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PURPOSE

We prospectively determined whether the quantitative parameters derived from dynamic con-
trast-enhanced magnetic resonance imaging (DCE-MRI) are useful for predicting pelvic lymph
node (LN) status in cervical cancer through node-by-node pathologic validation of images.

METHODS

Overall, 182 LNs harvested from 200 consecutive patients with 2018 FIGO stage IB-IIA cervical
cancer (82 metastatic and 100 nonmetastatic) were used for node-by-node assessment. Each
LN was quantitatively assessed using K™, V,, and K_; values. The short-axis diameter, ratio of the
long-axis to short-axis diameter, and long-axis diameter were also assessed. Data on metastatic
LNs were divided into four groups according to the FIGO staging system. Receiver operating
characteristic (ROC) curve analysis was performed to evaluate statistically significant parameters
derived from DCE-MRI for the differentiation of metastatic LNs from nonmetastatic LNs.

RESULTS

The mean short-axis diameter of metastatic LNs was significantly larger than that of nonmeta-
static LNs (all P < 0.05) despite several overlaps. In comparison with nonmetastatic LNs, metastat-
ic LNs showed a significantly lower K" (all P < 0.05); however, Kep and V_ were not significantly
different (all P > 0.05). For IB3 and IIA2 cervical cancer, K™ had moderate diagnostic ability for
differentiating metastatic LNs from nonmetastatic LNs (for IB3: area under the curve [AUC] 0.740,
95% Cl 0.657-0.838, 61.7% sensitivity, 80.2% specificity, P = 0.007; for Il1A2: AUC 0.786, 95% ClI
0.650-0.846, 60.2% sensitivity, 81.8% specificity, P = 0.008).

CONCLUSION
K'rs appears to be a useful parameter for detecting metastatic LNs, especially for IB3 and 11A2
cervical cancer.

ervical cancer is a major gynecologic malignancy clinically staged according to the
recommendations of the International Federation of Obstetrics and Gynecology
(FIGO) (1). Lymph node (LN) status plays a vital role in cervical cancer treatment strat-
egies (1, 2). Studies have found that the number of LNs affects the prognosis for patients
with cervical cancer (1-3). Some studies of FIGO stage IB to IIA cervical cancer suggest that
tumor size may be more effective in predicting LN metastasis (1-4). In addition, the pres-
ence of metastatic LNs affects the overall treatment and prognosis in routine practice.
Magnetic resonance imaging (MRI) has been used to assess LN status. Several studies
have referred to the size to predict metastatic LNs; however, the proposed cutoff values for
differentiating metastatic LNs from nonmetastatic LNs are inconsistent (5-9). Although the
size is important for assessing LN status, its value is limited because of overlap between
metastatic and nonmetastatic LNs (6-8). Additionally, approximately 50% of metastatic
LNs are less than 10 mm in the short-axis diameter (8). For now, the potential of function-
al imaging in improving diagnostic accuracy has been the focus of recent studies. Exam-
ples of functional imaging modalities include diffusion-weighted MRI, "®F-fludeoxyglucose
positron emission tomography-computed tomography (PET-CT), and LN-specific contrast
agent imaging (8, 9); however, these modalities remain challenging for radiologists.
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Table 1. MRI protocols for imaging sequences

Protocol TR/TE Slice thickness (mm) Number of slices FOV (mm)  Voxel size (mm)  Number of signals acquired  Scanning time (s)
T2-weighted

Sagittal 3000/87 3.0 19 180180  0.7x0.6x0.3 2 150

Coronal 4000/75 3.0 25 220x220 0.7x0.6x0.3 2 172

Transverse 3000/84 3.0 24 180180  0.6x0.6x0.3 2 198

DCE transverse  4.83/1.85 3.5 20 250x250 2.0x1.4%x3.6 1 324

3D TWIST

MRI, magnetic resonance imaging; TR, repetition time; TE, echo time; FOV, field of view; DCE, dynamic contrast-enhanced; 3D TWIST, three-dimensional time-resolved imaging

with interleaved stochastic trajectories.

