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Abstract

Background Accurate detection of lymph node metastasis (LNM) is crucial for determining the tumor stage, selecting
optimal treatment, and estimating the prognosis for cervical cancer. This study aimed to assess the diagnostic efficacy of
multimodal diffusion-weighted imaging (DWI) and morphological parameters alone or in combination, for detecting LNM
in cervical cancer.

Methods In this prospective study, we enrolled consecutive cervical cancer patients who received multimodal DWI (con-
ventional DWI, intravoxel incoherent motion DWI, and diffusion kurtosis imaging) before treatment from June 2022 to
June 2023. The largest lymph node (LN) observed on each side on imaging was matched with that detected on pathology to
improve the accuracy of LN matching. Comparison of the diffusion and morphological parameters of LNs and the primary
tumor between the positive and negative LN groups. A combined diagnostic model was constructed using multivariate logistic
regression, and the diagnostic performance was evaluated using receiver operating characteristic curves.

Results A total of 93 cervical cancer patients were enrolled: 35 with LNM (48 positive LNs were collected), and 58 without
LNM (116 negative LNs were collected). The area under the curve (AUC) values for the apparent diffusion coefficient, dif-
fusion coefficient, mean diffusivity, mean kurtosis, long-axis diameter, short-axis diameter of LNs, and the largest primary
tumor diameter were 0.716, 0.720, 0.716, 0.723, 0.726, 0.798, and 0.744, respectively. Independent risk factors included the
diffusion coefficient, mean kurtosis, short-axis diameter of LNs, and the largest primary tumor diameter. The AUC value
of the combined model based on the independent risk factors was 0.920, superior to the AUC values of all the parameters
mentioned above.

Conclusion Combining multimodal DWI and morphological parameters improved the diagnostic efficacy for detecting
cervical cancer LNM than using either alone.
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Introduction

Cervical cancer is a common malignancy in women
worldwide [1]. Despite widespread screening programs
and well-established treatment options, the long-term sur-
vival rate of cervical cancer patients has not significantly
improved due to lymph node metastasis (LNM) and other
risk factors [2, 3]. According to the 2018 International
Federation of Gynecology and Obstetrics (FIGO) staging
system, radical hysterectomy with pelvic lymphadenec-
tomy is one of the main treatments for early cervical can-
cer (FIGO stage IA-IB2 and IIA1) [4, 5]. However, the
incidence of LNM in early cervical cancer is less than 20%
[6, 7], and pelvic lymphadenectomy inevitably leads to
lymphatic damage and postoperative complications, such
as lymphoceles, infection, lower limb and perineal edema,
neurovascular injury, and postoperative adhesion [8, 9].
This suggests that pelvic lymphadenectomy is unnecessary
for the majority of early-stage cervical cancer patients.
Furthermore, one of the most significant changes in the
FIGO 2018 staging system is that cervical cancer patients
with pelvic and/or para-aortic LNM are defined as at least
stage IIIC and are no longer recommended for surgery
but should undergo concurrent chemoradiotherapy [4, 5].
Therefore, pretreatment detection of LNM is crucial for
clinical decision-making in cervical cancer patients.
Currently, sentinel lymph node biopsy is helpful for
accurately assessing LNM, but its widespread clini-
cal application is hindered by complex procedures
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[10]. Computed tomography (CT) and magnetic reso-
nance imaging (MRI) are used to detect LNM in cer-
vical cancer patients based on the criterion of an LN
short axis > 10 mm, which has a low sensitivity (62.2%)
[11-13]. Positron emission tomography (PET) is more
accurate in diagnosing LNM than CT and MRI, but it is
expensive [14, 15].

