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Abstract
BACKGROUND
The value of conventional magnetic resonance imaging in the differential diagnosis of thyroid nodules is limited; however, the value of multi-parameter diffusion-weighted imaging (DWI) in the quantitative evaluation of thyroid nodules has not been well determined. 

AIM
To determine the utility of multi-parametric DWI including mono-exponential, bi-exponential, stretched exponential, and kurtosis models for the differentiation of thyroid lesions.

METHODS
Seventy-nine patients (62 with benign and 17 with malignant nodules) underwent multi-b value diffusion-weighted imaging of the thyroid. Multiple DWI parameters were obtained for statistical analysis.

RESULTS
Good agreement was found for diffusion parameters of thyroid nodules. Malignant lesions displayed lower diffusion parameters including apparent diffusion coefficient (ADC), the true diffusion coefficient (D), the perfusion fraction (f) , the distributed diffusion coefficient (DDC), the intravoxel water diffusion heterogeneity (α) and kurtosis model-derived ADC(Dapp), and higher apparent diffusional kurtosis (Kapp) than benign entities (all P < 0.01), except for the pseudodiffusion coefficient (D*) (P > 0.05). The area under the ROC curve (AUC) of the ADC(0 and 1000) was not significantly different from that of the ADC(0 and 2000), ADC(0 to 2000), ADC(0 to 1000), D, DDC, Dapp and Kapp (all P > 0.05), but was significantly higher than the AUC of D*, f and α (all P < 0.05) for differentiating benign from malignant lesions.

CONCLUSION
Multiple DWI parameters including ADC, D, f, DDC, α, Dapp and Kapp could discriminate benign and malignant thyroid nodules. The metrics including D, DDC, Dapp and Kapp provide additional information with similar diagnostic performance of ADC, combination of these metrics may contribute to differentiate benign and malignant thyroid nodules. The ADC calculated with higher b values may not lead to improved diagnostic performance. 
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Core Tip: Multiple diffusion coefficient parameters obtained by fitting with mono-exponential, bi-exponential, stretched exponential, and kurtosis diffusion-weighted imaging models are feasible techniques for investigating thyroid nodules; The metrics including D, distributed diffusion coefficient, Dapp and Kapp provide additional information with similar diagnostic performance of ADC, and combination of these metrics may contribute to differentiate benign and malignant thyroid nodules; The apparent diffusion coefficient calculated with a mono-exponential model using a single pair of conventional b values (b = 1000 s/mm2) have similar diagnostic performance to those calculated with higher b values (b value > 1000 s/mm2).