Isolated cancer cells and micrometasta-
ses in metastatic LNs may induce physio-
logic changes before morphologic changes
are apparent. For example, the microcircu-
lation is altered when tumor cells invade
the microvessels of a small LN; however, its
size remains normal. Dynamic contrast-en-
hanced (DCE)-MRI is a relatively new im-
aging method that can measure changes
in the tissue microvasculature caused by
cancer angiogenesis. The influx volume
transfer coefficient K" represents the tran-
sendothelial transport of contrast material
from the vascular compartment to the tu-
mor interstitium. The efflux volume transfer
coefficient K., represents the transport of
contrast material from the tumor intersti-
tium back to the vascular space. The most
commonly used DCE-MRI parameter is the
volume transfer constant (K™). The ex-
travascular extracellular leakage volume
fraction (V, = K™"/K_) mainly reflects the
percentage of contrast agent in the extra-
vascular extracellular space (10).

The purpose of our study was to prospec-
tively determine whether quantitative pa-
rameters derived from DCE-MRI are useful
for predicting pelvic LN status in cervical
cancer through node-by-node pathologic
validation of images.

* The mean short-axis diameter of metastatic
lymph nodes (LNs) were significantly larger
than those of nonmetastatic LNs in IB and IIA
cervical cancer.

* Metastatic LNs had a lower K™ than non-
metastatic LNs. K | and V, parameters were
not significantly different between the met-
astatic and nonmetastatic LNs.

* K" appears to be a useful parameter for de-
tecting metastatic LNs in case of difficulty to de-
termine LN status using only short-axis diame-
ter, especially for IB3 and II1A2 cervical cancer.

Methods

Patients

Our study was approved by the institution-
al review board (Protocol Number: KNUH-19-
00105), and informed consent was obtained.
A total of 230 consecutive patients with 2018
FIGO stage IB-lIA cervical cancer, regardless
of the LN status, were included.

All patients underwent laparoscopic
surgery between 1 February 2016 and
31 December 2018 to receive radical hys-
terectomy and pelvic/para-aortic lymph-
adenectomy as the primary treatment. Af-
ter biopsy or loop electrosurgical excision
procedure (LEEP) confirmation, all patients
underwent MRI. A total of 21 patients with
serious motion artifacts due to hip move-
ments and 9 patients with metal artifacts
caused by titanium clips in the sigmoid co-
lon or rectum were excluded. Finally, our
study included 200 patients (age range,
35-68 years; median, 48.5 years). The mean
time between MRl and surgery was 10 days
(range, 2-21 days).

MRI protocol

MRI was performed using a 3 Tesla MRI
System (Skyra, Siemens Healthineers) with
a 16-channel phased-array body surface
coil. To reduce intestinal peristalsis or rec-
tal spasm, 20 mg of Buscopan (Boehringer
Ingelheim) was injected intramuscularly 10-
15 min before MRI unless contraindicated.

Tri-planar T2-weighted turbo spin-echo
images of the entire pelvic region were
obtained. Then, DCE-MRI was performed
using a three-dimensional (3D) dynamic
transverse T1-weighted sequence at a high
spatial and temporal resolution based on
time-resolved imaging with interleaved
stochastic trajectories (TWIST) sequence
that covers the entire pelvic cavity in con-
secutive sections. The temporal resolu-
tion of this sequence was approximately

4.0 ms, and the total acquisition time was
4 min 40 s. The contrast material (0.2 mL/
kg gadobutrol) (Gadovist, Bayer Schering
Pharma) was administered using a power
injector (Medrad Spectris Solaris EP MR In-
jection System, Bayer Medical Care Inc.) fol-
lowed by a 20 mL saline flush injection at
a flow rate of 2.5 mL/s through the cubital
vein. Table 1 shows the parameters of all
MRI protocols.

Classification of pelvic LN regions

Five expert gynecologic surgeons per-
formed all the operations and examined the
images before lymphadenectomy. An under-
standing of the location of LN groups in the
pelvis is essential for formulating an effective
search strategy to determine MRI staging. It
is also necessary to accurately describe the
detected abnormal LNs to facilitate accurate
staging in a standardized manner. The major
groups of pelvic LNs may be described as
follows: common iliac, internal iliac, external
iliac, and obturator chains.

