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Abstract
Objectives To compare the correlation of depth of invasion (DOI) measured on multiple magnetic resonance imaging (MRI)
sequences and pathological DOI, in order to determine the optimal MRI sequence for measurement.
Methods A total of 122 oral tongue squamous cell carcinoma (OTSCC) patients were retrospectively analyzed, who had received
preoperative MRI and surgical resection. DOIs measured on fat-suppressed T2-weighted imaging (T2WI), diffusion-weighted
imaging (DWI), dynamic enhanced-T1 high-resolution insotropic volume examination (e-THRIVE), and contrast-enhanced fat-
suppressed T1WI (CE-T1WI) were respectively compared to those measured in pathologic specimens. The cutoff value of the
best correlated MRI sequence was determined, and the T staging accuracy of MRI-derived DOI was evaluated.
Results DOI derived from e-THRIVE showed the best correlation (r = 0.936, p < 0.001) with pathological DOI. The area under
the curve values of MRI-derived DOI distinguishing T1 stage from T2 stage and distinguishing T2 stage from T3 stage were
0.969 and 0.974, respectively. The T staging criteria of MRI-derived DOI were 6.2 mm and 11.4 mm, with a staging accuracy of
86.9% compared to pathological DOI criteria of 5 mm and 10 mm.
Conclusion E-THRIVEwas the optimal MR sequence to measure the MR-derived DOI, and DOI derived from e-THRIVE could
serve as a potential cut-off value as a clinical T staging indicator of OTSCC.
Key Points
•Multiparametric MRI helps radiologists to assess the neoplasm invasion in patients with oral tongue squamous cell carcinoma.
• Retrospective study indicated that measurement was most accurate on enhanced-T1 high-resolution insotropic volume exam-
ination dynamic contrast enhancement images.

• T staging of oral tongue squamous cell carcinoma was accurate according to the dynamic contrast enhancement MRI-derived
depth of invasion.
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Abbreviations
ADC Apparent dispersion coefficient
AJCC American Joint Committee on Cancer
AUC Area under the ROC curve
CE Contrast enhanced
DOI Depth of invasion
DWI Diffusion-weighted images
e-THRIVE Enhanced-T1 high-resolution insotropic vol-

ume examination
ICC Intraclass correlation coefficient
MRI Magnetic resonance imaging
OTSCC Oral tongue squamous cell carcinoma
ROC Receiver operation characteristic
T2WI T2-weighted imaging
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Introduction

Oral cavity squamous cell carcinoma, the eighth most com-
mon cancer worldwide, mostly occurs in the anterior 2/3 of the
tongue [1, 2]. Oral tongue squamous cell carcinoma (OTSCC)
has a relatively unfavorable prognosis due to the presence of a
well-developed lympho-vascular system and lack of a strong
barrier for preventing tumor propagation [3]. Therefore, sur-
gery of OTSCC requires assessment of the tumor margin and
relatively wide local excision to reduce recurrence.

Depth of invasion (DOI), defined as the distance from the
reconstructed mucosal surface or basement membrane to the
deepest level of invasion, is essential for obtaining sufficiently
deep cancer-free margins. Previous studies indicated that DOI
was an important independent prognostic factor for lymph
node metastasis and survival in patients with oral cancer
[4–7]. According to the eighth edition of the American Joint
Committee on Cancer (AJCC) staging manual, histopatholog-
ical DOI of oral cancer greater than 5 mm and 10 mm was
recommended as the golden standard threshold for T staging
[8]. As a result, T staging of cancer and treatment options
would be changed due to millimeter-scale errors in evaluation
of DOI.

Due to its excellent soft tissue resolution, magnetic reso-
nance imaging (MRI) is widely applied in the assessment of
clinical DOI of OTSCC [9–17]. However, MRI-derived DOI
was statistically larger than histopathological DOI [9, 13–15]
due to peritumor edema or inflammation, which might lead to
overestimated clinical T staging. Consensus has not been
reached on which MRI sequence was suitable for DOI mea-
surement. Some researchers suggested that the T2-weighted
imaging (T2WI) was better for the measurements of DOI [9,
18], while others performed the measurement on contrast en-
hanced T1WI (CE-T1WI) [11–13]. Moreover, with the rapid
development of technologies, MRI sequences such as dynam-
ic contrast-enhanced sequences or diffusion-weighted imag-
ing (DWI) were applied [11, 12]. However, the abilities of
different MRI sequences on measurement of DOI were rarely
reported. Therefore, the current study aimed to evaluate and
compare the accuracy of multiple MRI sequences in estimat-
ing DOI of OTSCC, in order to determine the optimal se-
quence for clinical DOI evaluation. The best cutoff value, or
MRI-based T staging criteria, was also determined to establish
clinical applicable T staging of OTSCC.

