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Background: Initial management recommendations of papillary thyroid carcinoma (PTC) are very dependent
on preoperative studies designed to evaluate the presence of PTC with aggressive features. The purpose of this
study was to evaluate whether diffusion-weighted magnetic resonance imaging (DW-MRI) before surgery can
be used as a tool to stratify tumor aggressiveness in patients with PTC.
Methods: In this prospective study, 28 patients with PTC underwent DW-MRI studies on a three Tesla MR scanner
prior to thyroidectomy. Due to image quality, 21 patients were finally suitable for further analysis. Apparent
diffusion coefficients (ADCs) of normal thyroid tissues and PTCs for 21 patients were calculated. Tumor ag-
gressiveness was defined by surgical histopathology. The Mann-Whitney U test was used to compare the difference
in ADCs among groups of normal thyroid tissues and PTCs with and without features of tumor aggressiveness.
Receiver operating characteristic (ROC) analysis was performed to assess the discriminative specificity, sensitivity,
and accuracy of and determine the cutoff value for the ADC in stratifying PTCs with tumor aggressiveness.
Results: There was no significant difference in ADC values between normal thyroid tissues and PTCs. However,
ADC values of PTCs with extrathyroidal extension (ETE; 1.53 – 0.25 · 10–3 mm2/s) were significantly lower than
corresponding values from PTCs without ETE (2.37 – 0.67 · 10–3 mm2/s; p < 0.005). ADC values identified 3
papillary carcinoma patients with extrathyroidal extension that would have otherwise been candidates for obser-
vation based on ultrasound evaluations. The cutoff value of ADC to discriminate PTCs with and without ETE was
determined at 1.85 · 10–3 mm2/s with a sensitivity of 85%, specificity of 85%, and ROC curve area of 0.85.
Conclusion: ADC value derived from DW-MRI before surgery has the potential to stratify ETE in patients with
PTCs.

Introduction

Patients with intrathyroidal, well-differentiated
papillary thyroid carcinoma (PTC) have relatively low-

risk malignant tumors with a recurrence rate of 3% to 4% or
lower and a disease-specific survival rate of more than 99%
(1). Traditionally, the initial treatment of PTC has included a
total thyroidectomy, often with radioactive iodine remnant
ablation (2). However, a more risk adapted management
approach has been followed at many centers (3,4) and is now
being endorsed in both the National Comprehensive Cancer
Center and the American Thyroid Association guidelines
(5,6). Furthermore, very low risk thyroid cancer patients with
intrathyroidal papillary microcarcinoma may not even re-
quire thyroid surgery, as they can be safely followed with an
active surveillance management approach (7). Therefore,

initial management recommendations are very dependent on
preoperative studies designed to evaluate the presence of
PTC with aggressive features such as extrathyroidal exten-
sion, locoregional metastases, or distant metastases.

While fine-needle aspiration (FNA) cytology is the most
widely used method for preoperative evaluation of thyroid
nodules (8), it provides only minimal information with regard
to tumor aggressiveness (9). Currently, tumor aggressiveness
is based on surgical histological analysis, which is only
available after surgical resection of the thyroid gland (10).
While commonly used as the primary imaging modality for
thyroid, thyroid nodules, and cervical lymph nodes, routine
neck ultrasonography cannot reliably exclude minor extra-
thyroidal extension (11,12). This has significant clinical im-
plications since the presence of extrathyroidal extension is a
marker of a potentially more aggressive tumor behavior that
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would lead to more aggressive initial therapy (likely total
thyroidectomy and perhaps radioactive iodine ablation). This
is particularly important in the evaluation of papillary thy-
roid microcarcinomas that are being considered for an ac-
tive surveillance observational management approach (13).
Therefore, there remains a pressing need for noninvasive
tests to identify patients with histologically aggressive tu-
mors so that patients unlikely to have aggressive tumors can
be observed or treated with less than a total thyroidectomy
and radioactive iodine ablation.