INTRODUCTION
Thyroid nodules are common lesions that occur thyroid cells growth into an abnormal lump within the thyroid gland; these nodules are often palpable and radiologically distinct from the surrounding parenchyma[1,2]. As with most common endocrine tumors, thyroid nodules have a reported prevalence of 4%-7% in the adult population on physical examination (identified by palpation), and 10 times more nodules are identified with imaging studies[1]. Approximately 5% of detected thyroid nodules are diagnosed as malignancies[3]. The incidence of thyroid cancer has continuously and sharply increased worldwide at a rate higher than any other cancer and has tripled over the past three decades[4-6]. 
The treatment options recommended for benign and malignant thyroid lesions are completely different; surgical treatment is recommended for the vast majority of thyroid cancer, while most benign nodules can be safely followed with an active surveillance management approach[2]. Therefore, initial management recommendations are very dependent on preoperative studies designed to distinguish between malignant and benign thyroid nodules[1,2,7]. Ultrasonography (US) has been used as the first-line imaging modality for patients with known or suspected thyroid cancer[8]. US also provides guidance for fine-needle aspiration biopsy (FNAB). However, evaluation by US is operator-dependent, and no single sonographic feature is of sufficient diagnostic value to accurately differentiate malignant nodules from benign nodules[9]. Although FNAB is the most accurate tool for evaluating thyroid nodules, it is an invasive procedure associated with possible complications, and its accuracy may vary depending on many factors, such as the skills of the operator and the location of aspiration[7,9]. 
Currently, diffusion-weighted imaging (DWI) is becoming a very useful tool for the detection and characterization of head and neck cancer. Restricted and hindered diffusion of water molecules within malignant tumors lead to high contrast on diffusion-weighted (DW) images compared with images of normal tissues thus facilitating the diagnosis. The acquired DW images are often postprocessed using standard mono-exponential fitting, which applies a linear shape to obtain apparent diffusion coefficient (ADC) maps. More restricted diffusion is observed in malignant tumors than in benign lesions, which is indicated by a reduction in the ADC[10]. Previous studies of thyroid cancer have indicated that ADC parameters can distinguish malignant and benign thyroid nodules. In routine practice, however, the b values applied in thyroid DWI studies are usually lower than 1000 s/mm2. Moreover, the diagnostic performance of the ADC calculated with higher b values (b value > 1000 s/mm2) has not been well investigated in patients with thyroid cancer. 
The microscopic motion of water molecules detected by DWI is influenced by diffusion of water molecules and by microcirculation of blood in capillary networks[10]. A specialized bi-exponential model known as intravoxel incoherent motion (IVIM) can separate the incoherent motion of water molecules in the randomly oriented capillaries from molecular diffusion in the extravascular space[10,11]. In addition, these two components can be quantitatively expressed by three parameters: the true diffusion coefficient (D), the pseudodiffusion coefficient (D*), and the perfusion fraction (f)[10,11]. Recently, only one study used IVIM to evaluate thyroid cancer and reported that IVIM data might be helpful for differentiating malignant thyroid nodules from benign nodules[10].
Different from the bi-exponential model, the stretched exponential DWI model has been recently proposed by Bennett et al[12] and provides a measure of signal deviation from the mono-exponential behavior caused by pseudoperfusion effects; thus, this model provides information on tissue heterogeneity and diffusion simultaneously with two parameters: the distributed diffusion coefficient (DDC) and the intravoxel water diffusion heterogeneity (α)[11,13,14]. In addition, diffusion kurtosis models yield an estimate of the excess kurtosis of the diffusion displacement probability distribution with two parameters, Dapp and Kapp, which are produced from the DKI model and represent the diffusion coefficient and the diffusional kurtosis, respectively. To the best of our knowledge, this is the first study to evaluate thyroid nodules with ADCs calculated with higher b values (b value > 1000 s/mm2) and to compare the diagnostic performance of diffusion parameters fitted by mono-exponential, bi-exponential, stretched exponential, and kurtosis DWI models to quantitatively differentiate thyroid cancer. 
The aim of this study was to prospectively evaluate the following: (1) to determine whether ADCs calculated with higher b values (b value > 1000 s/mm2) had benefits over ADCs calculated with conventional b values (b = 1000 s/mm2) to quantitatively differentiate thyroid cancer; and (2) to evaluate the feasibility and diagnostic performance of using multiple diffusion coefficient parameters by fitting with mono-exponential (ADCs fitted with conventional and higher b values), bi-exponential (D, D* and f), stretched exponential (DDC and α), and kurtosis DWI (Dapp and Kapp) models to quantitatively differentiate thyroid cancer. 

MATERIALS AND METHODS
Patients
This study was approved by the First Hospital of Jiaxing Research and Ethics Committee. Written informed consent was obtained from all participants, and the hard copy was archived in the Department of Radiology at the First Hospital of Jiaxing. From January 2017 to July 2019, 79 consecutive patients with thyroid nodules determined by US who were scheduled to undergo thyroidectomy were prospectively enrolled. Multiparameter magnetic resonance imaging (MRI) examinations (including multiple b value DWI) were performed for each patient. The mean age of the included patients was 53 years (range, 20-72 years). Fifty-four of the 78 patients were female. All the patients enrolled in this study had been scheduled to undergo thyroidectomy within 2 wk. Histopathology revealed that 62 patients had benign nodules, including nodular goiter (n = 48) and thyroid adenoma (n = 14), while 17 patients had malignant nodules, including papillary thyroid carcinoma (n = 12), medullary thyroid carcinoma (n = 4), and follicular thyroid carcinoma (n = 1).

