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Abstract

Objectives To evaluate the diagnostic value and reproducibility of T2 mapping versus apparent diffusion coefficients (ADC) for
identifying malignant lymph nodes in patients with non-mucinous rectal adenocarcinoma.

Methods High-resolution magnetic resonance imaging, diffusion-weighted imaging, and T2 mapping were performed on pa-
tients with suspected metastatic lymph nodes in the mesorectum or around the superior rectal artery with a short-axis diameter of
4—10 mm. The T2 and ADC values of pathology-confirmed metastatic versus non-metastatic lymph nodes were compared using
the independent-samples ¢ test and receiver operating characteristic curves. Intra- and inter-observer reproducibility were tested.
The cutoff value for T2 relaxation time was determined.

Results In total, 67 lymph nodes underwent histological analysis, with 24 in the non-metastatic and 43 in the metastatic groups.
Intra- and inter-observer agreements for T2 values were 0.999 and 0.998, respectively, which were higher than the ADC values of
0.924 and 0.844, respectively. The mean T2 and ADC values for metastatic lymph nodes (65 + 7.8 ms and 1.17 +0.16 x 10~
mm?/s, respectively) were significantly lower than for benign lymph nodes(83 + 5.7 ms and 1.29 + 0.15 x 107> mm?s,
respectively). T2 values had a higher AUC value of 0.990 than the AUC value for ADC of 0.729. With a cutoff value of 77
ms, sensitivity and specificity for T2 values were 95% and 96%, respectively.

Conclusions T2 mapping had higher diagnostic efficacy and reproducibility than ADC and may be useful in differentiating
metastatic from non-metastatic lymph nodes in rectal cancer.

Key Points

* Mean T2 values were significantly shorter for malignant versus benign LNs in patients with non-mucinous rectal adenocarcinoma.
* The diagnostic efficacy and reproducibility of T2 values were excellent and superior to ADC values.
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Introduction

Since neoadjuvant chemoradiotherapy (CRT) followed by rad-
ical total mesorectal excision (TME) has become the standard
of care for patients with locally advanced rectal cancer [1],
accurate identification of lymph node (LN) involvement has
become crucial for prognostic and therapeutic decision-
making [2]. Unfortunately, preoperative characterization of
metastatic lymph node involvement remains extremely chal-
lenging for radiologists. Currently, high-resolution magnetic
resonance imaging (MRI) is most commonly used for assess-
ments of lymph node status. While the size and morphology of
lymph nodes determined on conventional MR images are often
used to evaluate the extent of malignant disease, this imaging
modality does not have a satisfactory sensitivity nor specificity
for these evaluations because malignant disease may be present
even in very small nodes. In addition, identifying tumor-related
morphological features, including capsular invasion, central ne-
crosis, and chemical shift effects, is often dependent on the
subjective judgments of different radiologists [3—5].

MRI is considered to be an accurate test to define locoregional
clinical staging of rectal cancer [6]. Diffusion-weighted imaging
(DWI), an important functional imaging modality widely used in
preoperative staging of rectal cancer, can be helpful for differen-
tiation of LN status [7]. Although most studies have reported
significantly higher apparent diffusion coefficients (ADC) for
benign nodes than for malignant nodes [8—10], malignant and
benign nodes have also been reported to have significant overlap
in ADC values [11]. Therefore, a more objective and accurate
quantitative method needs to be identified for distinguishing be-
nign from malignant lymph nodes.

Among all MRI sequences, T2-weighted images are con-
sidered to be the most effective at demonstrating the detailed
microstructure and internal morphology of normal lymph
nodes [12], often enabling identification of small nodes mea-
suring only 2—5 mm [5]. Schnall et al [13] have suggested that
a low nodal signal intensity on T2-weighted images may be a
predictor of tumor involvement. Other studies [5, 14] have
reported that nodes with mixed signal intensities are likely to
contain areas of necrosis or extracellular mucin corresponding
to metastatic adenocarcinomas. While studies have indicated
that low or heterogeneous signals may be associated with
tumor involvement, identification of these findings can be
subjective and can vary greatly depending on the tissue type.
T2-weighted images demonstrate the relative, but not the ab-
solute, T2 signal intensity of the tissue. If quantitative T2
values of lymph nodes can be accurately measured, these
values may be helpful for distinguishing benign from malig-
nant lymph nodes.