Pathologic assessment

The pathology of LN specimens was
evaluated in a standardized manner. First,
the specimen was opened at the 12:00
o'clock position, the size of the mass was
determined based on three orthogonal di-
ameters by pathologic examination. Next,
lymphadenectomy was performed by re-
moving the LN-bearing tissues surround-
ing the iliac vessels as well as within the
obturator fossa superior to the obturator
nerve. The LNs were completely processed
to a size of 3 mm in the short-axis diam-
eter. LNs were also completely processed
in the longitudinal direction. Each LN was
sliced at 2 mm intervals perpendicular to
the longest diameter to maximize the like-
lihood of detecting micrometastases. The
total number of LNs harvested in each re-
gion was recorded.
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Metastatic 488 LNs

/N

Unmatched LNs 306  Matched LNs 182

/\

D >3 mm
82 LNs

Pathology 5750 LNs

Unmatched LNs 5029

D <3 mm
100 LNs

Nonmetastatic 5262 LNs

/N

Matched LNs 233

/\

D >3 mm
100 LNs

D <3 mm
133 LNs

Figure 1. Flowchart of the identification of lymph nodes in dynamic contrast-enhanced magnetic
resonance imaging (DCE-MRI) and pathologic assessment. LN, lymph node; D, short-axis diameter.

Image processing and analysis

All images were reviewed and analyzed
on a postprocessing multimodality work-
place (Syngo VE40A, Siemens Healthineers).
Voxelwise MRI signal enhancement time
curves were fitted according to a pharma-
cokinetic model using Tissue 4D software
(Siemens Healthineers). First, motion cor-
rection was performed for DCE images.
Each visible LN region was then postpro-
cessed in the field of view (FOV) of the DCE
images by an experienced radiologist who
was unaware of the histopathologic results.

In the postprocessing procedure, one re-
gion of interest (ROI) was drawn on the wid-
est cross-section of a node, excluding visi-
ble necrosis and vessels. T1-weighted signal
enhancement was converted to a tracer
concentration using the proton density
signal. A general arterial plasma concentra-
tion-time curve was assumed. Arterial in-
put functions (AIFs) were tested to choose
the best one with the smallest chi-square
value. Pharmacokinetic parameters were
estimated by fitting the Tofts model driven
by the AIF (11, 12). The quantitative param-
eters calculated were K" (forward volume

transfer constant), Ko (plasma space), and
V_ (fraction of extravascular extracellular
space volume). The entire nodal volume
was included by drawing ROIs for each indi-
vidual slice, and the AIF of the widest cross-
section was used in all ROIs of a node to cal-
culate the mean parameter values.
Subsequently, transverse T2-weighted im-
ages were used to investigate the short-axis
diameter, ratio of the long-axis to short-axis
diameter, and long-axis diameter. LN diame-
ters were measured using electronic calipers
with a PACS monitor. Then, the LN positions
on the DCE images were confirmed by an
expert surgeon with expertise in cervical
cancer and the radiologist who performed
the postprocessing evaluation. Regional
LNs that were visible in the FOV of preoper-
ative DCE images were divided into the four
groups mentioned previously. According to
the agreed LN positions, the expert surgeon
successively localized, removed, and num-
bered regional LNs one by one in different
groups during the procedure. The LNs were
then taken to the pathology department
and promptly placed in individual trays. All
nodes were fixed in formalin and stained
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with hematoxylin and eosin (H-E). There-
after, a pathologist analyzed and classified
each node as metastatic or nonmetastatic.

To ensure that a sufficient number of LNs
were examined, other LNs that were not
identified on DCE images were also har-
vested from the specimen and patholog-
ically examined. According to pathology,
the radiologist matched the LNs with LNs
identified in DCE-MRI in the correspond-
ing group, and the LNs were excluded if
matching failed. To provide an accurate
node-by-node comparison of MRI findings
and histopathologic findings, we focused
special attention on the nodal size and
morphology in addition to the position of
the LNs relative to the tumor, ovary, vessels,
and adjacent LNs. Only LNs with a short-axis
diameter smaller than 3 mm, which are not
suitable for quantitative parameter analysis,
were excluded in this study.

Statistical analysis

A Shapiro-Wilk test was used to determine
the normal distribution of the quantitative
data. Normally distributed quantitative
data were expressed as mean + standard
deviation, and non-normally distributed
data were expressed as median with inter-
quartile range (IQR). An independent-sam-
ples t-test was conducted for normally dis-
tributed data to determine the significance
of differences and the Mann-Whitney U test
was conducted for non-normally distribut-
ed data.