Diffusion-weighted imaging (DWI) is a noninvasive
imaging technique used to characterize tumors by exploit-
ing the restricted diffusion of water molecules within pro-
liferating tumor cells [16]. In recent years, advancements
in magnetic resonance technology and mathematical algo-
rithms have propelled the development of intravoxel inco-
herent motion DWI (IVIM-DWI) and diffusion kurtosis
imaging (DKI) [17-19]. IVIM-DWTI allows for the simul-
taneous assessment of water molecule diffusion and micro-
circulation perfusion in living tissues [17, 18], while DKI
enables the quantification of non-Gaussian characteristics
of water diffusion, providing a more accurate reflection
of water molecule motion and distribution in biological
tissues [19]. A few studies have indicated the potential
value of IVIM-DWI and DKI in detecting LNM in cervical
cancer patients [20-23]. However, these studies failed to
accurately match LNs in terms of imaging and pathology,
reducing the reliability of the results.

This study aimed to more accurately evaluate the diag-
nostic performance of multimodal DWI (DWI, IVIM-DWI,
and DKI), morphological parameters, and their combina-
tion in detecting cervical cancer LNM by matching the
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largest LN observed on each side by imaging with that
observed via pathology.

Methods
Patients

This prospective study was approved by the local hospital
ethics committee, and written informed consent was pro-
vided by each patient. A total of 93 patients were enrolled
from June 1, 2022, to June 1, 2023. The inclusion criteria
were as follows: (1) histopathologically confirmed cervical
cancer; (2) MRI performed within 1 week before surgery,
including routine sequences, IVIM-DWI, and DKI; (3) no
other therapy administered before surgery; and (4) radical
hysterectomy with pelvic lymphadenectomy after diagnosis.
The exclusion criteria included (1) poor image quality and
(2) neuroendocrine carcinoma and other rare pathological

types.
Imaging and data acquisition

MR imaging was performed using a Philips 3.0 T scan-
ner (Ingenia, 3.0 T; Philips Medical Systems). A 10 mg
aliquot of anisodamine was injected intramuscularly to
reduce bowel peristalsis 5—-10 min before the examination.
All patients were scanned with an 8-channel, phased-array
body coil in the supine position. The scanning sequence
included T1-weighted imaging (T1WI) (axial plane), T2WI
(axial, sagittal and coronal planes), DWI (axial plane,
b-value =800 s/mm?), IVIM-DWI (oblique coronal plane),
DKI (oblique coronal plane) and contrast-enhanced T1WI
(axial, sagittal and coronal planes). The IVIM-DWI and DKI
parameters were as follows.

IVIM-DWI was performed with a free-breathing single-
shot spin-echo echo-planar sequence using 3-directional
motion-probing gradients in the oblique coronal plane, and
the scanning baseline was parallel to the long axis of the
common iliac artery or sacrum. Repetition time/echo time:
9407 ms/60 ms; slice thickness/gap: 4 mm/1 mm; matrix:
128 x 128; field of view: 380 % 380 mm; number of slices:
24; number of excitations: 1; 11 b-values: 0, 20, 50, 100,
150, 500, 800, 1000, 1500 and ZOOOS/mmZ; and scan time:
12 min 14 s.

DKI was performed with a free-breathing single-shot
spin-echo echo-planar sequence using 15-directional
motion-probing gradients in the oblique coronal plane,
and the scanning baseline was parallel to the long axis of
the common iliac artery or sacrum. Repetition time/echo
time: 2626 ms/100 ms; slice thickness/gap: 4 mm/1 mm;
matrix: 128 X 128; field of view: 380X 380 mm; num-
ber of slices: 24; number of excitations: 2; 3 b-values: 0,

800 and 1500 s/mm?; and scan time: 6 min 33 s [24]. Satura-
tion suppression technology was used when performing the
IVIM-DWTI and DKI scans to avoid motion artifacts.

Imaging data analysis and processing

MR images were analyzed and measured independently by
two radiologists with more than 5 years of experience in
the imaging diagnosis of gynecological tumors. The larg-
est primary tumor diameter (LPTD) and the LN long-axis
diameter (LNLAD) were the widest diameters on any plane,
and the LN short-axis diameter (LNSAD) was the maximum
diameter perpendicular to the LNLAD.