Image acquisition
All MRI examinations were performed in the prone position using a 3.0 Tesla (T) MRI scanner (Discovery MR750; GE Healthcare, United States) with an eight-channel neurovascular phased-array coil. Patients were instructed to breathe calmly and avoid swallowing as much as possible and practice this. The MRI examination consisted of conventional multiplanar (sagittal, axial, and coronal planar) T1- and T2-weighted imaging scans followed by multiple b value DWI scans. The duration of the whole examination was approximately 30 min. Multiple b value DWI was performed by using a standard, bipolar, single-shot echo-planar sequences in the axial plane. The DWI images were obtained with a repetition time/echo time (TR/TE) of 3000 ms/79.3 ms, section thickness of 4 mm, gap of 1.5 mm, field of view of 200 mm × 200 mm, and matrix of 128 mm× 128 mm. Parallel imaging was used with an acceleration factor of 2. A local shim box covering the thyroid was applied to minimize susceptibility artifacts. Thirteen b values from 0 to 2000 s/mm2 (0, 30, 50, 80, 100, 150, 200, 400, 600, 800, 1000, 1500, and 2000 s/mm2) were used in three orthogonal diffusion directions. The acquisition time for multiple b value DWI sequences was 1 min 57 s.
DWI images were transferred to a PC and postprocessed with mono-exponential, bi-exponential, stretched exponential, and kurtosis models using in-house software written in Matlab (version R2014b; MathWorks, Natick, MA, United States). Parameter maps were generated and included the mean ADC, D, D*, f, DDC, α, kurtosis model-derived ADC (Dapp), and apparent diffusional kurtosis (Kapp) values. Two independent thyroid radiologists (J.W. and X.Z. with 15 and 18 years of head and neck MR diagnostic experience, respectively) who were blinded to the histopathological results performed the postprocessing. The regions of interest were as large as possible to encompass the whole solid portion of the thyroid nodule while carefully avoiding areas of obvious necrosis, cystic degeneration, hemorrhagic, or calcified portions, according to T1-, T2-, and contrast-enhanced T1-weighted images for reference. The corresponding mathematical expressions are as follows.
Mono-exponential: ADC was automatically calculated by using the mono-exponential model with b values:  S(b) = S0 ∙ exp (-b ∙ ADC) where S(b) is the diffusion sensitizing factor; S0 is the signal intensity without a diffusion gradient; and S(b) is the signal intensity at a particular b value. In our study, ADC(0 and 1000) was calculated with b values of 0 s/mm2 and 1000 s/mm2, ADC(0 to 1000) was calculated with b values from 0 s/mm2 to 1000 s/mm2 (0, 30, 50, 80, 100, 150, 200, 400, 600, 800, and 1000 s/mm2), ADC(0 and 2000) was calculated with b values of 0 s/mm2 and 2000 s/mm2, ADC(0 to 1000) was calculated with b values from 0 s/mm2 to 2000 s/mm2 (0, 30, 50, 80, 100, 150, 200, 400, 600, 800, 1000, 1500, and 2000 s/mm2).
Bi-exponential: According to the bi-exponential model, the mathematical relationship between b values and signal intensities was described using the following formula: S(b) = S0 ∙ [(1-f) ∙ exp (-b ∙ D) + f ∙ exp (-b ∙ D*)] where S(b) is the signal intensity at a particular b value; D is the true diffusion coefficient that reflects random motion of intra- and intercellular water molecules (slow component of diffusion); D* is the diffusion parameter representing incoherent microcirculation within the voxel (perfusion related diffusion, or fast component of diffusion); and f is the fraction of the diffusion (0 ≤ f ≤ 1) linked to microcirculation.
Stretched exponential: By fitting the stretched exponential model, DDC and α were calculated as follows: S(b) = S0 ∙ exp [-(b ∙ DDC)α] where DDC represents the distributed diffusion coefficient, and α represents the anomalous exponent term that parameterizes “tissue heterogeneity” (0 ≤ α ≤ 1).
Kurtosis-exponential: The multi-b value DWI images fitted the following diffusion kurtosis imaging (DKI) signal decay equation:

where S(b) is the signal intensity at a particular b value; Dapp is the kurtosis model-derived ADC (in mm2/s); and Kapp is the apparent diffusional kurtosis (dimensionless parameter), which suggest that the status of water molecular motion deviates from a Gaussian distribution. A minimum Kapp value showed that the curve fit closely to a Gaussian distribution. However, increased Kapp indicated increased contributions of the lesion area attributable to kurtosis behavior.

Histopathological examination
Histopathological examination findings from surgical specimens obtained after radical thyroidectomy or lobectomy were obtained from pathology reports, which were reviewed by two pathologists (X.W.W. and Y.F. with 25 and 18 years of experience with pathological diagnosis, respectively) specializes in the pathological diagnosis of thyroid diseases. According to the characteristics of the thyroid nodules, patients were divided into two groups. The benign tumor group included those with nodular goiter and thyroid adenoma. The malignant tumor group included those with papillary thyroid carcinoma, medullary thyroid carcinoma, and follicular thyroid carcinoma. Histological subtype was determined for all lesions by immunohistochemical analysis.