Diffusion-weighted magnetic resonance imaging (DW-
MRI) allows for quantitative and non-invasive measurement
of the Brownian motion of water molecules. Use of DW-MRI
as a surrogate marker to probe tumor aggressiveness is
compelling, because this measurement is strongly affected by
changes in tissue organization at the cellular level (14). These
microstructural changes affect the motion of water molecules
and alter water diffusion properties and DW-MRI signal in-
tensity. The loss of signal intensity in DW-MRI can be
quantified by measuring the apparent diffusion coefficient
(ADC), which is the indicator of water molecular motion that
is affected by cellular organization (14). Recently, ADC
value has shown potential as a surrogate imaging biomarker
to assess tumor aggressiveness in breast (15), prostate (16–
18), and rectal cancers (19). For thyroid cancers, DW-MRI
has been applied in the assessment of thyroid nodules, es-
pecially for the differentiation of benign and malignant tu-
mors (20–27). The purpose of this study was to evaluate
whether ADC calculated from DW-MRI data before surgery
stratifies tumor aggressiveness as defined at surgical histo-
pathology analysis in PTCs.

Materials and Methods

Patients

Between January 2011 and March 2012, all adult patients
( ‡ 18 years) undergoing surgical consultation for thyroidec-
tomy on the basis of a thyroid nodule FNA demonstrating
either papillary thyroid cancer or suspicious for thyroid
cancer in our institution were offered enrollment in a pro-
spective clinical trial evaluating multiparametric MRI in-
cluding DW-MRI in head and neck tumors. This prospective
protocol was approved by our local institutional review
board. After providing appropriate informed consent, 28
subjects underwent the research MRI prior to thyroid surgery.
The exclusion criteria were: (i) presence of contraindication
to MRI, (ii) tumor size larger than 5 cm (detected by ultra-
sonography), and (iii) patients who are claustrophobic.

MRI study

MRI examination was performed on a 3-Tesla GE scanner
(General Electric, Milwaukee, WI) using an eight-channel
neurovascular phased-array coil. The MRI study consisted of
standard multiplanar (sagittal, axial, coronal) T1- and T2-
weighted imaging scans followed by DW-MRI scans. A T1
weighted image relies upon the longitudinal relaxation of a
tissue’s net magnetisation vector and a T2 weighted image re-
flects the transverse relaxation of the net magnetisation vector
with respect to the external magnetic field. The duration of the
whole examination was approximately 30 minutes.

The T1- and T2-weighted MRI scans covered the whole
thyroid gland with a slice thickness of 5 mm, field of view

(FOV) of 20–24 cm, and acquisition matrix of 256 · 256. For
T1-weighted MRI, TR (repetition time) = 500 ms, and TE
(echo time) = 15 ms; for T2-weighted MRI, TR = 4000 ms,
and TE = 80 ms.

DW-MRI data were acquired using a single-shot echo
planar imaging (SS-EPI) spin echo sequence (TR = 4000 ms;
TE = 98–104 ms; number of excitation = 4; three orthogonal
directions) with b value of 500 s/mm2). The b value was
chosen after assessing DW-MR image quality and reviewing
the literature (24). Fat-suppression, shimming (shimming
FOV = 14*16 cm), and parallel imaging (acceleration fac-
tor = 2) techniques were used. The DW-MRI scans were fo-
cused on thyroid tumors with 4 to 8 slices of 5-mm thickness,
0-mm gap, 20*24-cm FOV, and 128 · 128 acquisition ma-
trix, which was zero-filled and reconstructed to 256 · 256
pixels. Before scanning, a calibration scan was used to reduce
Nyquist (N/2) ghosting artifacts. Images were all obtained in
axial planes.

The regions of interest (ROIs) for PTC were placed on
thyroid glands avoiding obvious cystic, hemorrhagic, or
calcified portions. The ROI for normal thyroid tissue was
placed on the selected one slice of whole lobe contralateral to
the PTC. The ROIs were drawn on the DW-MR images by a
neuroradiologist with more than 10 years of experience based
on the radiological and clinical information including ultra-
sound reports. The ROI encompassed the entire nodule of
interest with a minimum ROI considered to be 0.1 cm3 (i.e.,
17 voxels). A single ROI was used for normal tissue analysis
while the mean ADC of the ROI was used when multiple
nodules were evaluated.

The ADC value for each ROI was calculated using a mono-
exponential model: S/S0 = exp( - b · ADC), where S and S0 are
the signal intensities with and without diffusion weighting,
respectively, and b is the gradient factor (b value, s/mm2). ADC
was then calculated as - ln(S/S0)/b. A noise floor rectification
scheme was used in the ADC calculation (28), which was
performed on a voxel-by-voxel basis, generating an ADC map
as well as averaged values for the ROIs. In order to suppress the
technical factors influencing the ADC values, a normalized
ADC value (nADC) was calculated (the ratio of ADC value of
PTCs to the ADC value of normal thyroid tissue).