Methods and materials

The study was approved by the institutional review board of
our institute and the informed consent was waived for using
MRI images and pathological data of the patients. A retrospec-
tive analysis was performed on patients who underwent cura-
tive surgery for newly diagnosed OTSCC at our institution

from January 2016 to December 2019. Inclusion criteria were
(1) patients with OTSCC who underwent MRI examinations
within 2 weeks before surgery and (2) the lesions were path-
ological confirmed as OTSCC and pathological DOI was
measured. Exclusion criteria were as follows: (1) patients
had other head and neck tumors previously; (2) patients who
had received any treatment (including biopsy, surgery, radio-
therapy, or chemotherapy) for tongue cancer; and (3) poor
MRI quality due to various factors such as the movement or
the presence of artificial implants.

MRI examinations were performed on a 3.0-T MRI scan-
ner (Ingenia, Philips Medical Systems) with a 16-channel
head and neck coil. The MRI sequences included axial
T1WI, axial T2WI and coronal T2WI, DWI, dynamic
contrast-enhanced sequence (enhanced-T1 high resolution
insotropic volume examination [e-THRIVE]), and axial and
coronal CE-T1WI. Spectral presaturation with inversion re-
covery was applied in the fat-suppressed sequences. During
DWI, a single-shot echo sequence was used to collect images
with b values of 0 s/mm2 and 800 s/mm2. After injection of the
Gadopentetate dimeglumine (Gd-DPTA) (Magnevist, Bayer
Schering Pharma AG), e-THRIVE and CE-T1WI were ob-
tained. The contrast agent was injected by automatic syringe
with a dosage of 0.1 mmol/kg at the injection rate of 3 mL/s.
The e-THRIVE was repeated eight times (30 s for each scan-
ning time) on the axial plane after the end of contrast medium
injection, with a total scanning time of 240 s. Detail parame-
ters of each sequence are shown in Table 1.

All MRI-derived DOIs were independently measured by
two experienced head and neck radiologists (W.T. with 7
years of experience and Y.Y. with 10 years of experience).
The largest section of tumor on axial images was selected for
measurement. Two parallel lines were drawn on the mucosa
surface and the deepest point of the tumor, respectively, and
then the distance between the two parallel lines was measured
as the sequence specific DOI (Fig. 1). For exogenous tumors,
the part above the mucosal surface was neglected, and for
ulcerative tumors, the invaginated part was added [9]. The
measurement of each sequence was performed on fat-
suppressed T2WI, DWI, e-THRIVE, and fat-suppressed CE-
T1WI, respectively (Fig. 1). All radiologists were blinded to
clinical and pathological data. DOIs derived from DWI and e-
THRIVE were measured on the apparent dispersion coeffi-
cient (ADC) maps and the early post-contrast images (60 s
after injection), respectively.

The intraclass correlation coefficient (ICC) based on a two-
way random effect model was applied to evaluate the inter-
rater reliability of MRI based measurements. The MRI-
derived DOIs on each sequence were compared with patho-
logical DOI by paired t-test, and the correlations of MRI-
derived DOI with pathological DOI were evaluated by
Pearson’s correlation coefficient. The sequence with the best
correlation was selected for further receiver operation
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characteristic (ROC) curve analysis. The staging accuracywas
assessed by ROC analysis with the area under the curve
(AUC) value, and the optimal cutoff values for MRI-based

clinical T staging were determined. SPSS version 21.0 was
used for all statistical analyses, and a two-paired p < 0.05 was
considered to be of statistical significance.

Table 1 Parameters of MRI
sequences Sequence T1WI T2WI T2WI DWI e-

THRIVE
CE-
T1WI

CE-
T1WI

Plane Axial Axial Coronal Axial Axial Axial Coronal

TR (ms) 615 3200 3000 2255 5.5 580 590

TE (ms) 18 85 80 65 1.7 15 16

Thickness/gap
(mm)

3/0.3 3/0.3 4/0.4 3/0.3 3/0 3/0.3 4/0.4

Slices 32 32 24 18 18 32 24

Matrix 300 × 200 300 × 200 368 × 210 88 × 100 300 × 200 300 × 200 300 × 200

FOV (cm) 24 × 20 24 × 20 22 × 20 24 × 20 24 × 20 24 × 20 22 × 20

NSA 1.5 2 2 5 1 1.5 1.5

Fat suppression No Both No Yes Yes Both Yes

Abbreviations: TR repetition time, TE echo time, T1WI T1-weighted imaging, T2WI T2-weighted imaging, DWI
diffusion-weighted imaging, e-THRIVE enhanced-T1 high-resolution insotropic volume examination, CE con-
trast-enhanced, NSA number of signal averages