Receiver operating characteristic (ROC)
curve analysis was performed for statistical-
ly significant parameters derived from DCE-
MRI, and the area under the ROC curve (AUC)
and 95% confidence interval (Cl) were calcu-
lated. An AUC value <0.5 indicated no diag-
nostic performance, 0.5-0.7 indicated poor
performance, 0.7-0.9 indicated moderate
performance, and >0.9 indicated excellent
performance. Each cutoff value was deter-
mined to accommodate the best diagnostic
accuracy according to the Youden index.

The clinical and pathologic findings were
also compared between patients with met-
astatic LNs and those with nonmetastatic
LNs using chi-square or Fisher’s exact tests.
Statistical analysis was performed with
SPSS (version 23.0; SPSS Inc.). A P value <
0.05 was considered statistically significant.

Results

The clinical and pathologic findings of
the primary tumor and LN status are shown
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Table 2. Clinical and pathologic findings of the primary tumor and LN status in 200 patients

Parameter Total (n=200) Metastatic LN (n=77) Nonmetastatic LN (n=123) P
Age (years) 48.6+9.5 45.2+8.6 50.1+7.3 0.036
Pathologic condition, n (%) 0.475
Squamous cell carcinoma 175 (87.5) 69 (89.6) 106 (86.1)

Non-squamous cell carcinoma 25(12.5) 8(10.4) 17 (13.9)

Pathologic grade* <0.001
Well differentiated 118 (67.4) 30 (43.9) 88(83.0)

Moderately differentiated 38(21.7) 23 (33.3) 15(14.1)

Poorly differentiated 19(10.9) 16 (23.3) 3(2.9)

Primary tumor size (mm) 28.6+10.6 35.8+7.9 15.6+4.2 < 0.001
Number of harvested LNs per patient 25.5+14.8 26.6+8.8 24.3+9.9 0.262
2018 FIGO staging, n (%) < 0.001
IB1 25(12.5) 5(12.4) 20(16.2)

IB2 74 (37.0) 12 (14.6) 62 (50.4)

B3 49 (24.5) 24 (29.2) 25 (20.3)

11A1 32(16.0) 21(25.6) 11(8.9)

11A2 20 (10.0) 15(18.2) 5(4.2)

Values are presented as mean =+ standard deviation or n (%).
LN, lymph node; FIGO, International Federation of Obstetrics and Gynecology.
*Pathologic grade is included for 175 patients with only squamous cell carcinoma.

Sensitivity

0 0.2 0.4 0.6 0.8 1

1-Specificity

Figure 2. Receiver operating characteristic (ROC)
curves and area under the receiver operating
characteristic curves (AUCs) for determining
lymph node status using forward volume
transfer constant (K"") values. IB1, purple line;
IB2, green ling; IB3, red line; 11A1, blue line; 11A2,
orange line.

in Table 2. Most patients were in FIGO stage
IB2-IB3 (61.5%). A total of 175 patients had
squamous cell carcinoma (87.5%), with
well-differentiated cells in 118 patients
(67.4%). Patients with rare or other pa-
thology included 2 patients with small cell
carcinoma and 1 patient with undifferenti-
ated carcinoma. The mean tumor size was
28.6 mm.

A total of 5750 LNs were harvested from
the hysterectomy specimens of 200 patients,
with an average of 25.6 LNs per patient. A
total of 488 LNs from 92 patients were meta-
static, and 5262 LNs were not metastatic. For
node-by-node assessment, 415 LNs identi-
fied in pathologic evaluation were matched
exactly with LNs identified in DCE-MRI, while
the remaining 5335 LNs were not matched.
Among the 415 matched LNs, 233 LNs with
a short-axis diameter smaller than 3 mm
were excluded, and the remaining 182 LNs
(82 metastatic and 100 nonmetastatic) were
used for the final assessment. Fig. 1 shows a
flowchart of the identification of LNs in DCE-
MRI and pathologic assessment. There were
77 metastatic LNs in the internal iliac, 54 in
the external iliac, 26 in the common iliac,
and 25 in the obturator chains.

The quantitative parameters of LNs identi-
fied in DCE-MRI and morphologic evaluation
are shown in Table 3. The short-axis diameter
of metastatic LNs (median, 11.8 mm; IQR,
3.9 mm) was significantly larger than that
of nonmetastatic LNs (median, 8.1; mm IQR,
3.6 mm) in IB and IIA cervical cancer (all P <
0.05). Nevertheless, there were many over-
laps between metastatic and nonmetastatic
LNs. The ratio of the long-axis to short-axis
diameter and long-axis diameter were similar
between metastatic and nonmetastatic LNs.