Before the patient study, a DW-MRI study with the ice-
water phantom was performed to evaluate repeatability of the
ADC measurement. The MRI study of the phantom consisted
of four repeat scans with the same settings as the MRI studies
of the patients. The phantom consisted of a 3.8-liter plastic
container with a single, sealed, 175-mL measurement tube
prefilled with distilled water. Prior to taking the MRI scans,
crushed ice and water were added such that the ice water
filled the entire volume of the container. After a thermal
equilibrium between the water in the tube and the sur-
rounding ice bath was reached, the phantom was delivered to
the MRI room for scanning.

In order to evaluate the repeatability of ADC measurement
in human thyroid glands, data from 9 healthy volunteers (age,
23–50 years; male:female, 4:5) were analyzed for another
DW-MRI study, which consisted of three longitudinal exams
(2 weeks apart) for each subject with an identical MRI pro-
tocol. The study was also approved by the local institutional
review board, and all volunteers were provided written in-
formed consents. ADC values was calculated from a fixed
circle area (8-mm diameter) placed on the thyroid gland of
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human subject. The within-subject coefficient of variation
(wCV) was calculated to assess the repeatability of the ADC
measurement by using the Quantitative Imaging Biomarker
Alliance (Radiological Society of North America) proposed
statistical metrics (29,30): wCV = rw/l, where l is the overall
mean of ADC measurement and, rw is the standard deviation
of ADC measurements within subject.

Histopathologic examination

Surgical specimens of the thyroid tumors taken after rad-
ical thyroidectomy or lobectomy were collected under the
supervision of a pathologist with more than 10 years of ex-
perience. Paraffin-embedded tissue blocks were obtained for
each surgically resected specimen by sectioning each tumor.
The section of each thyroid tumor was stained with hema-
toxylin and eosin. The pathologist reviewed the hematoxylin
and eosin section of each thyroid tumor and used established
criteria to evaluate tumor aggressiveness (31,32). Tumor
aggressiveness was evaluated individually using the follow-
ing six histopathologic features: tall cell variants, necrosis,
vascular and/or tumor capsular invasion, extrathyroidal ex-
tension, regional metastases, and distant metastases. A tumor
with presence of any one of these features was regarded to be
aggressive.

Statistical analysis

A nonparametric Mann-Whitney U test with Bonferroni
correction for multiple testing was used to compare the
parametric differences among groups of normal thyroid
tissues, PTCs, and PTCs with and without features of tumor
aggressiveness (six features mentioned above). The receiver
operating characteristic (ROC) curve constructed from
the probability of logistic regression analysis was used to
assess the discriminative specificity, sensitivity, and ac-
curacy between PTCs with and without features of tumor
aggressiveness. The cutoff value of the ADC (nADC) for
stratifying tumor aggressiveness was also determined based
on the criteria of maximum area under the ROC curve. A
p-value of less than 0.05 was considered to indicate statis-
tical significance.

All data analysis was performed by an in-house software
using Matlab R2008a on a Microsoft Windows system.

Results

Of the 28 patients enrolled in the study, 7 patients were
excluded from the study due to either distorted image quality
(n = 5) or because the tumor was too small to see on DWI
images (n = 2). Clinicopathological features of the 21 patients
(mean age 39 – 7 years at diagnosis, 85% female) included in
the final analysis are presented in Table 1. None of the pa-
tients had extrathyroidal extension (ETE) identified on the
preoperative ultrasound examination. Of the 21 patients, 7
patients were found to have locoregional metastases by pre-
operative ultrasound imaging the remaining 14 patients had
no preoperative ultrasonographic evidence of aggressive
disease. Thyroid nodule FNA demonstrated 16 patients with
cytology consistent with papillary thyroid cancer (Bethesda
VI) and 5 suspicious for thyroid cancer (Bethesda V). Based
on surgical pathology analysis, all 21 patients had PTCs [12
classic PTC, 3 follicular variant PTC, and 6 with the tall cell

features/variant, 1 patient with vascular and/or capsular in-
vasion, 7 patients with ETE, and 12 patients with locor-
egional metastases (pN1)]. The mean maximum size of the
lesion was 14.5 – 6.7 mm and ranged from 0.5 to 25 mm (with
the papillary microcarcinomas being 0.5, 3, 8, 8 and 10 mm).
From the DW-MR images, the volumes of the patients’ tu-
mors ranged from 0.1 cm3 to 5 cm3 (there were 12 tumors
< 1 cm3, 8 tumors of 1–4 cm3, and 1 tumor > 4 cm3).