T2 mapping is a quantitative MRI technique used to mea-
sure altered water binding related to physiological or patho-
logical macromolecular environmental changes. T2 mapping
is performed by acquiring images of the same slice at multiple
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echoes with pixel-by-pixel fitting of a T2 relaxation curve
[15]. Quantitative T2 relaxation times have been widely used
in evaluations of diseases of the cartilage and musculature
[16], myocardium [17], and nervous system [18]. T2 mapping
has also been used for differentiating pleomorphic adenomas
from Warthin’s tumors [19] and for distinguishing benign
from malignant breast lesions [20]. It has also been reported
that quantitative T2 values are suitable for distinguishing pros-
tate cancer from normal gland tissue or benign prostatic hy-
perplasia nodes [21].

Although previous studies have proven the utility and fea-
sibility of T2 mapping for evaluations of several tumor types,
few studies have investigated the utility of T2 mapping in
lymph node examinations. The aim of this study was to deter-
mine quantitative T2 values that could differentiate benign
from malignant lymph nodes in patients with non-mucinous
rectal adenocarcinoma, to compare them to corresponding
ADC values, and to evaluate their diagnostic efficacy and
reproducibility for the characterization of benign and malig-
nant lymph nodes.

Materials and methods
Patients

Our prospective study was approved by the Medical Ethics
Committee of our institution and conformed to the tenets of
the Declaration of Helsinki. Written informed consent was
obtained from all patients. Between November 2017 and
December 2019, 134 patients with biopsy-proven rectal ade-
nocarcinoma were identified. All patients underwent MRI ex-
amination with conventional sequences and DWI. Forty-one
patients who met the enrollment criteria but did not have suf-
ficient lymph nodes in the mesentery fascia or around the
superior rectal artery were excluded. T2 mapping scans of
selected lymph nodes were then performed on the remaining
93 patients. Among these patients, two were excluded because
of poor MRI quality, nine were excluded because they did not
undergo a scheduled curative surgery in our gastroenterology
department, four were excluded because they had a diagnosis
of mucinous adenocarcinoma, and 31 were excluded because
they were receiving neoadjuvant chemoradiotherapy. Thus,
our prospective study enrolled a total of 46 patients, including
25 males and 21 females with a mean age of 60.2 years (range
27-81 years) and 67 examined lymph nodes. The average
time between MRI examination and surgery was 5 days (range
1-10 days).

Imaging technique

A 3.0 Tesla MR system (750w; GE) with a 16-channel
phased-array body coil was used for image acquisition. All
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patients were scanned in the supine position with a feet-first
orientation. Patient rectal preparation involved fasting and
taking oral polyethylene glycol electrolyte solution 6-8 h be-
fore the examination. Unless contraindicated, 20 mg of
raceanisodamine hydrochloride (Minsheng Pharmaceutical
Group Co.) was slowly injected intramuscularly into the but-
tocks to prevent bowel peristalsis approximately 10—15 min
before the examination.

Axial, sagittal, and coronal high-resolution T2-weight-
ed and DWI images were obtained. When the tumor was
located, the location line was determined to be parallel to
the tumor, and the field of view (FOV) was expanded to
include the tumor and regional lymph nodes. For DWI,
the oblique axial planes were oriented orthogonal to the
tumor base on high-resolution T2-weighted images. FOV
settings were determined to include tumors and all mes-
enteric and fascial lymph nodes. For coronal T2 mapping,
the lymph nodes to be evaluated were determined by a
senior radiologist using the criteria for selection of lymph
nodes (see below). The parameters for all MRI protocols
are shown in Table 1.