In comparison with nonmetastatic LNs,
metastatic LNs showed a significantly
lower K™ in IB and IIA cervical cancer.
These differences were significant in 1B3
and 1IA2 cervical cancer. Differences in Kep
and V_ between metastatic and nonmeta-
static LNs were not statistically significant
(all P> 0.05). Fig. 2 shows the ROC curves
and relative values for IB and IIA cervical
cancer. For IB3 and IIA2 cervical cancer,
Ktans had moderate diagnostic ability for
differentiating metastatic LNs from non-
metastatic LNs (for IB3: AUC 0.740, 95% ClI
0.657-0.838, P = 0.007; for [1A2: AUC 0.786,
95% Cl 0.650-0.846, P = 0.008), with cut-
off values of 0.081 min™ (61.7% sensitivity,
80.2% specificity) and 0.085 min™ (60.2%
sensitivity, 81.8% specificity), respectively.
For IB1, IB2, and IlA1 cervical cancer, K"
had poor diagnostic ability for distinguish-
ing metastatic LNs from nonmetastatic LNs
(for 1B1: AUC 0.618, 95% Cl 0.523-0.649,
P = 0.011, with 0.069 min™” cutoff value,
64.1% sensitivity, 70.9% specificity; for IB2:
AUC 0.679, 95% Cl 0.592-0.754, P = 0.009,
with 0.076 min™ cutoff value, 62.8% sensi-
tivity, 75.2% specificity; for IA1: AUC 0.642,
95% Cl 0.551-0.662, P = 0.011, with 0.071
min™' cutoff value, 64.3% sensitivity, 73.9%
specificity). Figs. 3 and 4 show representa-
tive results.
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Figure 3. a-f. A 57-year-old patient with FIGO IB3 cervical cancer. T2-weighted images (a, b) show mass (black arrow) and lymph node (white arrow,
short-axis diameter 8 mm) in left external iliac chain. DCE image (c) shows ROI 1 (red circle) placed at the widest cross section of the regional lymph node.
Panel (d) shows the K" parametric map and estimated DCE-MRI parameters (K" = 0.003, K_ = 0.37, and V_ = 0.032). An arterial plasma concentration-
time curve was assumed, and the best arterial input function (AIF) was used to fit the curve (ef. Photomicrograph (f) shows metastatic squamous cell
carcinoma lesions in the lymph node (H-E, x40).

Figure 4. a-f. A 55-year-old patient with FIGO IB2 cervical cancer. T2-weighted images (a, b) show a mass (black arrow) and lymph node (white arrow,
short-axis diameter 10 mm) in the left external iliac chain. DCE image (c) shows ROI 2 (red circle) placed at the widest cross-section of the regional lymph
node. Panel (d) shows the K" parametric map generated and DCE-MRI parameters estimated (K" =0.015, K _ = 0.33,and V_ = 0.036). An arterial plasma
concentration-time curve was assumed, and the best arterial input function (AIF) was used to fit the curve (e). F?hotomicrograph (f) shows no metastatic
lesion in the lymph node (H-E, x40).
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Table 3. Quantitative parameters of 182 LNs identified in DCE-MRI and morphologic evaluation