Statistical analysis
Data are presented as the mean ± standard deviation (SD). All statistical analyses were performed using SPSS 17.0 (SPSS, Chicago, IL, United States). The Mann-Whitney U test was used to compare the diffusion parametric differences in the subgroups. A P value < 0.05 was deemed statistically significant. Interreader reliability between the two radiologists was assessed by using the intraclass correlation coefficient (ICC). According to Fleiss[15], an ICC of 0.4 represents poor agreement, a value of 0.75 represents good agreement, and a value between 0.4 and 0.75 represents fair to moderate agreement. Moreover, receiver operating characteristic (ROC) curves were generated to evaluate the diagnostic performance of diffusion parameters for detecting malignant tumors. Sensitivity and specificity were computed at the optimal cutoff value for each diffusion parameter that maximized the Youden index. The area under the ROC curve (AUC) was compared between the ADC and other diffusion parameters by using Z test.

RESULTS
T2-weighted images, ADC maps, D map, D* map, f map, DDC map, α map, Dapp map, Kapp map, and histopathological maps of representative cases of the benign and malignant patient groups are shown in Figures 1 and 2. In addition, the plot of the decay in diffusion-weighted signal intensity fitted by mono-exponential, bi-exponential, stretched-exponential, and kurtosis models, and fitted by a mono-exponential model with different b values for the benign and malignant thyroid nodules are shown in Figures 1 and 2.
The interobserver reproducibility between the two radiologists for determining thyroid nodule diffusion parameter measurements was calculated by using the ICC (Table 1). Good agreement was found for all metrics including ADC, D, D*, f, DDC, α, Dapp, and Kapp, indicating good reproducibility between the two readers. Therefore, the diffusion parameters measured by the first radiologist (Z.X.) were included for comparison. Table 2 shows the quantitative comparison of diffusion parameters between benign and malignant thyroid nodules. The diffusion parameters including ADC, D, f, DDC, α, and Dapp were significantly lower in malignant thyroid nodules than in benign nodules (all P < 0.01). Kapp was significantly higher in malignant thyroid nodules than in benign nodules (P < 0.01). D* was not significantly different between the two groups (P > 0.05).
The results of the ROC analyses of diffusion parameters for differentiating malignant nodules from benign nodules are summarized in Table 3. ROC curves of the ADC(0 and 1000), ADC(0 and 2000), ADC(0 to 1000), ADC(0 to 2000), D, D*, f, DDC, α, Dapp and Kapp are presented in Figure 3. ROC analysis demonstrated that ADC(0 to 1000) metrics showed trends toward higher AUC values than the ADC(0 and 1000), ADC(0 and 2000), and ADC(0 to 2000), using an ADC(0 to 1000) cutoff value of 1.5 × 10-3 mm2/s, and malignant nodules could be diagnosed with a sensitivity of 72.6% and a specificity of 100%, but none of these differences reached statistical significance (all P > 0.05). The ADC(0 and 1000), ADC(0 to 1000), Kapp metrics had significantly higher AUC values than D*, f, and α (all P < 0.05). The ADC(0 and 2000), ADC(0 to 2000), and D metrics had significantly higher AUC values than D*, and f (all P < 0.05). The DDC, and Dapp metrics had significantly higher AUC values than D* (all P < 0.05).