Image measurements

Acquired images were transferred to a workstation (ADW 4.6
workplace; General Electric) where the ADC and T2 values
were calculated. A junior radiologist and a senior radiologist
(Z.W. and S.H., with 5 and 18 years of work experience, re-
spectively), who specialize in gastrointestinal tumors and were
blinded to the study design and diagnoses, performed the mea-
surements. The senior radiologist repeated the measurement 2
weeks later. For ADC determination, the region of interest
(ROI) was drawn freechand on DWI along the border of the
lymph node on the slice in which the lymph node showed the
greatest diameter in reference to the corresponding T2-
weighted image. For T2 values, the freehand ROI was drawn
along the border of the lymph node on the slice with the greatest
diameter in which the echo time (TE) was 64.6 ms in order to

provide a clearer contrast in reference to the corresponding
coronal T2-weighted image. Correspondingly, the T2 values
of the ROI were calculated on the color-coded T2 mapping.

Lymph node localization

When the high-resolution T2WIs were scanned, appropri-
ate lymph nodes were carefully identified on axial images
by a senior radiologist. The criteria for selection of lymph
nodes were as follows: (1) a short diameter of 4—10 mm,
(2) location in the mesentery fascia or around the superior
rectal artery, and (3) if there were multiple lymph nodes
that met the preceding two conditions, the lymph node
closest to the rectal tumor was selected. If the selected
lymph node was located in the mesenteric fascia, the fol-
lowing information was provided by the radiologist: num-
ber, location, orientation on a clock face, and short diam-
eter. If the selected lymph node was located around the
superior rectal artery, the radiologist provided information
about the side of the superior rectal artery (including the
left and right branches) in which the lymph node was lo-
cated, as well as its diameter. The short diameters of lymph
nodes were measured on axial T2-weighted images at the
workstation. Coronal T2 mapping position was identified
according to sagittal and axial images on T2WI on the MRI
scanner operation interface to ensure that the selected
lymph nodes and tumor were included in the scanning
field. Before TME, a surgeon with expertise in colorectal
cancer confirmed the selected nodal positions on the MR
images and the recorded information with the senior radi-
ologist. After the TME operation, the selected lymph nodes
were carefully identified and resected by the surgeon. The
lymph nodes were then fixed in a formalin solution for 48 h
and routinely stained with hematoxylin-eosin. They were
then categorized into either the metastatic or the non-
metastatic group by a pathologist who was blinded to the
MRI results.

Table 1 MR sequence parameters

Parameters T2WI DWI T2 mapping
Orientation Sagittal Axial Coronal Axial Coronal

Sequence Spin echo Spin echo Spin echo EPI Multiecho spin echo
TR (ms) 6222 5367 5367 3648 1500

TE (ms) 107 107 107 70 8.1-64.6 (» = 8.1 ms)
FOV (mm) 260 180 180 360 320-340

Slice thickness (mm) 4.0 3.0 3.0 5.0 3.0

b value (s/mm?) - - - 0, 800 -

No. of slices 20 30-37 30 21 19

Acquisition time (min:s) 3:50 3:10-3:50 2:36 1:03 4:03

DWI, diftusion-weighted imaging; FOV, field of view; TE, echo time; TR, repetition time; 72WI, T2-weighted images; EPI, echo planar images
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Statistical analyses

Statistical analyses were performed using Statistical Package
for the Social Sciences (SPSS, version 22.0, IBM) and
MedCalc Statistical Software (version 18.2). Intra- and inter-
observer agreements for T2 and ADC values were analyzed
by estimating the intraclass correlation coefficients (ICCs).
The ICC values were interpreted as follows: poor inter-rater
agreement < 0.40; fair = 0.40-0.59; good = 0.60-0.74; and
excellent = 0.75-1.00. Bland-Altman plots were also con-
structed, and the limits of agreement (LoAs) were estimated
from the plots. According to the results of the one-sample
Shapiro-Wilk test, continuous data were expressed as either
means + standard deviations (SDs) or medians with interquar-
tile ranges (IQRs). The independent-samples ¢ test and the
Mann-Whitney U test were used for comparisons of normally
and non-normally distributed data, respectively. Receiver op-
erating characteristic (ROC) curves were constructed for T2
and ADC values, and the DeLong test was used to compare
the differences between the two curves. Cutoff values were
determined, and the associated sensitivities and specificities
were calculated.