according to the 2018 FIGO staging system

Discussion

Our results demonstrated that the Kt of

Parameter MetastaticLN ~ NonmetastaticLN  t/Z P metastatic LNs was lower than that of non-
IB1 (n=18), n (%) 8(10.0) 10(10.0) metastatic LNs in IB and IIA cervical cancer;
however, Ko andV_did not show significant
Ktrans 0.011+0.003 0.014+0.0042 3.459 0.011 differences. Specifically, when the tumor
K. 0.30(0.12) 0.32(0.15)° -1.482 0.135 size was large, e.g., stage I1B3 and IIA2, the
v, 0.024(0.015)  0.028 (0.019)° 1.072 0.268 diagnostic efficacy was better. K™ and K,
are quantitative values of the blood flow
Short-axis diameter (mm) 11.7 (2.5) 7.3 (3.6)° 1.241 0.027 and permeability between the cancer inter-
Ratio of long- to short-axis 1.29+0.12 1.59+0.08° 0.538 0.275 stitial space and the vascular compartment
diameter (13). K™ns represents the contrast agent in-
Long-axis diameter (mm) 12,1434 11.8+3.2° 3.452 0.091 flux rate from the plasma to the interstitial
B2 (n=40), n (%) 17 207) 23(23.0) space. It is increased in tissues with rich
blood flow, high vascular permeability, or
Ktrans 0.008+0.003 0.012+0.006° 3.182 0.009 a large permeable surface. On the other
- 0.42 (0.15) 0.30 (0.17)° -1.786 0.267 hand, Kep has a positive correlation with vas-
v 0,022 (0.017) 0.034 (0.021)° 1187 0.298 cular permeability, representing the reflux
) flow rate of the contrast material from the
Short-axis diameter (mm) 11.3(3.4) 7.8 (4.3)° 1.231 0.027 interstitial space to the plasma. Abnormal
Ratio of long- to short-axis 1.09+0.09 1.37+0.05° 0.527 0.387 angiogenesis in cancer tissues can increase
diameter microvessel density resulting from leakage,
Long-axis diameter (mm) 12.4+3.4 11.5+3.8° 3.112 0.073 twisted shape, and vessel wall expansion
183 (n=68), n (%) 32 (39.0) 36 (36.0) (14-16). Therefore, we hypothesized that
the microcirculation of metastatic LNs in

Ktrans 0.005+0.002 0.012+0.0052 3.647 0.007 cervical cancer may be decreased.
K 0.35(0.12) 0.37 (0.15)° -1.685 0.248 Morphologic MRI is suitable for LN stud-
v 0,026 (0.14) 0,031 (0.19)° 1473 0.296 ies because it provides high-resolution im-
¢ ages (3). In other studies using the short-ax-
Short-axis diameter (mm) 9.5 (3.0) 8.2 (4.2)° 1.412 0.039 is diameter as the cutoff for determining
Ratio of long- to short-axis 1.13+0.07 1.52+0.09° 0.627 0.433 LN status, metastatic LNs were larger than
diameter nonmetastatic LNs. Diameter limits ranging
Long-axis diameter (mm) 11.5+3.4 10.9+2.8° 3.262 0.067 from 6 to 15 mm were used, with 10 mm
AT (n=32), n (5) e s — being the most common cutoff value for
' ’ ’ the upper limit of nonmetastatic LNs (3-5).
Ktrans 0.009+0.004 0.012+0.009° 3.051 0.011 In another study, a short-axis diameter of
. 046 (0.18) 043 (0.21)° 1546 0.248 9 mm was the cutoff value on MRI on a re-
v 0033(0.014)  0.039(0.27)° 1142 0.286 gion-by-region basis as well as a node-by-
¢ node basis (7). The ratio of the long-axis to
Short-axis diameter (mm) 10.1(3.7) 8.3 (4.5)° 1.212 0.031 short-axis diameter and long-axis diameter
Ratio of long- to short-axis 1.07+0.07 1.62+0.05° 0.497 0.356 are unclear in most studies, and several
diameter studies have reported accuracy rates of
Long-axis diameter (mm) 129437 10743.0° 3.012 0.061 60%-70% using the ratio of the long-axis to
short-axis diameter and long-axis diameter
1A2 (n=24), n (%) 100121) 14(14.0) in MRI (5-8). In our study, analysis using the
Ktrans 0.006+0.003 0.013£0.004° 3.537 0.008 ratio of the long-axis to short-axis diameter
K 0.39(0.15) 0,031 (0.17)° 1627 0.239 and long-axis diameter revealed nonsignif-
* . icant differences between metastatic LNs
Ve 0.023(0.019) 0.028(0.016) 17 0.278 and nonmetastatic LNs. It is possible that
Short-axis diameter (mm) 9.2(3.8) 7.9 3.4P 1.309 0.035 the cross-section in the transverse image is
Ratio of long- to short-axis 10.4+0.06 1.56+0.07° 0615 0.421 not accurately representative of the largest

diameter cross-section of the LN.

Long axis diameter (mm) 11.9+2.7 10.6+3.1° 3.187 0.061 DCE-MRI can be used to noninvasive-

ly assess tissue microcirculatory function.

Values are presented as mean =+ standard deviation or median (interquartile range) unless otherwise noted.