The IVIM-DWI parameters were determined using the
formula Sb/S0= (1 —f)-exp(—b-D) +f-exp[—b-(D + D*)]
[17], while the DKI parameters were calculated using the
formula S(b) = SOeexp (— beD 4 b%eD?K/6) [19]. The DWI,
IVIM-DWI, and DKI images were analyzed by using IMA-
genGINE MRToolbox software (Vusion Tech Ltd.) [25].
With reference to the axial T2WI and contrast-enhanced
images, the region of interest (ROI) was delineated on the
DWI image with a b-value =800 s/mm?. All ROISs of the pri-
mary tumor and LN were delineated in the largest cross-sec-
tional area of the lesion while avoiding all cystic and necrotic
areas. The ROIs were automatically copied to the IVIM-DKI
and DKI pseudocolored maps to obtain the apparent diffu-
sion coefficient (ADC), diffusion coefficient (D), pseudodif-
fusion coefficient (D*), flowing blood volume fraction (f),
mean diffusivity (MD), and mean kurtosis (MK) in each
ROI. The mean parameter value for each ROI was used for
analysis. The volumes and voxel counts of the LN ROIs
ranged from 124.13-2587.67 puL to 26-542, respectively;
the volumes and voxel counts of the primary tumor ROIs
ranged from 238.71-10,196.30 pL to 50-2550, respectively.

Surgical procedures and histopathological analysis

Radical hysterectomy combined with bilateral pelvic lym-
phadenectomy was performed by gynecological oncologists
with more than 5 years of experience, and bilateral pelvic
lymphadenectomy was performed from the deep circumflex
iliac artery to the bifurcation of the abdominal aorta. All
LNs were removed from 5 anatomical regions, including
the external, internal, and common iliac vessels; the obtura-
tor; and the abdominal aorta. These LNs were divided into
three groups: the left pelvic group, the right pelvic group,
and the abdominal aorta group. The primary tumor and lym-
phadenectomy specimens were forwarded to the pathology
department for standard histopathological analyses.
Following fixation in formalin and embedding in paraffin,
the excised LNs were sliced into 5-pm-thick sections. These
sections were subsequently stained with hematoxylin—eosin
and assessed by two pathologists who had over 5 years of
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Newly diagnosed cervical cancer patients undergoing
pre-treatment MRI (N = 133)

Table 2 Interobserver agreement between the two radiologists for
morphological and diffusion parameters

Fig.1 Study flowchart. LNs Lymph nodes, LNM lymph node metas-
tasis, MRI magnetic resonance imaging

Table 1 Patient clinical and pathological characteristics

Characteristics n=93
Median age (IQR), years 48 (41-56)
Median number of dissected LNs (IQR) 34 (28-41)
Pathological type

Squamous cell carcinoma n=70

Adenocarcinoma n=20

Adenosquamous carcinoma n=3
Patients with LNM n=35
Patients without LNM n=58

Positive LNs n=48

Negative LNs n=116
FIGO staging

1A2 n=1

IB1 n=14

1B2 n=20

1B3 n=10

A1 n=38

A2 n=>5

HICIp n=26

IIC2p n=9

FIGO staging international federation of gynecology and obstetrics
(FIGO) staging, IQR interquartile range, LN lymph node, LNM LN
metastasis

experience. A consensus was reached by discussion in the
case of differences in opinion. The histopathological findings
served as the diagnostic reference standard for this study.