Results
Histopathologic findings

Sixty-seven lymph nodes were obtained from 46 patients.
Twenty-one patients had two lymph nodes resected, and 25
patients had one lymph node resected. Pathologic analysis
identified 24 non-metastatic lymph nodes and 43 metastatic
lymph nodes. The mean short-axis diameter of malignant LNs
(6.9 = 2.1 mm) was significantly longer than for benign LNs
(5.3 1.1 mm) (p <0.001).

Intra- and inter-observer agreement

Intraclass correlation coefficients (ICC) for T2 and ADC
values displayed excellent intra- and inter-observer agree-
ments (Table 2). For both intra- and inter-observer agree-
ments, T2 values had higher ICC values than ADC values.
Measured values for all included LNs are summarized in
Table 2. The Bland-Altman plots in Fig. 1 show that the points
in each plot tended to distribute around the mean difference
line, with fewer points outside of — 1.96 SD to + 1.96 SD of

the mean for T2 values than for ADC values. The first mea-
surements obtained by the senior radiologist were used in
further analyses because these T2 and ADC values had excel-
lent inter-observer agreements.

Diagnostic efficiency and comparison

The mean T2 values of metastatic lymph nodes (65 + 7.8 ms)
were significantly lower than for benign lymph nodes (83 +
5.7 ms) (p < 0.001), as shown in Table 3. The mean ADC
value for metastatic lymph nodes (1.17 £ 0.16 x 10> mm?/s)
was significantly lower than for benign lymph nodes (1.29 +
0.15 x 10> mm?/s) (p = 0.004), as shown in Table 3. T2 and
ADC values for metastatic and benign lymph nodes are shown
in Figs. 2 and 3, respectively. The area under the curve (AUC)
derived from the ROC curves of T2 values exhibited excellent
diagnostic performance (0.990) for discriminating metastatic
from non-metastatic LNs (Fig. 4). ADC values exhibited mod-
erate performance (0.729) for discriminating metastatic from
non-metastatic LNs. The two ROC curves showed a signifi-
cance level of p = 0.0001. When 77 ms was used as a T2
cutoff value, the sensitivity and specificity were 95% and
96%, respectively.

Discussion

Identifying metastatic LNs in patients with rectal cancer has
been a longstanding challenge for radiologists because of
size and morphology overlap between benign and malignant
LNs. Our study showed that T2 relaxation times of malignant
LNs were significantly lower than for benign LNs. The di-
agnostic efficacy and reproducibility of T2 values for the
identification of malignant lymph nodes were excellent and
superior to that of ADCs. Based on our study, a cutoff value
of 77 ms for T2 mapping is proposed to distinguish benign
from malignant LNs. To the best of our knowledge, our
study is the first to use T2 mapping to characterize malignant
and benign LNs in patients with non-mucinous rectal
adenocarcinoma.