DISCUSSION
To our best of knowledge, this work is the first study to investigate the feasibility of using multiple diffusion coefficient parameters by fitting with mono-exponential, bi-exponential, stretched exponential, and kurtosis DWI models to quantitatively differentiate malignant thyroid nodules from benign thyroid nodules. All parameters of the four models showed high interobserver agreement, suggesting that measurement of these parameters had good reproducibility and reliability.  
Previous studies on DWI in thyroid cancer have mostly focused on mono-exponential models with conventional b values (b value ≤ 1000 s/mm2), and most studies have suggested that ADCs of malignant lesions were significantly lower than those of benign lesions[9,16-19]. Similarly, in our study, the ADC(0 and 1000) and ADC(0 to 1000) showed that malignant thyroid lesions had significantly lower ADCs than benign lesions, with AUC values of 0.879 and 0.882, respectively. Generally, although higher b values might produce more susceptibility to distortions and could increase the noise in DWI images, higher b values produced more diffusion weighting and therefore higher contrast between lesions and normal tissue[16]. Recent reports have shown advantages of using a higher b value (b value > 1000 s/mm2) for DWI and ADC calculations for the diagnosis of acute stroke[20], malignant lymphoma[21], and prostate cancer[22]. In our study, although the ADC(0 and 2000) and ADC(0 to 2000) showed relatively higher sensitivities of 79.0% and 77.4%, respectively, than ADC(0 and 1000) and ADC(0 to 1000) sensitivities of 64.5% and 72.6%, respectively, the ADC(0 and 2000) and ADC(0 to 2000) showed similar diagnostic performance to the ADC(0 and 1000) and ADC(0 to 1000), with AUC values of 0.874 and 0.878, respectively. Thus, our study indicates that DWI acquired with regular b values (b = 1000 s/mm2) can be used to calculate DWI parameters similar to those obtained with DWI acquired with higher b values in patients with thyroid nodules. This phenomenon has also been reported by Eghtedari, M. on quantitative breast DWI for breast cancer[23]. Additionally, the ADC derived from a mono-exponential model with more than two b values is theoretically good for ADC fitting. In our study, the ADC(0 to 1000) showed a relatively higher sensitivity of 72.6% than the that of the ADC(0 and 1000) of 64.5%; the ADC(0 to 2000) showed similar sensitivity of 77.4% to that of the ADC(0 and 2000) of 79.0%. In addition, the diagnostic performance was similar between the ADC(0 and 1000) and ADC(0 to 1000) and between the ADC(0 and 2000) and ADC(0 to 2000). Therefore, if the ADC fitted with the mono-exponential model alone was used to differentiate malignant thyroid nodules from benign thyroid nodules, using a single pair of b values (usually 0 s/mm2 and 1000 s/mm2) was acceptable for ADC calculation.
Bi-exponential IVIM DWI is a method initially proposed by Le Bihan et al[24] to quantitatively assess the microscopic motion that occurs at the subvoxel scale on MRI. D values mainly reflect the molecular diffusion of water protons. The D* value and f value mainly reflect perfusion status. In our study, the D values of malignant thyroid nodules were significantly lower than those of benign thyroid nodules. This finding was similar to the results of previous studies of thyroid cancer[10], breast cancer[11], nasopharyngeal carcinoma[25], prostate cancer[26], and metastatic lymph nodes in the head and neck[27]. This phenomenon might due to the rapid cellular proliferation, high cell density and reduced extracellular space in malignant thyroid lesions. In addition, the AUC of the D was slightly lower than that of the ADC value obtained from the mono-exponential model but was not significantly different. Regarding the perfusion-related metrics evaluated in our study, the f values of the malignant thyroid nodules were also significantly lower than those of benign thyroid nodules. However, Tan et al[10] reported that the f values of malignant thyroid tumors were significantly higher than those of benign lesions. In 2007, Tezelman et al[28] used dynamic contrast-enhanced (DCE) MRI to show that thyroid cancer had increased perfusion and blood volume compared with benign lesions. If perfusion is related to blood volume, the findings of their report are inconsistent with our evidence, which shows that the f value is significantly lower in thyroid cancer than in benign lesion. Our results with inconsistent perfusion values are also reflected by the results of other similar studies that have reported paradoxically lower f values in cancerous tissues[12,25-27]. A possible reason for this discrepancy may be explained by the theory that f values are not specific to perfusion alone but also be sensitive to other density phenomena[29]. Another possible reason is that f value is dependent on echo time (TE), at longer TE, the signal decays more at low b values, which would increase the estimated f values[30]. Hence, the lower f value in benign tumors may be related to parameters such as TE[30]. In the current study, the AUC of the f value was significantly lower than that of the ADC value obtained from the mono-exponential model. Although the mean D* value was slightly higher in malignant thyroid nodules than in benign thyroid nodules, the difference was not significant in our study. This finding is probably due to its sensitivity to noise, and the D* value has been shown to have poorer reproducibility than the f value in prior studies of the liver[14]. 
The stretched exponential diffusion model is an alternate method that can simultaneously assess both tissue heterogeneity and diffusion. Prior studies have reported that the stretched exponential diffusion model has better diagnostic performance for differentiating malignant from benign lesions than ADC parameters derived from a mono-exponential model in breast cancer and prostate cancer[31,32]. The DDC can be considered a weighted sum over a distribution of ADCs that represent multiexponential decay properties[31]. In our study, the DDC of the malignant thyroid nodule was significantly lower than that of benign thyroid nodules, but the results of the ROC curve analysis indicate that the diagnostic value of the DDC did not achieve a significant difference compared with ADC. The diffusion parameter α is supposed to represent intravoxel water diffusion heterogeneity. Values of α near 0 indicate high intravoxel diffusion heterogeneity. In our study, α was significantly lower in malignant thyroid nodules than in benign thyroid nodules, suggesting that malignant thyroid nodules exhibited higher intravoxel diffusion heterogeneity than the benign thyroid nodules. However, the diagnostic performance of α was lower than that of the ADC.
Recently, the potential utility of DKI using higher b values rather than conventional DWI has been reported for detecting pathological alterations in tissue diffusion properties in neural diseases and oncologic applications[33]. Our study showed that malignant thyroid lesions had significantly lower Dapp and higher Kapp values than benign lesions, similar to the results reported by Shi et al[34]. This finding might be because the malignant group had lesions with higher cell density than those in the benign group, which contributed to restriction of water diffusion in the extracellular space. Moreover, Shi et al[34] found that quantitative DKI was superior to conventional DWI because the Dapp value corrected by the DKI model showed a greater AUC than the ADC, and Kapp showed a higher sensitivity than the ADC. However, in our study, Kapp achieved the highest AUC of 0.889 with a higher sensitivity of 100% than ADC, but the diagnostic performance of those two parameters was not significantly different. Kapp may be a promising indicator with good diagnostic performance.
This study has several limitations. First, the study sample included was relatively small, especially the sample of patients with thyroid cancer, which is a possible reason that may account for the 100% sensitivity or specificity in the ROC curve analysis results. Our findings need to be validated in a larger and more heterogeneous cohort that includes a wider spectrum of thyroid tumor types. Second, regarding the patients in our study, the benign group included only patients with solid nodular goiter and thyroid adenoma, rather than those with all types of benign nodules. In addition, the malignant group did not include all types of thyroid cancer; thus, this may have resulted in some selection bias because of histopathological heterogeneity of thyroid nodules. Third, we selected only the solid regions of the lesion instead of the entire lesion, which may have resulted in some selection bias because of histopathological heterogeneity.

