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Background: The aim of this study was to investigate the value of unenhanced magnetic resonance 
imaging (MRI) with diffusion kurtosis imaging (DKI) in diagnosing papillary thyroid carcinoma (PTC).
Methods: In all, 77 consecutive patients comprising a total of 77 thyroid nodules were enrolled in this 
study. Of these nodules, 41 were histopathologically confirmed PTCs and 36 were benign nodules. All 
patients underwent thyroid MRI including T1-weighted imaging (T1WI), T2-weighted imaging (T2WI), 
diffusion-weighted imaging (DWI), and DKI. All the images were assessed by 2 radiologists. The signal 
intensity ratio (SIR) of these nodules on T1WI and T2WI, the apparent diffusion coefficient (ADC) from 
DWI, and mean diffusivity (MD) and mean kurtosis (MK) from DKI were measured. Morphological features 
on these images were also evaluated. Univariate and multivariate logistic regression analyses were used to 
evaluate the value of these parameters as potential predictors of PTC.
Results: In the univariate analyses, the features that significantly indicated PTC were decreased ADC value 
(P<0.001), decreased MD value (P<0.001), increased MK value (P<0.001), younger age (P=0.001), female 
tendency (P=0.049), smaller tumor diameter (P<0.001), solid component (P<0.001), and irregular margin 
(P<0.001). In the multivariate analysis, decreased MD value (odds ratio =25.321; P=0.001), smaller diameter 
(odds ratio =13.751; P=0.006), and irregular margin (odds ratio =16.003; P=0.003) were independent risk 
factors for PTC. The combined predictor of MD, diameter, and margin showed an area under the receiver 
operating characteristic (ROC) curve of 0.996 in diagnosing PTC, with an optimal cutoff value of 0.69 (95.1% 
sensitivity, 100.0% specificity). 
Conclusions: Lower MD value from DKI, smaller diameter, and irregular margin are useful predictive 
biomarkers for PTC.
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Introduction

The incidence of thyroid cancer has increased rapidly 
worldwide (1). Papillary thyroid carcinoma (PTC) is the 
most common type of thyroid cancer, accounting for 
approximately 90% of all thyroid malignancies (2). In 
2015, the American Thyroid Association (ATA) guideline 
proposed a “less is more” concept, which entails conducting 
less-extensive surgeries and less unnecessary biopsies to 
provide responsibly individualized therapy for patients (3). 
Although several international societies have developed 
ultrasound-based risk stratification systems to maximize the 
diagnostic performance of thyroid ultrasound, there are still 
some limitations (4). One study investigated the unnecessary 
thyroid nodule biopsy rates under 4 representative 
ultrasound risk stratification systems including the ATA, 
American College of Radiology (ACR), European Thyroid 
Association (ETA), and Korean Thyroid Association/
Korean Society of Thyroid Radiology (KTA/KSThR) (5). It 
was found that 25% to 55% of suspicious malignant thyroid 
nodules according to ultrasound diagnosis were ultimately 
benign after biopsy (5). This suggests that it is necessary to 
further improve the diagnostic accuracy of thyroid cancer, 
especially PTC, with noninvasive imaging modalities. 

As an imaging modality with superior soft tissue contrast, 
magnetic resonance imaging (MRI) not only allows 
multiplanar assessment of the morphology of the nodules, 
but also provides various types of functional information. 
Some preliminary studies have been conducted with 
conventional unenhanced sequences in the assessment 
of PTC. In one report (6), the signal intensity of PTCs 
on T2-weighted imaging (T2WI) was found to be lower 
than that of benign nodules due to the dense fibrosis 
within PTCs. However, other morphological features 
such as tumor component (solid or cyst-solid), margin, 
and taller-than-wide sign were not evaluated in the study, 
but these are considered critical in diagnosing malignancy 
by ultrasound (7-9). Diffusion-weighted imaging (DWI) 
has been successfully used in diagnosing PTCs (6,10,11). 
Conventional DWI explores Gaussian diffusion distribution 
of free water with a mono-exponential model, which 
may not accurately reflect water diffusion in complex 
microstructures (12). In contrast, diffusion kurtosis imaging 
(DKI) based on non-Gaussian distribution can provide 