Quantitative parameters of functional MRI provide useful
information about tissue microenvironment beyond morpho-
logical features, including dynamic contrast-enhanced (DCE)
imaging parameters [22], ADC values [9, 23], and intravoxel
incoherent motion (IVIM) parameters [24]. These parameters
have potential utility in identifying LN status, with AUCs

Table 2  Intra- and inter-observer agreement of T2 and ADC values for selected lymph nodes

Reader 1 (1st time) Reader 1 (2nd time) Reader 2 Intra-observer (95% CI) Inter-observer (95% CI)
T2 value (ms) 72+£11.2 71+£11.2 72 +10.9 0.999 (0.998-0.999) 0.998 (0.997-0.999)
ADC (x10~* mm?/s) 1.21+0.17 1.22+0.18 1.25+0.15 0.924 (0.876-0.952) 0.844 (0.747-0.904)
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Fig. 1 Bland-Altman plots of apparent diffusion coefficients (ADCs) and
T2 values for 67 lymph nodes with short-axis diameters between 4—10
mm. a Comparison of ADCs measured on both sides by the same ob-
server and (b) by two different observers. ¢ Comparison of T2 values

ranging from 0.743—-0.897. In our study, T2 mapping had an
even higher AUC value of 0.990 when calculating the abso-
lute T2 relaxation time of each lymph node.

Calculation of T2 relaxation time allows for a quantitative
evaluation of investigated structures. T2 relaxation time is
affected by many factors, including water content and interac-
tion with collagen fibers [25]. There are two states of water
molecules in lymph nodes, free water or bound water. T2
relaxation time prolongation is related to increases in tissue
water content, especially free water molecules. Several studies
have applied T2 mapping techniques to the differentiation of
malignant from benign tumors in organs. In the parotid gland,
malignant tumors show significantly shorter T2 relaxation
times than benign growths [19], with similar results found in
breast tumors [20]. Our study also demonstrated that T2 re-
laxation times of malignant LNs were significantly shorter
than inflammatory LNs. These malignant tumors likely exhib-
ited hypercellularity, which can reduce the extracellular space
and thus decrease the tissue free water. On the other hand,
quantitative T2 mapping in cases of myositis reveal higher
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measured on both sides by the same observer and (d) by two different
observers. X-axis is the difference in parametric values. Y-axis is the
mean value

T2 values (16), probably due to the increased amount of free
water in the muscle. Therefore, we speculate that inflammato-
ry LNs contain more free water, while metastatic LNs contain
more bound water. This difference may account for the longer
T2 relaxation times that were observed in inflammatory LNs
than in metastatic LNs.

T2 mapping, which has been shown to be a robust tech-
nology for measurements of myocardial T2 values using a
3.0 Tesla [26], can more clearly show the boundaries and
microstructures of LNs than DWI. Radiologists can draw
the ROI directly on the original T2 mapping images be-
cause of the higher resolution contrast, especially on the
map in which the TE is 64.6 ms. On the other hand, the
ROI for DWI must be drawn by reference to the corre-
sponding T2WI due to a lower resolution that cannot deter-
mine the boundaries of lymph nodes. Our results show that
observer consistency for DWI is not as accurate as for T2
mapping, which may largely be due to measurement errors.
In addition, ADC value determination is not as effective as
T2 values for the identification of LN status. These results

Table 3  Comparison of ADC and T2 values for non-metastatic and metastatic lymph nodes

Non-metastatic LNs (n = 24) Metastatic LNs (n = 43) p values
T2 values (ms) 83+5.6 65+7.8 0.000
ADC (x107> mm?/s) 129+0.15 1.17+0.16 0.004
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Fig. 2 A 56-year-old female patient with a suspected metastatic lymph
node from a primary rectal cancer. a Coronal, (b) axial, and (c) sagittal
views of T2-weighted imaging showing a lymph node with a 6-mm
diameter in the mesorectum at 7 o’clock. d The freehand ROI was drawn
on the image with a TE of 64.6 ms. e The T2 value of 62 ms was

may be explained, at least in part, by the fact that diffusion
limits can also be found in inflammatory LNs [11].

calculated correspondingly, which appears red on the color-coded image.
f On DWI image, the lymph node demonstrated a slightly higher signal,
(g) and the corresponding ADC value was 1.52 x 107> mm?/s. h
Metastatic adenocarcinoma was noted in this lymph node (hematoxylin-
eosin stain, original magnification x 40)