Fig. 1 A 55-year-old male with
OTSCC in the right border of
tongue. The pathological DOI
was 7.0 mm. The DOIs measured
on T2WI, DWI, e-THRIVE, and
CET1WIwere 15.0 mm, 8.1 mm,
8.6 mm, and 15.6 mm,
respectively. a The schematic
diagram of DOI measurement on
T2WI. bOn ADCmap, the tumor
showed hypointensity (white star)
and edema showed hyperintensity
(black star). c The tumor showed
significant enhancement on the
e-THRIVE. The margin of tumor
was well-defined (black arrow).
d Both tumor and perilesional
edema showed hyperintensity on
contrast-enhanced T1WI

256 Eur Radiol  (2022) 32:254–261



Results

A total of 122 patients fulfilled the inclusion and exclusion
criteria, including 64% (78/122) of males and 46% (44/122) of
females. The ages of included cases ranged from 28 to 76
years (median age: 62 years). The surgical margin was proved
to be negative in all cases. Based on the eighth edition of the
AJCC staging, 30.3% (37/122), 36.1% (44/122), and 33.6%
(41/122) of cases were respectively classified as pathological
T1 stage, T2 stage, and T3 stage. The border of the tongue was
the most common tumor site, accounting for 77.9% (95/122)
of the tumors, followed by ventral and dorsal surfaces, ac-
counting for 19.6% (25/122) and 2.5% (3/122) of the tumors,
respectively. For morphological type, most tumors (83.6%,
102/122) were presented as endophytic mass on MR images,
with the remaining tumors presenting as exogenous type
(9.8%, 12/122) and ulcerative type (6.6%, 8/122).

The tumor and the peritumoral inflammation can be distin-
guished on DWI and e-THRIVE (Fig. 1). The inter-rater re-
producibility of DOI measured on T2WI (ICC = 0.902, p <
0.001), DWI (ICC = 0.899, p < 0.001), e-THRIVE (ICC =
0.913, p < 0.001), and CE-T1WI (ICC = 0.921, p < 0.001)
were all excellent. The DOIs measured on T2WI, DWI, e-
THRIVE, and CE-T1WI were 12.67 ± 6.71 mm (mean ±
standard deviation [SD]), 10.98 ± 6.24 mm, 11.12 ±
6.76 mm and 12.55 ± 6.73 mm, respectively, which were all
statistically larger than pathological DOIs (9.33 ± 5.61mm) (p
< 0.001). DOIs measured in T2WI, DWI, e-THRIVE, and
CE-T1WI were smaller than pathological DOIs in 6.6%
(8/122), 13.1% (16/122), 5.7% (7/122), and 4.0% (6/122) of
the cases, respectively. Measurement on DWI was unsuccess-
ful in five T1 stage tumors due to artifacts.

Pearson’s coefficient of MRI-derived DOI and pathologi-
cal DOI is shown in Table 2 and Fig. 2. E-THRIVE-derived
DOI showed the highest Pearson’s coefficient (r = 0.936, p <

0.001), followed by DWI-derived DOI (r = 0.920, p < 0.001).
The subgroup analysis stratified by pathological T staging and
morphology of tumor also indicated that Pearson’s coeffi-
cients of e-THRIVE-derived DOI and pathological DOI were
the highest, which ranged from 0.801 to 0.947 (Table 2). The
subgroup correlation results are listed in Table 2. The area
under the ROC curve (AUC) of distinguishing T1/T2 stage
and distinguishing T2/T3 stage was 0.969 and 0.974, respec-
tively (Fig. 3). According to the ROC curve, the e-THRIVE-
derived DOI value of 6.2 mm and 11.4 mm can serve as the
cutoff value for T staging of OTSCC (T1: DOI ≤ 6.2, T2: 6.2
mm < DOI ≤ 11.4 mm, T3: DOI > 11.4 mm). This e-
THRIVE-derived T staging system successfully classified
86.9% (106/122) of the patients when compared to patholog-
ical DOI, with 9.0% (11/122) of cases overestimated and 4.1%
(5/122) underestimated (Kendall’s tau-b = 0.87, p < 0.001)
(Table 3).

Discussion

The eighth edition of the AJCC staging manual added histo-
pathological DOI cutoff values of ≤ 5 mm, > 5 mm but ≤ 10
mm, and > 10 mm as a new staging criterion to the T stage of
oral cancer [8]. Therefore, T staging of OTSCC would be
changed by even millimeter errors of DOI. Although accurate
radiological measurements of DOI can help a surgeon choose
the proper therapeutic planning, there was no radiological
criteria established for determining it.