CONCLUSION
In conclusion, our study demonstrates the following: (1) Multiple diffusion coefficient parameters obtained by fitting with mono-exponential, biexponential, stretched exponential, and kurtosis DWI models are feasible techniques for investigating thyroid nodules; (2) The metrics including D, DDC, Dapp and Kapp provide additional information with similar diagnostic performance of ADC, and combination of these metrics may contribute to differentiate benign and malignant thyroid nodules; and (3) the ADC calculated with a mono-exponential model using a single pair of conventional b values (b = 1000 s/mm2) have similar diagnostic performance to those calculated with higher b values (b value > 1000 s/mm2). Clinically, therefore, for the institution has ability to generate higher b values for DWI, the metrics of D, DDC, Dapp and Kapp could be evaluated, which might provide additional information; otherwise, using a single pair of conventional b values (b = 1000 s/mm2) still remained a valuable diffusion parameter for differentiating malignant thyroid nodules from benign thyroid nodules.

ARTICLE HIGHLIGHTS
Research background
The value of multiparameter diffusion-weighted imaging (DWI) in quantitative evaluation of thyroid nodule has not been clarified.

Research motivation
It provides a new idea for differentiating benign and malignant thyroid results by using multiparametric diffusion-weighted imaging.

Research objectives
To provide a non-invasive diagnostic means for differentiating benign and malignant thyroid nodules by multiparametric DWI, furthermore, we elucidated which parameters have diagnostic function in differentiating the nature of thyroid nodule

Research methods
We obtained Multiple DWI parameters by patients who underwent multi-b value diffusion-weighted imaging of the thyroid,then the data of benign and malignant nodules were obtained and analyzed.

Research results
Malignant lesions displayed lower diffusion parameters including apparent diffusion coefficient(ADC), the true diffusion coefficient (D), the perfusion fraction (f) , the distributed diffusion coefficient (DDC), the intravoxel water diffusion heterogeneity(α) and kurtosis model-derived ADC (Dapp), and higher apparent diffusional kurtosis (Kapp) than benign entities (all P < 0.01). The area under the ROC curve (AUC) of the ADC(0 and 1000) was significantly higher than the AUC of D*, f and α (all P < 0.05) for differentiating benign from malignant lesions.

Research conclusions
The metrics including D, DDC, Dapp and Kapp provide additional information with similar diagnostic performance of ADC, combination of these metrics may contribute to differentiate benign and malignant thyroid nodules. 

