our results.
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