In this study, four kinds of MR sequences were applied in
the measurement of DOI. We found significant correlation
betweenMRI-derived DOI on each sequence and pathological
DOI, the partial results of which are consistent with previous
studies [11, 13, 17]. Although correlations are interesting, a
factor warranting greater attention is that MRI-derived DOI

Table 2 The Pearson’s
coefficient of MRI-derived DOI
and pathological DOI

Pearson’s coefficient (p)

T2WI DWI e-THRIVE CE T1WI

Overall 0.885 (< 0.001) 0.920 (< 0.001) 0.936 (< 0.001) 0.890 (< 0.001)

Pathological T stage

Early stage (T1–T2) 0.641 (< 0.001) 0.700 (< 0.001) 0.801 (< 0.001) 0.649 (< 0.001)

Advanced stage (T3) 0.838 (< 0.001) 0.895 (< 0.001) 0.877 (< 0.001) 0.857 (< 0.001)

Morphology

Endophytic 0.887 (< 0.001) 0.926 (< 0.001) 0.942 (< 0.001) 0.888 (< 0.001)

Exophytic 0.911 (< 0.001) 0.936 (< 0.001) 0.947 (< 0.001) 0.940 (< 0.001)

Ulcerated 0.825 (= 0.008) 0.830 (= 0.006) 0.846 (= 0.006) 0.806 (= 0.005)

Abbreviations: T1WI T1-weighted imaging, T2WI T2-weighted imaging, DWI diffusion-weighted imaging, e-
THRIVE enhanced-T1 high-resolution insotropic volume examination, CE contrast-enhanced
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was significantly larger than histopathological DOI, which led
to the overestimating of T stages [12, 13]. In addition, the
exact value of the difference was not in consensus, which
was up to 3.5 mm [9]. A similar difference was also found
in the present study. Therefore, we should first consider the
difference between MRI-derived DOI and histopathological
DOI in order to make the prediction of T staging more
accurate.

Two possible explanations were proposed for the larger
size of MRI-derived DOI. One is the shrinkage of soft tissue
during formalin fixation. It has been reported that the shrink-
age ranged from 14.9 to 23.9% of oral cavity tissues [19]. The
scale in microscopes is usually adjusted according to the sup-
posed shrinkage effect. The other factor is peritumoral edema
and reactive inflammation providing the overestimation of the
MRI-derived DOI. However, some forms of chronic

Table 3 Accuracy of clinical T
staging based on e-THRIVE-
derived DOI

e-THRIVE-derived DOI Pathological DOI Total

≤ 5 mm (T1) 5 mm < DOI ≤ 10 mm (T2) > 10 mm (T3)

≤ 6.2 mm (T1) 30 2 0 32

6.2 mm < DOI ≤ 11.4 mm (T2) 7 38 3 48

> 11.4 mm (T3) 0 4 38 42

Total 37 44 41 122

Abbreviations: e-THRIVE enhanced-T1 high-resolution insotropic volume examination, DOI depth of invasion

Fig. 2 Correlation between each MRI sequence based DOI and pathological DOI. a T2WI. b DWI. c E-THRIVE. d CE T1WI
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inflammatory, reactive conditions of the oral cavity are nearly
indistinguishable from the malignant tumors, both clinically
and radiologically [20]. The tumor and the peritumoral inflam-
mation were shown to have similar signal intensity on T1WI
or T2WI [21]. However, there was disagreement on avoiding
this factor, which mainly focused on the choice of MR se-
quence. Some researchers thought that T2WI was better for
measurement than T1WI [9, 18]; others had the opposite view
[13]. Baba et al [16] reported that the measurement of CE-
T1WI-derived DOI was slightly more accurate than that of
T2WI-derived DOI for a better correlation between CE-
T1WI-derived DOI and histopathological DOI. Another point
of view was that optimal MR sequence differed for each pa-
tient [14, 15]. In this study, we found that measurement of
DOI on e-THRIVE was the most accurate, followed by that
on DWI. Accuracy of measurement on T2WI and CE-T1WI
were similar, but both were lower than that on e-THRIVE and
DWI.