Research perspectives
In the future, multiple parameters of magnetic resonance diffusion can be used to accurately distinguish benign and malignant thyroid nodules.
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Figure Legends
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Figure 1 Data from a 49-year-old female with a benign nodule of thyroid adenoma in the right lateral of thyroid. A: T2WI shows the lesion in the right lateral of thyroid (orange arrow). Multiparametric diffusion parameter maps fitted by mono-exponential [B = ADC(0 and 1000); C = ADC(0 to 1000); D = ADC(0 and 2000); E = ADC(0 to 2000)], bi-exponential (F = D; G = D*; H = f), stretched exponential (I = DDC; J = α), and kurtosis diffusion-weighted imaging (K = Dapp; L = Kapp) models show the lesion in the right lateral of thyroid (orange arrow); M: Histopathological H&E image (original magnification, 200×) demonstrate abundant colloid and benign-appearing follicular cells; N: Plot of the decay of diffusion weighted signal intensity fitted by a mono-exponential (green), biexponential (blue), stretched-exponential (dark), and kurtosis (red) models for the nodule; O: Plot of the decay of diffusion weighted signal intensity fitted by a mono-exponential with b = 0 and 1000 (dark), b = 0 to 1000 (red), b = 0 and 2000 (blue), and b = 0 to 2000 (green) for the nodule. ADC: Apparent diffusion coefficient; D: Slow diffusion coefficient; D*: Fast diffusion coefficient; f: Fraction of fast diffusion; DDC: Distributed diffusion coefficient; α: Anomalous exponent term; Dapp: Mean diffusivity; Kapp: Mean kurtosis; ROC: Receiver operating characteristic.
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Figure 2 Data from a 35-year-old male with a malignant nodule of follicular thyroid carcinoma in the right lateral of thyroid. A: T2WI shows the lesion in the right lateral of thyroid (orange arrow). Multiparametric diffusion parameter maps fitted by mono-exponential [B = ADC(0 and 1000); C = ADC(0 to 1000); D = ADC(0 and 2000); E = ADC(0 to 2000)], bi-exponential (F = D; G = D*; H = f), stretched exponential (I = DDC; J = α), and kurtosis diffusion-weighted imaging (K = Dapp; L = Kapp) models show the lesion in the right lateral of thyroid (orange arrow); M: Histopathological H&E image (original magnification, 40×) demonstrate high cell density (stars) and capsular invasion (write arrow); N: Plot of the decay of diffusion weighted signal intensity fitted by a mono-exponential (green), biexponential (blue), stretched-exponential (dark), and kurtosis (red) models for the nodule; O: Plot of the decay of diffusion weighted signal intensity fitted by a mono-exponential with b = 0 and 1000 (dark), b = 0 to 1000 (red), b = 0 and 2000 (blue), and b = 0 to 2000 (green) for the nodule. ADC: Apparent diffusion coefficient; D: Slow diffusion coefficient; D*: Fast diffusion coefficient; f: Fraction of fast diffusion; DDC: Distributed diffusion coefficient; α: Anomalous exponent term; Dapp: Mean diffusivity; Kapp: Mean kurtosis; ROC: Receiver operating characteristic.
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Figure 3 Receiver operating characteristic curve analysis of different diffusion parameters for differentiating malignant thyroid nodules from benign thyroid nodules. ADC: Apparent diffusion coefficient; D: Slow diffusion coefficient; D*: Fast diffusion coefficient; f: Fraction of fast diffusion; DDC: Distributed diffusion coefficient; α: Anomalous exponent term; Dapp: Mean diffusivity; Kapp: Mean kurtosis; ROC: Receiver operating characteristic.

Table 1 Interreader reproducibility of measurement of diffusion parameters of thyroid nodules
	Diffusion parameter
	ICC
	95%CI

	Mono-exponential
	
	

	
	ADC(0 and 1000)
	0.944
	(0.852, 0.979)

	
	ADC(0 to 1000)
	0.938
	(0.898, 0.962)

	
	ADC(0 and 2000)
	0.904
	(0.844, 0.941)

	
	ADC(0 to 2000)
	0.942
	(0.905, 0.962)

	Biexponential
	
	

	
	D
	0.949
	(0.921, 0.967)

	
	D*
	0.935
	(0.900, 0.958)

	
	f
	0.897
	(0.844, 0.933)

	stretched exponential
	
	

	
	DDC
	0.994
	(0.990, 0.996)

	
	α
	0.973
	(0.958, 0.983)

	Kurtosis DWI
	
	

	
	Dapp
	0.787
	(0.685, 0.859)

	
	Kapp
	0.855
	(0.782, 0.905)