@ Springer

Parameters ICC 95% CI
Did not undergo surgery (n = 37) LNLAD 0.934 0.899-0.956
> Poor image quality (n = 2) LNSAD 0.924 0.897-0.943
. . ADC-LN 0.891 0.821-0.930
Neuroendocrine carcinoma (n = 1)
v f-LN 0.870 0.745-0.925
D-LN 0.843 0.790-0.883
Patients who underwent radical hysterectomy and pelvic
D*-LLN 0915 0.758-0.959
lymphadenectomy (n = 93) MD-LN 0.889 0.821-0.928
; | ¢ MK-LN 0.883 0.741-0.937
LPTD 0.985 0.821-0.995
Patients with LNM Patients without LNM ADC-tumor 0.885 0.690-0.944
(n=35) (n=58) f-tumor 0.854 0.687-0.920
i L D-tumor 0.866 0.724-0.925
Positive LNs Negative LNs D*-tumor 0.862 0.783-0.909
MD-tumor 0.886 0.565-0.953
(n=48) (n=116) MK-tumor 0.867 0.707-0.928

ADC-LN apparent diffusion coefficient of lymph node, ADC-tumor
apparent diffusion coefficient of tumor, CI confidence interval, D-LN
diffusion coefficient of lymph node, D-tumor diffusion coefficient of
tumor, D*-LN pseudodiffusion coefficient, D*-tumor pseudodiffusion
coefficient of tumor, f-LN flowing blood volume fraction of lymph
node, f-tumor flowing blood volume fraction of tumor, /CC inter-
class correlation coefficient, LNLAD lymph node long-axis diameter,
LNSAD lymph node short-axis diameter, LPTD largest primary tumor
diameter, MD-LN mean diffusivity of lymph node, MD-tumor mean
diffusivity of tumor, MK-LN mean kurtosis of lymph node, MK-tumor
mean kurtosis of tumor

Correspondence between imaging
and histopathology

On imaging, we measured only the largest LN in each pelvic
LN group. Pathologically, we isolated and labeled the larg-
est LN from each pelvic LN group and then the pathologists
evaluated it. This ensures correspondence between the LNs
detected by imaging and histopathology.

Statistical analysis

All the data were analyzed by SPSS version 26.0 (SPSS Inc.,
Chicago, IL) and MedCalc version 20.0.22 (MedCalc Soft-
ware bvba, Ostend, Belgium). As less than 5% of the data
were missing, the handling of missing data was not applied.
The interobserver agreement of the measurements between
the two radiologists was assessed using the interclass cor-
relation coefficient (ICC). An ICC > 0.80 was considered to
indicate excellent agreement, and any parameter with an ICC
below this threshold was excluded from further statistical
analyses [26]. The mean value obtained from the measure-
ments of both radiologists was utilized for further analysis.
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Table 3 Comparison of the

. v Parameters Positive LNs Negative LNs Statistic z P value

morphological and diffusion

parameters of positive and LNLAD 1.50 (1.20, 1.80) 1.10 (0.80, 1.50) -4.384 <0.001*

negative LNs LNSAD 0.80 (0.60, 1.10) 0.50 (0.70, 0.40) ~5.926 <0.001*
ADC-LN 0.75 (0.68, 0.85) 0.87 (0.76, 1.04) —4.333 <0.001%*
f-LN 0.20 (0.16, 0.25) 0.21 (0.17, 0.26) —1.201 0.230
D-LN 0.69 (0.65, 0.74) 0.77 (0.69, 0.87) —4.427 <0.001%*
D*-LN 24.13 (19.42, 32.06) 20.57 (14.60, 29.45) -1.329 0.184
MD-LN 1.06 (0.96, 1.20) 1.22 (1.07-1.46) —4.34] <0.001%*
MK-LN 0.98 (0.90, 1.35) 0.90 (0.81, 1.00) —-4.110 <0.001%*
LPTD 3.80 (3.20, 4.40) 2.95 (1.58, 3.60) —4.789 <0.001%*
ADC-tumor 0.81 (0.76, 0.92) 0.80 (0.70, 0.90) —1.218 0.223
f-tumor 0.15 (0.13, 0.20) 0.15(0.13,0.17) -0474 0.635
D-tumor 0.66 (0.64, 0.74) 0.69 (0.62, 0.76) -0.386 0.700
D*-tumor 27.69 (20.84, 37.57) 27.11 (21.52, 34.51) —0.458 0.647
MD-tumor 1.07 (0.93, 1.23) 1.03 (0.94, 1.14) —0.828 0.408
MK-tumor 0.94 (0.82, 1.01) 0.87 (0.78, 1.01) -1.222 0.222