It has a nearly linear relationship between contrast concen-
tration and signal intensity on dynamic contrast-enhanced se-
quence, which are commonly used in the diagnosis of head
and neck lesions [22–24]. Compared to CE-T1WI, measure-
ments on e-THRIVE are not significantly influenced by the
partial volume effect for a fast T1 gradient-echo sequence
routinely used in a three-dimensional mode. In addition, due
to the fact that the signal of a malignant tumor rises faster than
that of a benign lesion and 59.58 s was the average time when
signal intensity of malignant tumor reached the peak [24], it is
possible to avoid the error of DOI related to the peritumoral
edema and reactive inflammation by performing measure-
ments at early post-contrast images (< 60 s) [12, 24]. We did
not measure the DOI on other phase dynamic sequence except
for the early phase, since previous study indicated that

morphology of lesions was similar on the later phase dynamic
sequences [25], in which peritumoral edema or inflammation
might not be distinguished from tumor [12]. To our knowl-
edge, Vidiri et al first applied a similar sequence in the mea-
surement of DOI [12]. Their study showed high agreement
between MRI-derived DOI and pathological DOI. However,
their study sample was small, and the accuracy of measure-
ments on early T stage OTSCC was not fully discussed.
Furthermore, other MR sequences were not included for com-
parison of the accuracy. Our study indicated that e-THRIVE-
derived DOI had the highest correlation with pathological
DOI. According to the ROC curve, 6.2 mm and 11.4mmwere
the probable cutoff values for the MR staging criteria. With
these cutoff values as the diagnostic criteria, the accuracy of
MRI in T stage of OTSCC was 86.9% compared with pathol-
ogy. Although the correlation between e-THRIVE-derived
DOI and pathological DOI was reduced to 0.801 in patients
with an early T stage (T1 or T2) lesion, it was still highest
compared with other sequences. It should be noted that mea-
surements at early post-contrast images might underestimate
pathological DOI in some lesions with diffused margin [25].
Our study showed that only 5.7% (7/122) of e-THRIVE-
derived DOI was smaller than pathological DOI, which indi-
cated that measurement on e-THRIVE was accurate.

DWI is another functional MR sequence that is commonly
used in the diagnosis of head and neck tumors. DWI has great
ability to distinguish between tumor and peritumoral inflam-
mation [26] and is helpful in staging bladder tumors [27]. To
our knowledge, this is the first study that applied DWI at the
stage of OTSCC. Results of our study showed that DWI-
derived DOI was also correlated with pathological DOI.
Compared with e-THRIVE, the advantage of DWI is that it
can be performed without administering a contrast agent,

Fig. 3 ROCs for the differentiating performance of e-THRIVE-derived DOI among the defined groups of OTSCC based on the eighth edition of the
AJCC staging. a T1 stage vs. T2 stage. b T2 stage vs. T3 stage
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which means lower cost, faster scanning time, and a decreased
risk of complications. One concern is that even with the use of
improved echo-planar imaging technology, dedicated coils,
and dedicated sequence optimization, a 4.1% (5/122) failure
rate of measurement on DWI still existed in the current study.
Two possible reasons for this were assumed after a review of
all the failed cases. One is the size of the lesions, because
pathological DOI of all failed cases was smaller than 5 mm.
The other is metal- or motion-related artifact generation,
which affected imaging quality. Barring these reasons, our
study still indicated that DWI is the first choice for measure-
ment in the cases without administration of a contrast agent.

To measure the DOI accurately, it is important to develop
the optimal parameters of theMR sequence.Mao et al [9] used
1-mm thin-slice scanning in their measurements, which im-
proved the space resolution ratio of MRI. However, thinner-
slice MR scanning was useless in the improvement of soft
tissue resolution. In addition, more scanning time was needed
to achieve 1-mm thin-slice scanning, which may lead to more
motion-related artifacts. Therefore, to balance the image qual-
ity and spatial resolution, 3-mm slice scanning was performed
in this study.

There were some limitations to this study. Potential bias in
the interpretations of images cannot be entirely excluded be-
cause two readers reviewed all MR sequences. With that in
mind, precautions were taken to minimize the effects of dou-
ble reading. Moreover, the study results suggest that measure-
ment on e-THRIVE or DWI was not biased by other se-
quences for signal intensity of the same lesions performing
differently on each sequence (Fig. 1). The correlation between
the DOI and the status of the lymph nodes at diagnosis and
between the DOI and loco-regional recurrence at the follow-
up was not evaluated in this study. These correlations and
further studies are currently in progress.

In conclusion, this study indicated the highest correlation be-
tween the e-THRIVE-derived DOI and the pathological DOI.
For MRI-derived DOI, measurement on the early e-THRIVE
was the optimized method in the T staging of OTSCC. The
ROC curve in this study revealed that MRI-measured depths of
invasion of 6.2 mm and 11.4 mmwere used as staging criteria of
OTSCC, with a diagnostic accuracy of 86.9%.
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