The ADC values of water calculated from the ROI (as
seen in Fig. 1) in the ice-water phantom at four repeat scans
were 1.113, 1.112, 1.113, and 1.112 · 10 - 3 mm2/s, respec-
tively. These ADC values were consistent with the literature
(33,34), showing that the ADC measurement was highly
reproducible in DW-MRI. In another study with healthy vol-
unteers, the ADC values of thyroid gland from 9 volunteers
across the exams were 1.84 – 0.33 vs 1.74 – 0.27 vs 1.74 –

Table 1. Patient Characteristics of the 21 Patients

with Magnetic Resonance Imaging Studies

Suitable for Analyses

Characteristic n (%)

Age at diagnosis (years)
21 evaluable patients 39 – 7 years

(range 26–49 years)
Sex

Female 18 (85%)
Male 3 (15%)

Fine-needle aspiration cytology
Papillary thyroid cancer 16 (76%)
Suspicious for papillary

thyroid cancer
5 (24%)

Preoperative ultrasound
Subcapsular location of tumor 16 (76%)
Extrathyroidal extension None
Evidence of lymph node metastases 7 (33%)

Histology
Classic papillary thyroid cancer 12 (57%)
Follicular variant papillary

thyroid cancer
3 (14%)

Tall cell variant papillary
thyroid cancer

6 (29%)

Extrathyroidal extension
by histology

7 (33%)

Vascular invasion by histology 1 (5%)
Size of papillary thyroid

carcinoma
14.5 – 6.7 mm
(0.5–25 mm)

Pathology T
T1a (papillary microcarcinoma) 5 (24%)
T1b 13 (62%)
T2 3 (14%)

Pathology N
N0 9 (43%)
N1 12 (57%)

Clinical M
M0 21
M1 None

AJCC Stage
1 19 (90%)
3 2 (10%)

T, N and M are categories within the AJCC (American Joint
Committee on Cancer) staging system.
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0.23 · 10 - 3 mm2/s, respectively. There is no significant
difference in ADC values among the three longitudinal
exams. The calculated within-subject coefficient of variation
(wCV) of ADC values was 10.33%, showing a high repeat-
ability of ADC measurement in DW-MRI.

The ADC values for normal thyroid tissues from the 21
patients were 1.91 – 0.38 · 10 - 3 mm2/s (mean – standard de-
viation), the ADC (nADC) values for 21 PTCs were 2.09 –
0.69 · 10 - 3 mm2/s (0.96 – 0.26). No significant difference
was found in ADC (nADC) values between normal thyroid
tissues and PTCs ( p = 0.48 (0.16)).

Among the six tumor aggressive features, extrathyroidal
extension (ETE) was the only feature found to be significant in
its ability to stratify PTCs: The ADC (nADC) values of PTCs
with ETE (1.53 – 0.25 · 10- 3 mm2/s (0.77 – 0.14)) were sig-
nificantly lower than corresponding ADC values from PTCs
without ETE (2.37 – 0.67 · 10 - 3 mm2/s (1.28 – 0.33); p <
0.005 ( p < 0.0003)), as shown in Figures 2a and b. The no-ETE
group consisted of all PTCs without histological evidence of
extrathyroidal extension. Additionally, the ADC (nADC) val-
ues of normal thyroid tissue [1.91 – 0.38 · 10- 3 mm2/s (1)]
were significantly lower than corresponding ADC (nADC)
values from PTCs without ETE [2.37 – 0.67 · 10 - 3 mm2/s
(1.28 – 0.33); p < 0.01 ( p < 0.001)], and higher than correspond-
ing ADC values from PTCs with ETE [1.53 – 0.25 · 10–3

mm2/s (0.77 – 0.14); p < 0.01 ( p < 0.001)]. By using ROC
analysis, the cutoff value of ADC (nADC) that discriminates
between PTCs with and without ETE was determined
[ADC = 1.85 · 10–3 mm2/s (0.9532)] with a sensitivity of
85% (100%), specificity of 85% (100%), and ROC curve
area of 0.85 (1.00) (Fig. 3). From the derived ADC cutoff
value, 3 PTC patients were identified with extrathyroidal
extension that would have otherwise been candidates for
observation based on ultrasound evaluations (no evidence of
locoregional metastases or extrathyroidal extension was
evident on preoperative ultrasound imaging).