ADC-LN apparent diffusion coefficient of lymph node, ADC-tumor apparent diffusion coefficient of tumor,
CI confidence interval, D-LN diftusion coefficient of lymph node, D-tumor diffusion coefficient of tumor,
D*-LN pseudodiffusion coefficient, D*-tumor pseudodiffusion coefficient of tumor, f-LN flowing blood vol-
ume fraction of lymph node, f-rumor flowing blood volume fraction of tumor, /CC interclass correlation
coefficient, LN lymph node, LNLAD lymph node long-axis diameter, LNSAD lymph node short-axis diam-
eter, LPTD largest primary tumor diameter, MD-LN mean diffusivity of lymph node, MD-tumor mean dif-
fusivity of tumor, MK-LN mean kurtosis of lymph node, MK-tumor mean kurtosis of tumor

ADC, D, D*, and MD are in units of 107> mm?%s. LNLAD, LNSAD, and LPTD are in units of cm. f and

MK values have no units

The data are expressed as the median (interquartile range)

*P<0.05

Table 4 Analysis of independent risk factors for lymph node metasta-
sis in cervical cancer patients

Parameters § OR (95% CI) P value
LNSAD 0.476 1.609 (1.271-2.038) <0.001%*
D-LN —6.023 0.002 (0.000-0.419) 0.022
MK-LN 4.304 74.028 (4.301-1274.047) 0.003
LPTD 0.068 1.070 (1.031-1.112) <0.001*

p standard regression coefficient, CI confidence interval, D-LN diffu-
sion coefficient of lymph node, LNSAD lymph node short-axis diam-
eter, LPTD largest primary tumor diameter, MK-LN mean kurtosis of
lymph node, OR odds ratio

The analysis of all parameters was conducted at the LN
level rather than at the patient level. Nonparametric Mann—
Whitney U tests were used to compare all parameters
between the positive and negative LN groups. Only statisti-
cally significant parameters in the univariate analysis were
included in the receiver operating characteristic (ROC) curve
analysis. Subsequently, the area under the curve (AUC), sen-
sitivity, specificity, positive predictive value, negative pre-
dictive value, and accuracy were assessed. Variables with
P <0.1 from the univariate regression were entered into mul-
tivariate logistic regression analysis using forward stepwise

regression based on maximum likelihood estimation. The
DeLong test was used to compare the AUC values of differ-
ent parameters. All the statistical analyses were conducted
using a two-tailed test, and P <0.05 indicated statistical
significance.

Results

A total of 93 cervical cancer patients were enrolled in the
study. Pathology revealed that 35 patients had LNM (48 pos-
itive LNs were collected), and 58 patients had no LNM (116
negative LNs were collected) (Fig. 1). The patients’ clinical
and pathological characteristics are shown in Table 1. The
two radiologists had excellent interobserver agreement, with
ICCs ranging from 0.843 to 0.985 (Table 2).

Compared with the negative LN group, the positive
LN group had greater LNLAD, LNSAD, MK of LN (MK-
LN), and LPTD, but lower ADC of LN (ADC-LN), D of
LN (D-LN), and MD of LN (MD-LN) (all P <0.001).
There were no statistically significant differences in the
other parameters between the two groups (Table 3). The
AUC values of LNLAD, LNSAD, MK-LN, LPTD, ADC-
LN, D-LN, and MD-LN were 0.726, 0.798, 0.723, 0.744,

@ Springer
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Fig.2 ROC curves of diffusion parameters, morphological param-
eters, and the combined model. There was no significant difference
in the AUCs for the ADC-LN, D-LN, MD-LN, MK-LN, LNLAD,
LNSAD, or LPTD. The AUC of the combined model, based on
LNSAD, D-LN, MD-LN, and LPTD, surpassed that of the afore-
mentioned six parameters. ADC-LN apparent diffusion coefficient of

0.716, 0.720, and 0.716, respectively, with optimal cutoff
values of 1.1 cm, 0.5 cm, 1.34, 3.1 cm, 0.76 X 107> mm?/s,
0.8 x 107* mm?%s, and 1.34 x 10~ mm?/s, respectively
(Table 4 and Fig. 2). The MR images of two cervical can-
cer patients with or without LNM in this study are shown
in Fig. 3.