LN, lymph node; DCE-MRI, dynamic contrast-enhanced magnetic resonance imaging; FIGO, International Feder-
ation of Obstetrics and Gynecology; t/Z, t test/Mann-Whitney U test; K™, forward volume transfer constant; Kepr
plasma space; V,, fraction of extravascular extracellular space volume.

aStudent t test. "Mann-Whitney U test.

The visibility of the contrast material pass-
ing through the capillary bed is associated
with its formation temporarily in the blood
vessel space before it quickly passes to the
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extravascular space at a rate determined by
the permeability of microvessels, their sur-
face area, and blood flow. Contrast material
distribution is repeatedly measured in DCE-
MRI to assess in vivo LN microcirculation and
quantitatively distinguish metastatic and
nonmetastatic LNs (17). Microvessel den-
sity has been found to be an independent
predictor of metastatic LNs (18). Generally,
arterioles carry blood to a nonmetastatic
LN, and the contrast agent enters the inter-
stitial space from the plasma through the
capillary networks of the LN. However, once
cancer tissues replace the capillaries of a
nonmetastatic LN, the blood flow changes.
Although cancer tissues can occupy an area
of the capillaries in LNs, the blood flow to
these LNs is not completely impeded (19). In
this environment, metastatic LNs have a sig-
nificantly longer time-to-peak, lower peak
enhancement, lower maximum slope, and
slower washout pattern in a contrast-en-
hanced time-intensity curve. Accordingly,
the percentage of continuous enhancing
voxels in metastatic LNs has been reported
to be significantly higher than in nonmeta-
static LNs. Additionally, metastatic LNs ex-
hibited a lower signal-intensity ratio derived
before and after contrast agent administra-
tion, indicating mild enhancement (20-22).
Our results for K" were similar to those of
previous studies showing that blood flow
was reduced in metastatic LNs (23, 24). The
heterogeneous enhancement of LNs could
be attributed to cancer infiltration, necrosis,
or mucin pools; however, in our study, quan-
titative enhancement pattern analysis was
not used to differentiate metastatic LNs from
nonmetastatic LNs. Vessel regression result-
ed in necrosis in the central part of the can-
cer area; however, angiogenesis was initiat-
ed at the cancer margin, supporting cancer
survival and further growth. Therefore, can-
cer vessels may be present at the metastatic
LN margin when cancer proliferation enlarg-
es the LN size (22). Unlike our imaging pro-
cessing, the parameters were calculated only
from the widest cross-section of an LN rather
than the entire LN volume. If the ROI placed
at the widest cross-section of a metastatic LN
contained some tumor vessels, blood flow
and K™ would be increased. Therefore, the
Kvans derived from one ROI could be affected
by the pathologic heterogeneity of the met-
astatic LN and does not exactly reflect the
blood flow. Our study showed no significant
difference in the V_between metastatic and
nonmetastatic LNs. This may be explained

by the different metastatic stages of the LNs.
In the early stage, the proliferation of cancer
cells is predominant over metastatic LN ne-
crosis. Cancer cell proliferation gradually en-
larges the size of metastatic LNs. Because of
the decreased blood flow, micronecrosis oc-
curs, increasing the interstitial space. Under
these conditions, the V_ may differ between
metastatic and nonmetastatic LNs.

Our study has several limitations. First,
some assumptions have been made in the
node-by-node comparison. Determining
the pathology of individual LNs identified
on MRI remains challenging. We proposed a
histogram analysis method for analyzing the
mean, standard deviation (SD), coefficient of
variation (CV), kurtosis, skewness, IQR, and
percentile of DCE-MRI. Different histogram
parameters for efficiently distinguishing be-
tween metastatic and nonmetastatic tissues
would be applied in the LNs. The second lim-
itation is that although the K" values and
short-axis diameter are useful for MRI, meta-
static and nonmetastatic LNs overlap signifi-
cantly in this region. The third limitation is the
small number of included LNs, which may
weaken the statistical results. Finally, we used
Tissue 4D software to calculate the DCE-MRI
parameters, which could affect the reproduc-
ibility of our study at institutions where the
software is not used. Nevertheless, to our
knowledge, this is the first study to demon-
strate that DCE-MRI parameters could deter-
mine LN status according to the tumor size.

In conclusion, K™ appears to be a use-
ful parameter for detecting metastatic LNs
when it is difficult to determine LN status
using only the short-axis diameter on MRI,
especially for IB3 and IlA2 cervical cancer.
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