Figure 4 shows typical images from a representative PTC
patient with ETE verified by pathological analysis. Images
from pathological analysis demonstrated that papillae were
lined by cells with columnar shape (a feature of tall cell
variants; see Fig. 4e) and tumor extended into surrounding
fibroadipose tissue (see Fig. 4f), clearly showing a histo-
logically more aggressive tumor. The ADC value for the PTC

with ETE was lower than that for normal thyroid tissue
(1.65 – 0.18 · 10–3 mm2/s vs. 2.45 – 0.22 · 10 - 3 mm2/s).

Images from a representative PTC without ETE seen
on pathological analysis is shown in Figure 5. Figures 5e
and f demonstrate a classical papillary carcinoma that was

FIG. 1. Magnetic resonance
(MR) images for an ice-water
phantom. (a) A sagittal T1-
weighted image. (b) A slice of
axial diffusion-weighted MR
(DW-MR) image (b = 500 s/mm2)
at the location shown in a as a da-
shed line. The region of interest for
calculating the apparent diffusion
coefficient (ADC) is shown with a
red circle.

FIG. 2. Box-and-whiskerplotsdemonstratingchanges inADC
(a) and nADC (b) values between the normal thyroid tissues (NT),
papillarythyroidcarcinomas(PTCs),PTCswithoutextrathyroidal
extension (no ETE), and PTCs with extrathyroidal extension
(ETE). Asterisks (*) denote significance ( p < 0.05) between dif-
ferent tissue types (II: NT and no-ETE; III: NT and ETE; IV: ETE
andno-ETE).The red crosses ( + )delineateoutliers in thedata set.
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confined by the capsule and papillae that are lined up by
neoplastic cells, showing classical nuclear features such as
open and clear chromatin. The ADC value for this PTC
without ETE was higher than that for normal thyroid tissue
(2.34 – 0.53 · 10 - 3 mm2/s vs. 2.25 – 0.52 · 10 - 3 mm2/s).

Of 21 PTCs, there were 5 microcarcinomas (0.5–10 mm), all
of which had no ETE and no evidence of locoregional or distant
metastases based on histological analysis. Four of the five mi-
crocarcinomas were in a subcapsular location without evidence of
extrathyroidal extension. By using ADC values, no significance
was found between PTCs with and without microcarcinoma
(2.11 – 0.90 · 10 - 3 mm2/s vs. 1.82 – 0.53 · 10 - 3 mm2/s, p =
0.33). However, by using nADC, there was a significance found:
nADCs from PTCs with microcarcinoma were significantly
higher than that from PTCs without microcarcinoma (1.25 – 0.27
vs. 0.87 – 0.29, p = 0.02). Figure 6 shows a histological image in a
microcarcinoma with the tumor size of 10 mm (on pathology),
which is a follicular variant of papillary carcinoma. In this mi-
crophotograph, nuclear features of papillary carcinoma (nu-
clear grooves and clear chromatin pattern) can be seen. The
ADC value for this microcarcinoma was 2.63 · 10 - 3 mm2/s.

Discussion

Noninvasive assessment of tumor aggressiveness in PTCs
before surgery has the potential to dramatically improve

FIG. 4. Images from a repre-
sentative PTC patient with ETE
(female, 47 years old). (a) T1-
weighted MR image. (b) T2-
weighted MR image. (c) DW-
MR image (b = 500 s/mm2). The
area outlined in red is the region
of PTC, and the area outlined
in green is the region with nor-
mal thyroid tissue. (d) ADC
map overlaid on DW-MR image
(b = 0 s/mm2). (e) Histopatholo-
gical hematoxylin and eosin
(H&E) image of a PTC with
features of a tall cell variant
(total magnification, 10 · ).
(f) Histopathological H&E
image of a PTC showing ETE
(total magnification, 4 · ). The
ADC value for the PTC (tumor
size on pathology was 25 mm)
was lower than that for nor-
mal thyroid tissue (1.65 –
0.18 · 10 - 3 mm2/s vs. 2.45 –
0.22 · 10 - 3 mm2/s).