more information on the microstructural complexity of 
biological tissues than can conventional DWI (13,14). DKI 
has shown promising diagnostic value in differentiating 
benign from malignant tumors in various organs (15-20). To 
the best of our knowledge, only a single preliminary study 
comparing DKI to DWI in the diagnosis of thyroid nodules 
in a small group of patients has been conducted thus  
far (21). However, no previous studies have evaluated 
whether the combination of DKI and conventional 
unenhanced MRI can increase the diagnostic efficacy in 
PTC. Thus, the purpose of this study was to investigate 
the value of unenhanced MRI with DKI in patients with 
PTCs. We present the following article in accordance with 
the STARD reporting checklist (available at https://qims.
amegroups.com/article/view/10.21037/qims-22-172/rc).

Methods

Patients

This prospective study was reviewed and approved by 
the Institutional Review Board and Ethics Committee of 
Xiamen Branch, Zhongshan Hospital, Fudan University. 
The study was conducted in accordance with the principles 
of the Declaration of Helsinki (as revised in 2013). Written 
informed consent was obtained from all participants.

Between June 2019 and July 2021, a total of 98 
consecutive patients suspected of having PTC or thyroid 
nodules that caused compressive or structural symptoms 
were referred for a magnetic resonance (MR) examination 
to help guide individual treatment decisions. The inclusion 
criteria were as follows: (I) primary thyroid nodules 
without prior treatment, (II) pathologically confirmed 
thyroid nodules with surgical specimens, and (III) a nodule 
diameter of 10 mm or more for adequate image quality on 
DKI. Of the total patients, 21 were excluded after their 
MRI examination and surgery. The exclusion criteria 
were as follows: (I) patients who underwent biopsy before 
MRI examination (n=6), (II) a time interval between MRI 
examination and surgery of 2 weeks or more (n=2), (III) 
patients whose DKI images were inadequate for evaluation 
due to severe motion artifacts or magnetic susceptibility 
artifacts (n=8), (IV) and patients who had a nearly pure 
cystic nodule (n=5). Finally, 77 patients (22 males and 55 
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females; age: 46±12 years; age range: 19 to 76 years) were 
enrolled in our study, comprising 41 PTCs and 36 benign 
thyroid nodules (Figure 1). According to the eighth edition 
of the American Joint Committee on Cancer (AJCC) 
Tumor-Node-Metastasis (TNM) staging system (22), 36 
of the 41 PTCs were stage I (87.8%) and 5 were stage II 
(12.2%). The distribution of pathological T classification 
was 34 (82.9%) with T1, 4 (9.8%) with T2, 2 (4.9%) with 
T3, and 1 (2.4%) with T4. The distribution of pathological 
N classification was 11 (26.8%) with N0, 17 (41.5%) with 
N1a, and 13 (31.7%) with N1b. All of the PTCs were 
classified as M0 in clinical M classification. Among the 36 
benign thyroid nodules, there were 26 follicular adenomas, 
4 nodular goiters, 4 follicular hyperplasia nodules, and 2 
nodules of lymphocytic thyroiditis. 

As this study applied a multivariate analysis, the sample 
size calculation was based on an absolute minimum ratio 
of 5 individuals to every variable (23). The estimated 
final sample size for our exploratory study was at least 60 
patients, with a total of 12 variables evaluated in the study. 