Multivariate logistic regression analysis indicated that
the independent risk factors for LNM in cervical can-
cer patients were LNSAD, D-LN, MK-LN, and LPTD
(Table 5). The AUC of the combined model based on
these four independent risk factors was 0.920, with an
optimal cutoff value of 0.31 (Table 4). The Delong test
demonstrated no statistically significant differences in the
AUCs of the LNLAD, LNSAD, MK-LN, LPTD, ADC-LN,
D-LN, or MD-LN. The AUC of the combined model was
superior to that of the aforementioned seven parameters
(P<0.001) (Fig. 2).

Discussion

In this study, we accurately compared the diagnostic effi-
cacy of multimodal DWI, morphological parameters, and
their combination in detecting cervical cancer LNM by
matching the largest LN observed on each side on imaging
with that detected on pathology. The diagnostic perfor-
mance of multimodal DWI parameters (ADC-LN, D-LN,
MD-LN, and MK-LN) was comparable to that of mor-
phological parameters (LNLAD, LNSAD, and LPTD).

@ Springer
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lymph node. AUC area under the curve, D-LN diffusion coefficient of
lymph node, LNLAD lymph node long-axis diameter, LNSAD lymph
node short-axis diameter, LTPD largest primary tumor diameter, MD-
LN mean diffusivity of lymph node, MK-LN mean kurtosis of lymph
node, ROC receiver operating characteristic

The independent risk factors for LNM in cervical cancer
patients were LNSAD, D-LN, MK-LN, and LPTD. The
diagnostic efficacy of the combined model based on these
four risk factors was superior to that of multimodal DWI
or morphological parameters alone.

In imaging studies involving LNM of cervical cancer,
accurately matching LNs by imaging and histopathology
is crucial. Xu et al. selected LNs with consistent numbers
observed by both imaging and pathology [21]. Wu et al.
correlated the largest LNs observed by imaging with the
positive LNs identified via pathology [20]. Zhang et al.
matched MR images with pathological results based on the
size, shape, and location of LNs [23]. Yamada et al. matched
LNs observed via MRI with those observed via pathology
through visual and spatial comparisons of anatomical fea-
tures [22]. However, a much greater number of LNs were
detected by pathology than by imaging [27]. The largest LNs
on imaging may not be positive LNs due to the presence of
lymphadenitis and micrometastases [12, 28]. Therefore, the
matching methods used in previous studies have a high pos-
sibility of misregistration. To minimize this, we measured
only the largest LN observed on each side by imaging and
isolated and labeled the largest LN via pathology, ensuring
one-to-one correspondence between imaging and pathology.

Our study showed that positive LNs exhibited lower
ADC-LN, D-LN, and MD-LN values and a greater MK-LN
value than negative LNs. The diagnostic efficacy of these
four parameters was comparable to that of morphologi-
cal parameters (LNLAD, LNSAD, and LPTD). Xu et al.
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Fig.3 Multimodal diffusion-weighted imaging of two representa-
tive cases. la—1f A 32-year-old female patient with cervical cancer
and lymph node metastasis. Positive lymph node: LNLAD=1.7 cm,
LNSAD=0.8 cm, ADC=0.70x 107> mm%s, f=0.14, D=0.73x 10~
mm?s, D*=3571x107 mm?%s, MD=1.07x10"> mm?s, and
MK=0.85. Primary tumor: LPTD=4.2 cm, ADC=0.96x% 1073
mm%s, f=0.14, D=0.75x 107" mm?¥s, D*=37.57x107> mm?s,
MD = 1.09x 10~ mm?/s, and MK =0.82. 2a-2f A 33-year-old female
patient with cervical cancer without lymph node metastasis. Negative
lymph node: LNLAD=1.1 cm, LNSAD=0.5 cm, ADC=1.24x 107>