FIG. 3. ROC curve to discriminate PTCs with and without
features of ETE using ADC (the green curve) and nADC
(the magenta curve).
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preoperative risk stratification in PTC patients. The preliminary
results in this prospective pilot study indicate that ADC values
derived from DW-MRI data have the potential to stratify PTCs
based on ETE. The findings show that PTCs with ETE had
significantly lower ADC values than those without ETE (1.53 –

0.25 · 10- 3 mm2/s vs. 2.37 – 0.67 · 10 - 3 mm2/s; p < 0.005).
The cutoff value of ADC to stratify PTCs into tumor groups
with and without ETE was 1.85 · 10- 3 mm2/s.

In the present study, we correlated ADC values with dif-
ferent features of tumor aggressiveness. Only the ETE feature

FIG. 5. Images from a
representative patient without
ETE (female, 34 years old).
(a) A T1-weighted MR im-
age. (b) A T2-weighted MR
image. (c) A DW-MR image
(b = 500 s/mm2). The area
outlined in red is the region
of PTC, and the area outlined
in green is the region
with normal thyroid tissue.
(d) ADC map overlaid on
DW-MR image (b = 0 s/
mm2). (e) Histopathological
H&E image of a classical
PTC (total magnification,
10 · ). (f) Histopathological
H&E image of a classical
PTC (total magnification,
20 · ). The ADC value for the
PTC (tumor size on pathol-
ogy was 20 mm) was higher
than that for normal thyroid
tissue (2.34 – 0.53 · 10 - 3

mm2/s vs. 2.25 – 0.52 ·
10 - 3 mm2/s).

FIG. 6. Histopathological H&E
images of a papillary micro-
carcinoma (note the paler staining
pattern of neoplastic cells) at (a) a
total magnification of 40 · and
(b) a total magnification of 100 · .
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was found to be significant. ETE is defined as extension of the
primary tumor outside of the thyroid capsule with invasion
into the surrounding structures (35). Gross ETE has been
identified as carrying a higher risk for local recurrence
(36,37) and is used in several staging systems, including
TNM (tumor, node, and metastasis) (38), AGES (age, grade,
ETE, and size) (39), AMES (age, metastasis, ETE, and size)
(40), and MACIS (metastasis, age, completeness of resection,
invasion, and size) (41). Since an active surveillance man-
agement approach or an initial surgery less than a total thy-
roidectomy are best reserved for patients with intrathyroidal
PTC, the ability to predict the presence of ETE using diffu-
sion weighted MRI will allow the clinician to identify pa-
tients that are likely to benefit from more aggressive initial
therapy and therefore have a significant impact on clinical
management, particularly in low risk thyroid cancers.

In general, tumors with higher degrees of aggressiveness
are characterized by increased cell attenuation, enlarged
nuclei, hyperchromatism, and more barriers to diffusion
(42). These histopathological characteristics reduce the
extracellular dimension that leads to a decrease in ADC
values. Although there is no similar study in thyroid can-
cers, our results are consistent with studies that evaluated
tumor aggressiveness in other types of cancers, such as
prostate and rectal cancers. For example, Oto et al. revealed
that in prostate cancer, ADC values showed a negative
correlation with Gleason score (16), In prostate cancer
higher Gleason score tumors are more aggressive. Curvo-
Semedo et al. also found that in rectal cancer, there was a
significant negative correlation between ADC values and
the tumor differentiation grade at histology (19). Lawrence
et al. showed that the ADC parameters of median and 10th
and 25th percentiles had a statistically significant difference
between tumors with and those without extracapsular ex-
tension (ECE) ( p < 0.05)(43). Chong et al. also found that
the mean tumor ADC values were significantly lower in
prostate cancer patients with ECE than patients without
ECE ( p < 0.001) (44). Therefore, DW-MRI has begun to
show its utility in assessing site-specific risk of extra-
capsular extension in prostate cancers.