MRI protocol

All MRI examinations were performed on a 3.0 T scanner 
(Discovery MR750w, GE Healthcare, Milwaukee, WI, 
USA) equipped with an 8-channel head and neck combined 
coil. A dielectric pad was placed on the anterior portion of 
the neck to reduce B1 field inhomogeneity and dielectric 

artifacts. The scan sequences included axial T1-weighted 
fast spin echo [repetition time/echo time (TR/TE) 
=500/9.6 ms; field of view (FOV) =22 cm × 22 cm; matrix 
size =256×224; slice thickness/gap =4/1 mm; number of 
excitations (NEX) =2], T2-weighted fast spin echo (TR/TE 
=2,760/85 ms; FOV =22 cm × 22 cm; matrix size =288×192; 
slice thickness/gap =4/1 mm; NEX =2), DWI, and DKI. 
The detailed parameters of the 2 diffusion sequences 
are summarized in Table 1. Spatial saturation bands were 
applied to remove signals from overlying fat and adjacent 
tissues. Postcontrast MRI was also performed in all cases 
but not evaluated since the focus of this study was on an 
unenhanced protocol.

Image analysis

All the images were assessed in consensus by 2 radiologists 
(JZ and QT), with 30 and 6 years of experience in head 
and neck imaging, respectively, who were blinded to the 
pathological information. The radiologists evaluated 
the following characteristics in MR images: (I) tumor 
maximum diameter; (II) location, categorized as left, right, 
or isthmus; (III) component, categorized as solid or cystic-
solid; (IV) regular or irregular margin; and (V) taller-than-
wide sign. Irregular margin was defined as either infiltrative 
or lobulated. Taller-than-wide sign was defined as an 
anteroposterior to transverse ratio of greater than 1. The 
anteroposterior dimension of the nodule was defined as the 

Figure 1 Flowchart of the study population. MRI, magnetic resonance imaging; DKI, diffusion kurtosis imaging; PTC, papillary thyroid 
carcinoma. 

Inclusion criteria:
(I) Thyroid nodules were histopathologically proven by surgery;
(II) MRI examinations include a DKI sequence were performed;
(III) A nodule diameter of 10 mm or more

Exclusion criteria:
(I) A history of biopsy before MRI examination (n=6);
(II) A time interval between MRI examination and surgery 

of 2 weeks or more (n=2);
(III) DKI images were inadequate to evaluate due to severe 

motion and magnetic susceptibility artifact (n=8);
(IV) A nearly pure cystic nodule (n=5)

98 consecutive patients were initially enrolled between June 2019 and July 2021

77 patients were finally enrolled (41 PTCs and 36 benign thyroid nodules)
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diameter on the axis perpendicular to the anterior surface of 
the thyroid gland. The transverse dimension of the nodule 
was defined as the diameter on the axis perpendicular to the 
anteroposterior dimension. For a few cases with inconsistent 
results, the 2 radiologists discussed with each other to reach 
an agreement.

DWI and DKI were further processed by the 2 
radiologists independently using FuncTool software 
on the GE AW4.6 Workstation to generate apparent 
diffusion coefficient (ADC), mean diffusivity (MD), and 
mean kurtosis (MK) maps. The average time required for 
the postprocessing was 5 min. For the thyroid nodule, a 
circular region of interest (ROI) was manually delineated to 
encompass the entire solid portion of the nodule with the 
most significant enhancement at the largest cross-section 
area, with care being taken to exclude artifacts or cystic 
portions. Subsequently, the ADC, MD, and MK values and 
the signal intensities on T1WI and T2WI were extracted 
from the ROI. The signal intensity ratio (SIR) on T1WI 
and T2WI was calculated as a ratio of the signal intensity in 
the thyroid nodule to that in the paraspinal muscle. 

Histopathological analysis

Operative specimens of the thyroid tumors obtained after 
radical thyroidectomy or lobectomy were collected by a 

pathologist with 6 years of experience. All specimens were 
fixed in formalin and embedded in paraffin. The section 
of each thyroid tumor was stained with hematoxylin and 
eosin (HE). Histopathological analysis was performed 
using a microscope (Leica, Wetzlar, Germany) by the same 
pathologist who was blinded to the MRI findings. 