indicated that the ADC-LN and D-LN were lower in posi-
tive LNs than in negative LNs [21]. Zhang et al. reported
that positive LNs had lower ADC-LN than negative LNs
[23]. Yamada et al. demonstrated that positive LNs exhib-
ited lower ADC-LN and MD-LN and greater MK-LN than
negative LNs [22]. Because ADC-LN, D-LN, and MD-LN
represent the extent of water molecule diffusion within
LNs, while MK-LNs represent the complexity of the LN
structure [17-19], the consistent results above revealed
that positive LNs have more restricted water molecule dif-
fusion and more complex structures than negative LNs.
In our study, there was no difference in the f of LN
(f-LN) or D* of LN (D*-LN) between positive and

mm%s, f=0.17, D=097x10" mm%s, D*=63.86x107"
mm?%s, MD=1.37x10"> mm?%s, and MK=0.54. Primary tumor:
LPTD=2.9 cm, ADC=0.56x 10~ mm?s, f=0.12, D=0.54x 107
mm?%s, D¥=32.09x107 mm%s, MD=0.81x10" mm%s, and
MK=1.00. ADC apparent diffusion coefficient, D diffusion coef-
ficient, D* pseudodiffusion coefficient, f flowing blood volume frac-
tion, LNLAD lymph node long-axis diameter, LNSAD lymph node
short-axis diameter, LTPD largest primary tumor diameter, MD mean
diffusivity, MK mean kurtosis

negative LNs. The f value is the flowing blood volume
fraction, representing the proportion of capillaries in the
tissue. D* is the pseudodiffusion coefficient, representing
the diffusion rate of water molecules in microcirculation
perfusion [17]. Xu and Wu et al. demonstrated that posi-
tive LNs had lower f-LN than negative LNs, and there was
no difference in D*-LN between positive and negative LNs
[20, 21]. Zhang et al. showed that positive LNs had higher
f-LN and lower D*-LN than negative LNs [23]. Previous
studies and our results revealed the instability of f-LN and
D*-LN, which may be attributed to several reasons. The
f value is closely related to the T2 time. This makes the
f value relatively accurate in loose tissues (with a longer
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Table 5 Comparison of

. . . Parameters AUC Optimal Sensitivity (%) Specificity (%) PPV NPV  Accuracy
the dlagnos.tlc efficiency of (95% CI) cutoff %) (%)
morphological parameters, value
diffusion parameters, and the
multivariable model LNLAD 0.726 12 83.3 56.9 444 892 64.6

(0.650-0.801)

LNSAD 0.798 0.6 89.6 54.3 448 92,6 64.6
(0.726-0.870)

ADC-LN 0.716 0.758 58.3 75.7 50.0 81.3 70.6
(0.632-0.799)

D-LN 0.720 0.799 97.9 43.1 41.6 98.0 59.1
(0.643-0.797)

MD-LN 0.716 1.344 97.9 379 39.5 978 555
(0.635-0.796)

MK-LN 0.723 1.246 354 98.3 89.5 785 79.8
(0.638-0.807)

LPTD 0.744 32 81.2 61.4 470 88.6 673
(0.668-0.820)

Combined model 0.920 0.31 85.4 85.8 719 933 857

(0.876-0.965)

ADC-LN apparent diffusion coefficient of lymph node, AUC area under the curve, CI confidence interval,
D-LN diftusion coefficient of lymph node, LNLAD lymph node long-axis diameter, LNSAD lymph node
short-axis diameter, LTPD largest primary tumor diameter, MD-LN mean diffusivity of lymph node, MK-
LN mean kurtosis of lymph node, NPV negative predictive value, PPV positive predictive value