Razek et al. reported that malignant thyroid nodules had
lower ADC values than benign thyroid nodules (24). It differs
from the present study as they had a mixed patient population
that included both PTCs and follicular carcinomas and the
study was carried out at 1.5T MRI. In our study it is inter-
esting to notice that no significant difference was found be-
tween normal thyroid tissues and PTCs and even more
interesting that PTCs without aggressive features had sig-
nificantly higher ADC values than normal thyroid tissues. A
possible explanation is that PTCs without aggressive features
have greater number and size of colloid filled spaces than
normal thyroid tissues. The abundant extracellular fluid leads
to an increased capacity for water diffusion and therefore,
increased ADC values. Comparatively, normal thyroid tissue
has only small follicles, usually filled with colloid depending
on the functional activity of the gland. The diffusion capacity
in normal thyroid tissue is influenced by high cell attenuation,
which results in restricted motion of water molecules and low
ADC values. Schueller et al. also found similar results with
thyroid carcinomas, for which the ADC values (2.43–3.037 ·
10 - 3 mm2/s) were significantly higher than those for normal
thyroid tissue (1.253–1.602 · 10 - 3 mm2/s) (25). Another

consideration is that our sample size was too small to accu-
rately evaluate the impact of the other high risk features such
as vascular invasion and distant metastases. DW-MRI data
acquired with an EPI sequence has inherent drawbacks, such
as susceptibility, chemical shift, and Nyquist (N/2) ghosting
artifacts. In our study, we took several strategies to reduce
these artifacts by using parallel imaging, fat suppression,
calibration scan, and shimming. Another important issue
when acquiring the DW-MRI data was the b value setting.
Data acquired at high b value can more exclusively reflect the
effect of diffusion but could exacerbate the artifacts. Data
acquired at low b value ( < 200 s/mm2) has relatively better
image quality than data acquired at high b value but could be
influenced by perfusion. The b value of 500 s/mm2 was
used in our study to acquire DW-MR images with sufficient
diffusion weighting and image quality. The b values used
by other investigators (24,25,27,45) were in the range of
128*1000 s/mm2.

From a clinical perspective, this pilot study suggests that
DW-MRI could have clinical relevance in providing addi-
tional risk stratification information for small thyroid cancers
that appear to be confined to the thyroid based on standard
preoperative ultrasound and clinical evaluations. For exam-
ple, the ADC value identified three papillary carcinomas with
minor extrathyroidal extension that would have otherwise
been acceptable candidates for an observational management
approach. From a technical standpoint, multiparametric MRI
including DW-MRI can be performed in 30 minutes or less
using standard MRI equipment with appropriate region of
interest and statistical analyses. If these observations are
validated in larger prospective trials, it is likely that DW-MRI
could provide information that could augment the standard
preoperative ultrasound evaluation when patients are being
considered for an observational management approach rather
than immediate surgical resection.

The purpose of this study was to evaluate whether DW-
MRI before surgery can be used as a potential routine tool to
stratify patients with PTC into two groups—one group has
aggressive tumor features waiting for surgery, and another
group has no aggressive tumor features—who are suitable
candidates for active surveillance. MRI is a noninvasive
imaging method with advantages of anatomical and func-
tional characterization without any ionizing radiation. With
advancement of technique, MRI is currently commonly
available in many institutions worldwide with easy and fast
clinical setup. Therefore, MRI may be a good option for PTC
patients being considered for active surveillance treatment
approach.

There are a few limitations in this study. Firstly, this study
is a feasibility study and thereby has a small number of PTC
patients. A larger cohort of patients is necessary to confirm
our initial findings. Secondly, SS-EPI–based DW-MRI data
suffers from susceptibility artifacts at the region of the head
and neck, especially at high magnetic field (3T). Alternative
techniques, such as multiple-shot fast spin echo DW-MRI
(46) and DW-MRI with line scan data acquisition (47), can
reduce this artifact. However, clinically, SS-EPI–based DW-
MRI is the most commonly used technique worldwide (42).
Finally, we do not have clinical or follow up data on the
potentially eligible subjects that chose not to participate and
therefore cannot exclude an unknown selection bias that
could have influenced our results.
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In conclusion, this study demonstrates that ADC values
derived from DW-MRI before surgery have the potential to
stratify patients based on ETE in PTCs. The experimental
results show that there was a significant tendency toward
lower ADC values in PTCs with ETE. The results suggest
that ADC may be a surrogate imaging biomarker that can
guide critical initial management recommendations for pa-
tients with PTCs.
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