Statistical analysis

Student’s t-test was used for continuous variables, and 
the chi-squared test or Fisher exact test was used for 
categorical variables. Factors with a P value of less than 
0.05 were enrolled into the multivariate logistic regression 
analysis to explore independent risk factors of PTC. The 
Hosmer-Lemeshow test was performed to explain the 
goodness of fit of the multivariate logistic model. Odds 
ratios and 95% confidence intervals (CIs) were calculated. 
Receiver operating characteristic (ROC) curve analysis was 
performed to evaluate the diagnostic effectiveness of the 
continuous variables that were statistically significant in 
the multivariate analysis. The area under the curve (AUC), 
optimal cutoff value and the corresponding sensitivity and 
specificity were calculated. The interobserver agreement for 
quantitative measurements was assessed by calculating the 
intraclass correlation coefficient (ICC) under the following 
criteria: <0.40, poor; 0.40–0.59, fair; 0.60–0.74, good; 
and 0.75–1.00, excellent. A 2-sided P value of less than 
0.05 was considered statistically significant. All statistical 
analyses were performed using SPSS software (version 
22.0, IBM Corp., Armonk, NY, USA) and MedCalc 19.3.1 
(Mariakerke, Belgium).

Results

The clinical and MRI characteristics are summarized in 
Table 2. According to our data, patients with PTCs were 
younger (P=0.001) and tended to be female (P=0.049). 
These patients also had a smaller tumor diameter (P<0.001), 
a solid component (P<0.001), and an irregular margin 
(P<0.001) compared to those with benign nodules. No 
significant difference in location (P=0.853) or taller-than-
wide sign (P=0.792) was noted between PTCs and benign 
nodules. 

The T1WI SIR, T2WI SIR, ADC, MD, and MK 
values of all lesions are shown in Table 3. The ADC and 
MD values of PTCs were significantly lower than those 
of benign nodules (both P<0.001), while the MK value of 
PTCs was significantly higher than that of benign nodules 

Table 1 Parameters of DWI and DKI

Parameters DWI DKI

Pulse sequence Single-shot EPI Single-shot EPI

TR (ms) 4,000 3,100

TE (ms) 67.4 115.9

FOV (mm2) 22×22 22×13

Acquisition matrix 128×128 140×84

Bandwidth (Hz/voxel) 250 166.7

Slice thickness (mm) 4 5

Gap (mm) 1 0

b values (s/mm2) 0, 500 0, 1,000, 2,000

Directions 3 15

NEX 4 4

Scanning time 1 min 52 s 6 min 52 s

DWI, diffusion-weighted imaging; DKI, diffusion kurtosis 
imaging; EPI, echo planar imaging; TR, repetition time; TE, echo 
time; FOV, field of view; NEX, number of excitations. 
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(P<0.001; Figures 2,3). The AUCs of ADC, MD, and MK in 
diagnosing PTC were 0.913 (95% CI: 0.826–0.965), 0.886 
(95% CI: 0.793–0.947), and 0.841 (95% CI: 0.740–0.915), 
respectively. The optimal cutoff values of ADC, MD, and 
MK in identifying PTC were 1.58×10−3 mm2/s (sensitivity 

87.8%, specificity 83.3%), 1.92×10−3 mm2/s (sensitivity 
85.4%, specificity 88.9%), and 0.78 (sensitivity 70.7%, 
specificity 91.7%), respectively. No significant differences in 
T1WI SIR (P=0.095) or T2WI SIR (P=0.815) were noted 
between PTCs and benign nodules. The interobserver 

Table 2 Clinical and MRI characteristics of patients with PTC and benign thyroid nodules

Characteristics PTC (n=41) Benign (n=36) P value

Gender 0.049

Male 8 (20%) 14 (39%)

Female 33 (80%) 22 (61%)