Combined model: multivariable logistic regression model composed of LNSAD, D-LN, MD-LN, and

LPTD

T2 time, such as the breast) but unstable in denser tis-
sues (with a shorter T2 time, such as squamous cell carci-
noma) [29-31]. Considering that the predominant histo-
logical type of cervical cancer in this study was squamous
cell carcinoma, the f value may not be sufficiently stable.
Additionally, due to the smaller volumes of LNs, espe-
cially those with fewer pixels, they are more susceptible
to misregistration artifacts and partial volume effects from
adjacent tissues [32].

The multivariate logistic regression analysis indicated
that LNSAD, D-LN, MK-LN, and LPTD were independ-
ent risk factors for LNM in cervical cancer patients. A
combined model based on these four parameters was
constructed. To our knowledge, this is the first study to
evaluate cervical cancer LNM by integrating IVIM-DWI,
DKI, and morphological parameters. This combined model
achieved superior diagnostic performance (AUC =0.920)
compared to either multimodal DWI or morphological
parameters alone. Similarly, Xu et al. demonstrated that
a combined model based on PET in LN diagnosis, total
lesion glycolysis, and D-LN led to better diagnostic per-
formance (AUC =0.913) in detecting cervical cancer LNM
than diffusion or PET parameters alone [33].

Although the combined model demonstrated favorable
diagnostic performance, we still found some false posi-
tives (14.2%) and false negatives (14.6%). False positives
might be caused by inflammatory LNs. These LNs showed
enlargement due to inflammatory cell infiltration, reactive
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hyperplasia, and increased fibrous connective tissue, which
restricted water molecule diffusion, resulting in similar dif-
fusion and morphological parameters to positive LNs [34].
False negatives might be due to micrometastases. The pres-
ence of micrometastases meant that only a small portion of
the ROI was replaced by tumor cells, while the remaining
area remained normal. This less pronounced restriction of
water molecule diffusion resulted in similar diffusion and
morphological parameters to negative LNs.

The combined model has several advantages for clinical
application. The major benefits are the rapid scan time of the
IVIM-DWTI and DKI sequences (less than 20 min) and the
simplicity and convenience of their operation. This makes
the model acceptable for patients and does not significantly
increase the radiology department’s workload. Additionally,
its non-invasive nature enhances patient comfort, and not
requiring contrast agents reduces the risk of allergic reac-
tions. Furthermore, the MRI used in this model is radiation-
free, allowing for repeated imaging without concerns about
radiation exposure.

Our study has certain limitations. First, this study was
conducted in a single center with a small sample size. Sec-
ond, to ensure complete correspondence between imaging
and pathology, we evaluated only the largest LN in each
pelvic LN area; however, this approach may miss smaller
positive LNs. Future studies should include more LNs while
ensuring imaging-pathology matching to further improve
diagnostic accuracy. Third, due to software limitations, we
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could only depict the ROI of the lesion on two-dimensional
images, not three-dimensional images, which may not rep-
resent the entire LN or tumor. Additionally, considering that
over 80% of LNM in early-stage cervical cancer are smaller
than 1 cm [35], a 4 mm slice thickness for multimodal DWI
may be suboptimal in detecting some small LNM. Future
studies should explore multimodal DWI sequences with
thinner slice thicknesses and good image quality to improve
the detection accuracy of smaller LNM. Lastly, the optimal
scanning parameters for [IVIM-DWI and DKI have not yet
been determined. Further exploration and establishment of
standard scanning parameters are needed to minimize the
impact of scanning parameters on study results.

In conclusion, the diagnostic performance of multimodal
DWTI in detecting LNM in cervical cancer patients was com-
parable to that of morphological parameters. The diagnostic
efficacy of combining multimodal DWI with morphological
parameters was superior to that of multimodal DWI or mor-
phological parameters alone.
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