There are some important considerations to keep in mind
when evaluating the scanning positions of T2 mapping. First,

Fig. 3 A 36-year-old female patient with a suspected metastatic lymph
node from a primary rectal cancer. a Coronal, (b) axial, and (c) sagittal
views of T2-weighted imaging showing a lymph node with a 8-mm
diameter around the superior rectum artery. d The freehand ROI was
drawn on the image with a TE of 64.4 ms. e The T2 value of 83 ms

@ Springer

was calculated correspondingly, which appears on the blue-coded image.
f On the DWI image, the lymph node demonstrated an obviously high
signal, and (g) the corresponding ADC value was 1.24 x 10> mm?/s. h
Normal lymph cells and lymphoid follicle structures were found in this
lymph node (hematoxylin-eosin stain, original magnification x 40)
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Fig. 4 Receiver operating characteristic (ROC) curves for discriminating
metastatic from non-metastatic lymph nodes (LNs) for T2 (dashed line)
and ADC values (solid line). The area under the ROC curve (AUC) of the
T2 value was significantly higher than for the ADC value (AUC T2 value
=0.990, AUC ADC = 0.729, p = 0.0001)

the axial position may only cover one rectal region when the
slices are fixed. Second, the sagittal position is not conducive
to visually observe the lymph nodes located on the left or
right side of the rectum. Third, the coronal position may
allow more LN regions to be included in the scanning field.
In addition, the coronal position appears to be most consis-
tent with specimens that are removed after surgery and is
superior for allowing surgeons to isolate selected LNs. In
our study, 4-10 mm was used as the criteria for the range
of short diameters for lymph nodes. This range was chosen
because a former study demonstrated that a cutoff value of
10 mm for lateral pelvic lymph node metastases had a spec-
ificity reaching 98.5% [27]. In our study, 4 mm was used as
the minimum cutoff value to ensure the accuracy of
measurements.

Several studies have compared LN status determination
using MRI findings versus pathology results [14, 22]. Most
of these studies, however, were retrospective and therefore
could not directly assess whether the LNs detected on MRI
were the same as those assessed by histopathology. Moreover,
mismatches may have occurred when multiple lymph nodes
were first localized by a radiologist on MRI and then resected
by a surgeon, since multiple enlarged lymph nodes are com-
monly found around an area of rectal cancer. Hence, we pro-
spectively selected only one lymph node in each region for
each patient, and the location information about lymph nodes
was carefully recorded by a radiologist in order to facilitate
accurate localization by the surgeon.

There were several limitations to this study. First, the pa-
tient cohort and number of studied LNs were relatively small.
As a result, we did not compare the diagnostic efficacy of T2
mapping for different diameters of LNs. Moreover, in our
study, a basic T2 mapping sequence was used and it was time
consuming to evaluate an entire tumor area plus regional

lymph nodes, especially when the tumor size is large.
Compared with DWI, the acquisition time of T2 mapping
might be a limitation when applied to clinical practice.
However, accelerated T2 mapping, a new reconstruction al-
gorithm combined with a dedicated k-space under sampling
pattern, may provide more accurate information and more
time-efficient than conventional T2 mapping in the prostate
[28]. Therefore, we believe that further optimization of the
sequence might be even better in making a difference between
malignant and benign LNs. Third, high-resolution T2 map-
ping was not attempted. A recent study observed that T2 maps
could distinctly resolve the normal colorectal wall into eight
layers corresponding with the histologic layers ex vivo [29].
Therefore, we believe that it is possible to display lymph
nodes smaller than 4 mm more clearly with T2 mapping.

In conclusion, our study demonstrated that T2 relaxation
times were significantly shorter in malignant versus benign
LNs in patients with non-mucinous rectal adenocarcinoma.
The diagnostic efficacy and reproducibility of T2 values were
excellent and superior to the use of ADC values. Therefore,
T2 mapping may serve as an incremental imaging biomarker
for the identification of metastatic LNs.
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