Age (years) 42±10 50±12 0.001

Tumor maximum diameter (mm) 15.07±0.57 32.08±18.16 <0.001

Location 0.853

Left 20 (49%) 16 (44%)

Isthmus 3 (7%) 2 (6%)

Right 18 (44%) 18 (50%)

Component <0.001

Solid 41 (100%) 22 (61%)

Cystic-solid 0 14 (39%)

Margin <0.001

Regular 8 (20%) 34 (94%)

Irregular 33 (80%) 2 (6%)

Taller-than-wide sign 0.792

Yes 24 (59%) 20 (56%)

No 17 (41%) 16 (44%)

Data are means ± standard deviation or n (%). MRI, magnetic resonance imaging; PTC, papillary thyroid carcinoma.

Table 3 Quantitative parameters of PTC and benign thyroid nodules

MRI sequence PTC (n=41) Benign (n=36) P value

SIR

Axial T1WI 1.26±0.17 1.19±0.15 0.095

Axial T2WI 2.75±0.80 2.69±1.14 0.815

ADC (×10−3 mm2/s) 1.22±0.37 1.98±0.48 <0.001

MD (×10−3 mm2/s) 1.56±0.47 2.42±0.53 <0.001

MK 0.88±0.21 0.62±0.17 <0.001

The SIR was calculated for each sequence as a ratio of signal intensity of the thyroid nodule to that of the paraspinal muscle. Data are 
means ± standard deviation. PTC, papillary thyroid carcinoma; MRI, magnetic resonance imaging; SIR, signal intensity ratio; T1WI, T1-
weighted imaging; T2WI, T2-weighted imaging; ADC, apparent diffusion coefficient; MD, mean diffusivity; MK, mean kurtosis. 
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Figure 2 A 40-year-old female with PTC (arrow) in the left thyroid lobe. (A) Axial T2-WI showed a 16-mm solid nodule with locally 
irregular margin and a positive taller-than-wide sign: the SIR was 3.13. (B) Axial T1WI: the SIR was 1.35. (C) ADC map; ADC value 
=0.93×10−3 mm2/s. (D) MD map; MD value =1.59×10−3 mm2/s. (E) MK map; MK value =0.84. (F) Histopathological HE staining (×100). 
PTC, papillary thyroid carcinoma; T2WI, T2-weighted imaging; SIR, signal intensity ratio; T1WI, T1-weighted imaging; ADC, apparent 
diffusion coefficient; MD, mean diffusivity; MK, mean kurtosis; HE, hematoxylin and eosin. 

A B C

D E F

Figure 3 A 44-year-old female with thyroid adenoma (arrow) in the right thyroid lobe. (A) Axial T2-WI showed a 28-mm solid nodule 
with a regular margin and a negative taller-than-wide sign: the SIR was 4.58. (B) Axial T1-WI: the SIR was 1.33. (C) ADC map; ADC value 
=2.78×10−3 mm2/s. (D) MD map; MD value =3.05×10−3 mm2/s. (E) MK map; MK value =0.39. (F) Histopathological HE staining (×40). 
T2WI, T2-weighted imaging; SIR, signal intensity ratio; T1WI, T1-weighted imaging; ADC, apparent diffusion coefficient; MD, mean 
diffusivity; MK, mean kurtosis; HE, hematoxylin and eosin. 

A B C

D E F
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agreements of the quantitative parameters were all 
excellent: T1WI SIR (ICC: 0.914; 95% CI: 0.868–0.945), 
T2WI SIR (ICC: 0.953; 95% CI: 0.927–0.970), ADC (ICC: 
0.903; 95% CI: 0.852–0.938), MD (ICC: 0.898; 95% CI: 
0.844–0.934), and MK (ICC: 0.887; 95% CI: 0.828–0.927). 