ADC: Apparent diffusion coefficient; DWI: Diffusion-weighted imaging; D: Slow diffusion coefficient; D*: Fast diffusion coefficient; f: Fraction of fast diffusion; DDC: Distributed diffusion coefficient; ICC: Intraclass correlation; α: Anomalous exponent term; Dapp: Mean diffusivity; Kapp: Mean kurtosis. 
Table 2 Comparison of diffusion parameters between benign and malignant thyroid nodules
	Diffusion parameter
	Benign nodules
	Malignant nodules
	P value

	Mono-exponential
	
	
	

	
	ADC(0 and 1000)
	1.85 ± 0.24
	1.29 ± 0.27
	< 0.01

	
	ADC(0 to 1000)
	1.79 ± 0.021
	1.19 ± 0.23
	< 0.01

	
	ADC(0 and 2000)
	1.35 ± 0.15
	0.95 ± 0.15
	< 0.01

	
	ADC(0 to 2000)
	1.41 ± 0.15
	0.95 ± 0.15
	< 0.01

	Biexponential
	
	
	

	
	D
	1.34 ± 0.41
	0.89 ± 0.26
	< 0.01

	
	D*
	22.08 ± 18.53
	26.09 ± 20.87
	> 0.05

	
	f
	0.38 ± 0.19
	0.30 ± 0.14
	< 0.01

	Stretched exponential
	
	
	

	
	DDC
	2.15 ± 0.62
	1.45 ± 0.51
	< 0.01

	
	α
	0.78 ± 0.19
	0.67 ± 0.19
	< 0.01

	Kurtosis DWI
	
	
	

	
	Dapp
	2.88 ± 0.73
	2.11 ± 0.67
	< 0.01

	
	Kapp
	0.57 ± 0.12
	0.85 ± 0.19
	< 0.01


ADC: Apparent diffusion coefficient; D: Slow diffusion coefficient; D*: Fast diffusion coefficient; f: Fraction of fast diffusion; DDC: Distributed diffusion coefficient; α: Anomalous exponent term; DWI: Diffusion-weighted imaging; Dapp: Mean diffusivity; Kapp, mean kurtosis. The ADC, D, D*, DDC, and Dapp are given in units of ×10-3 mm2/s. P values from statistical comparison between benign and malignant nodules were obtained by using the Mann–Whitney U test.




Table 3 Diagnostic performance of diffusion parameters for differentiating malignant thyroid nodules from benign thyroid nodules
	Diffusion parameter
	AUC
	Cut-off value
	Sensitivity, %
	Specificity, %
	Youden index
	P value

	Mono-exponential
	
	
	
	
	
	

	
	ADC(0 and 1000)
	0.879
	1.6
	64.5
	100.0
	0.645
	Ref

	
	ADC(0 and 2000)
	0.874
	1.1
	79.0
	88.2
	0.672
	0.94

	
	ADC(0 to 1000)
	0.882
	1.5
	72.6
	100.0
	0.726
	0.94

	
	ADC(0 to 2000)
	0.878
	1.1
	77.4
	88.2
	0.656
	0.99

	Biexponential
	
	
	
	
	
	

	
	D
	0.861
	1.1
	71.0
	94.1
	0.651
	0.76

	
	D*
	0.643
	22.2
	88.2
	56.5
	0.447
	< 0.01

	
	f
	0.709
	0.37
	46.8
	100.0
	0.468
	< 0.05

	Stretched exponential
	
	
	
	
	
	

	
	DDC
	0.841
	2.0
	59.7
	100.0
	0.597
	0.53

	
	α
	0.748
	0.73
	62.9
	88.2
	0.511
	< 0.05

	Kurtosis DWI
	
	
	
	
	
	

	
	Dapp
	0.815
	2.6
	61.3
	88.2
	0.495
	0.33

	
	Kapp
	0.889
	0.65
	100.0
	74.2
	0.742
	0.84


AUC: Area under the receiver operating characteristic curve; ADC: Apparent diffusion coefficient; DWI: Diffusion-weighted imaging; D: Slow diffusion coefficient; D*: Fast diffusion coefficient; f: Fraction of fast diffusion; DDC: Distributed diffusion coefficient; α: Anomalous exponent term; Dapp: Mean diffusivity; Kapp: Mean kurtosis. The cut-off values for the ADC, D, D*, DDC, and Dapp are given in units of ×10-3 mm2/s. P values from statistical comparisons between the AUC values of the ADC(0 and 1000) (Ref) and other diffusion parameters were obtained by using the method of Z test.
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