In the multivariate analysis, only MD (odds ratio: 25.321; 
95% CI: 3.998–160.382), smaller diameter (odds ratio: 
13.751; 95% CI: 2.100–90.055), and irregular margin (odds 
ratio: 16.003; 95% CI: 2.550–100.442) were independent 

risk factors for PTC (Figure 4). The combined predictor 
of lower MD, smaller diameter, and irregular margin 
was generated from the logistic regression equation. The 
significance level of the Hosmer-Lemeshow test was 0.448, 
suggesting an acceptable goodness of fit of the model. 

Figure 5 shows the ROC curve of the combined predictor 
of MD, diameter, and margin in diagnosing PTC. The 
AUC of the combined predictor of lower MD, smaller 
diameter, and irregular margin was 0.996 (95% CI: 0.945–
1.000), with the optimal cutoff value of 0.69 (sensitivity 
95.1%, specificity 100.0%). 

Discussion

The results from our study suggest that a decreased MD 
value with smaller diameter and irregular margin of thyroid 
nodules might indicate PTC with a high predictive value. 
The combination of conventional unenhanced MRI and 
DKI can be easily acquired in clinical practice to help 
diagnose PTC without the need for a contrast agent.

We found a lower MD value in PTCs than in benign 
nodules, which was consistent with the findings reported 
by Shi et al. (21). The possible explanation for this is that 
the cell density of PTCs is higher than that of benign 
nodules, resulting in a decrease of intercellular space. 
Fibrosis, calcified psammoma bodies, and irregular 
papillary architecture might also hamper the diffusion of 
water molecules (12). MK describes the deviation of the 
water diffusion property from Gaussian behavior, which 
is considered to reflect the heterogeneity and irregularity 
of the intracellular microstructure (13,14). Shi et al. (21) 

Variables

Diameter 13.751 (2.100, 90.055)

16.003 (2.550, 100.442)

25.321 (3.998, 160.382)

1   20  40   60  80 100 120 140 160 180

0.006

0.003

0.001

Margin

MD

Odds ratio (95% Cl) P value

Figure 4 Binary logistic regression model for the prediction of PTC. MD, smaller diameter, and irregular margin were independent risk 
factors for PTC. CI, confidence interval; MD, mean diffusivity; PTC, papillary thyroid carcinoma. 

Figure 5 ROC curve of the diagnostic performance of the 
combined predictor of MD, diameter, and margin in identifying 
PTC. The AUC was 0.996 (95% CI: 0.945–1.000). The optimal 
cutoff value was 0.69 (sensitivity 95.1%, specificity 100.0%). 
MD, mean diffusivity; AUC, area under the curve; ROC, receiver 
operating characteristic; PTC, papillary thyroid carcinoma; CI, 
confidence interval. 
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reported that a higher MK value in PTCs reflected a higher 
degree of cellular microstructural heterogeneity. However, 
the results of our multivariate analysis did not indicate that 
MK was an independent predictor for PTC although it was 
significantly higher in PTCs than benign nodules in the 
univariate analysis. The reason for this might be that, except 
for the different statistical approaches, the DKI protocol in 
our study was based on a tensor method, while Shi et al. (21)  
used a multi-b value method. These are 2 different types 
of DKI protocols that have been frequently used in 
previous studies (24-27). The tensor method applies at 
least 15 diffusion directions which allows better assessment 
of anisotropic directionality of diffusion and kurtosis 
behavior (14) while making the final estimates for the DKI 
metrics less sensitive to motion artifacts (13). Moreover, 
the heterogeneity of the cases in our cohort might have 
influenced the results, as DKI is a sequence for depicting 
the heterogeneity in the tissues.

In our study, irregular margin was proven as a reliable 
predictor of PTC among radiological features, which 
was consistent with previous studies (8,28-30). The 
histopathological mechanism of irregular margin might be 
the invasive and heterogeneous growing pattern of PTCs. 
It is important to note that an irregular margin indicates 
that the demarcation between nodule and parenchyma is 
clearly visible but demonstrates an irregular, infiltrative, or 
spiculated course rather than a poorly defined margin (7). In 
some studies, thyroid nodule size was found to be inversely 
related to malignancy risk, as larger nodules have lower 
malignancy rates (31,32). However, this has been contested 
by other studies (33,34). The 2015 ATA guideline and 2017 
ACR Thyroid Imaging Reporting and Data System (TI-
RADS) recommend diagnostic fine-needle aspiration (FNA) 
of the thyroid nodule based on nodule size and features of 
high-risk imaging on ultrasound, such as microcalcification, 
nodule hypoechogenicity, solid component, irregular 
margin, and a taller-than-wide shape (7,9). In other words, 
nodules with high-risk imaging features for thyroid cancer 
should be considered for FNA even at a smaller size, 
whereas nodules without these imaging features might be 
considered for FNA at a larger size. 

Additionally, there was no significant difference in 
either T1WI SIR or T2WI SIR between PTCs and 
benign nodules in this study. In their study, Noda et al. (6)  
reported that T2WI SIRs were significantly lower in 
PTCs than in benign nodules. The explanation was that 
the presence of dense fibrous tissue within PTCs caused 

the reduction of T2WI SIR. In this study, a higher T2WI 
SIR in PTCs might be attributed to loose or edematous 
papillary architecture under microscopic observation, while 
lower T2WI SIRs in benign nodules might be attributed 
to the dense arrangement of follicles, coarse calcification, 
and fibrous tissue hyperplasia. Furthermore, various forms 
of degeneration and components such as stromal fibrosis, 
hemorrhage, calcification, and hyaline degeneration in 
benign nodules may also affect the T1WI signal (35,36). 
Accordingly, we believe that the SIR of the thyroid nodules 
on T1WI and T2WI might not be as useful as has been 
previously reported. Interestingly, taller-than-wide sign 
is one of the most important sonographic features in the 
identification of benign and malignant thyroid nodules 
(8,37,38), but no significant difference was found between 
PTCs and benign nodules in our study. Taller-than-
wide sign was first described by Kim et al. (39), and it was 
speculated that benign nodules grow in normal tissue 
planes, whereas malignant nodules (taller-than-wide) grow 
across normal tissue planes. However, Yoon et al. (40) 
suggested that the mechanism of taller-than-wide sign was 
as follows: compared to benign masses, malignant lesions 
exhibit no or minimal compressibility when an ultrasound 
probe is applied. In their study, Seo et al. (41) also found the 
compressibility of masses to be greater in benign than in 
malignant lesions. In contrast to ultrasound, no compression 
is imposed on the thyroid tissue during MRI examination, 
which might partially explain our results.

There were some limitations in our study. First, the 
small cohort size with a limited variety of thyroid nodules 
is a major limitation. A larger cohort with different 
histological types of benign and malignant nodules is 
desirable to further evaluate the diagnostic criteria. 
Second, thyroid nodules less than 10 mm in size were not 
included in this study due to inadequate image quality on 
DKI. Since most papillary microcarcinomas (<10 mm) 
are indolent and nonprogressive, active surveillance is 
more recommended than is immediate surgery (2,42). 
Hence, it has a relatively small influence on the clinical 
decision-making process. Third, 5 mainly cystic nodules 
were excluded in the study due to a lack of sufficient solid 
components for measurement. Finally, we did not analyze 
the enhancement patterns of thyroid nodules. Because 
the emphasis of this study was on unenhanced MRI 
without contrast administration, a comparison between 
unenhanced and enhanced MRI of PTC needs to be 
explored in the future. 
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Conclusions

Lower MD values in combination with smaller diameter 
and irregular margin are potential predictive biomarkers for 
PTC. Unenhanced MRI including conventional sequences 
and DKI is a promising noninvasive protocol to diagnose 
PTC without the need for a contrast agent. Further 
investigations with a larger sample size of patients and 
specimens should be conducted to verify our results.
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