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PURPOSE
Diffusion-weighted imaging (DWI) using single-shot echo-planar imaging (ss-EPI) is prone to ar-
tifacts, geometric distortion, and T2* blurring. Readout-segmented echo-planar imaging (rs-EPI) 
may improve image quality in the DWI of cervical cancer (CC). This study aimed to compare the 
image quality between rs-EPI and ss-EPI DWI in CC and to evaluate whether the apparent diffusion 
coefficient (ADC) values of ss-EPI (ssADC) and rs-EPI (rsADC) can differentiate the status of lympho-
vascular space invasion (LVSI) and lymph node metastasis (LNM).

METHODS
This prospective study included 69 patients with CC who underwent ss-EPI and rs-EPI DWI before 
surgery. Qualitative reader scores, signal-to-noise ratio (SNR), contrast-to-noise ratio (CNR), and 
ADC values derived from ss-EPI and rs-EPI were compared. The differences in ADC values were an-
alyzed in patients who were (a) LNM-positive (LNM+, n = 17) and LNM-negative (LNM−, n = 52); (b) 
LVSI-positive (LVSI+, n = 33) and LVSI-negative (LVSI−, n = 36).

RESULTS
The rs-EPIs of CC had higher subjective image quality scores and a lower SNR than ss-EPI (all P < 
0.001); no significant differences existed between rs-EPI and ss-EPI for either CNR or ADC (CNR, P = 
0.313; ADC, P = 0.949; P > 0.05 for all). The rsADC and ssADC of the LNM+ group were substantially 
lower than those of the LNM− group (rsADC, P = 0.000; ssADC, P = 0.000; P < 0.001 for all); the ar-
eas under the receiver operating characteristic curve were 0.855 and 0.851, respectively. However, 
there were no differences in ADC values between the LVSI+ and LVSI− groups (rsADC, P = 0.271; 
ssADC, P = 0.200; P > 0.05 for all). 

CONCLUSION
Over a similar scan time, rs-EPI improves the qualitative image quality of DWI significantly more 
than ss-EPI and has good diagnostic accuracy for LNM status in CC. However, neither could predict 
the LVSI status.

CLINICAL SIGNIFICANCE
Readout-segmented EPI improves the qualitative image quality of DWI and has good diagnostic 
accuracy for LNM status in CC, compared with conventional ss-EPI. It is more inclined to qualitative 
analysis of CC foci and provides a better scheme when choosing the DWI sequence scanning strat-
egy for CC. 
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Despite its extensive screening pro-
grams, cervical cancer (CC) remains 
the fourth most common cancer 

among women worldwide.1 Lymphovascular 
space invasion (LVSI) refers to the presence 
of tumor cells in the lymphatic vessels and/
or within the blood vessels. Although not 
involved in CC staging, it can predict lymph 
node metastasis (LNM) and is used as an in-
dependent prognostic factor for recurrence 
and survival.2,3 The latest International Fed-
eration of Gynecology and Obstetrics 2018 
staging system noted that the treatment effi-
cacy of stage IB2 and stage IIA1 early CC sur-
gery and chemoradiation is consistent, and 
the National Comprehensive Cancer Net-
work Clinical Practice Guidelines in Oncology 
recommends that patients with LNM classi-
fied as stage IIIC cancer, who are candidates 
for external beam radiation therapy, undergo 
brachytherapy and chemotherapy instead of 
surgical procedures.3,4 If the risk factors for 
LNM and LVSI are identified after surgery, 
adjuvant chemoradiotherapy needs to be 
further strengthened. However, combined 
surgery and chemoradiotherapy is associat-
ed with increased adverse effects and great-
er complications.5 Accurate evaluation of the 
LVSI and LNM before surgery can reduce the 
complications of both surgery and chemora-
diation, avoid excessive surgery, and prevent 
depriving young women of childbirth.

Around the edges of the tumor focus are 
functional lymphatic channels, along which 
the primary tumor spreads to the regional 
lymph nodes.6 The peripheral tumor tissue 
between the tumor and normal tissues is rich 
in tumor stem cells and likely to determine 

tumor invasiveness.7 However, the anterior 
bladder and posterior gas-containing rectum 
are challenging anatomical regions, making 
cervical diffusion-weighted imaging (DWI) at 
3.0T magnetic resonance (MR) susceptible to 
artifacts and geometric distortion, especially 
in these tumor marginal areas. The conven-
tional sequence used for DWI–single-shot 
echo-planar imaging (ss-EPI)–has various 
limitations that may induce geometric dis-
tortion, T2 blurring effect, and susceptibility 
to artifacts.8 Through shortening the echo 
time (TE) and echo spacing along the k-space 
readout trajectory, readout-segmented 
echo-planar imaging (rs-EPI) DWI sequences 
may overcome these shortcomings.9,10 

This study compares the subjective and 
objective image quality of rs-EPI and ss-EPI in 
CC and determines the feasibility and effec-
tiveness of the marginal area apparent diffu-
sion coefficient (ADC) values from ss-EPI and/
or rs-EPI for evaluating the invasive status of 
the tumor into the lymphovascular space 
and lymph nodes in patients with CC.

Methods

Patients

This study was approved by the Institu-
tional Ethics Committee of The Affiliated 
Hospital of Southwest Medical University, 
and informed consent was obtained from 
all the patients (May 2021; decision number 
of the ethics committee approval: KY2021-
04101). A total of 130 consecutive female pa-
tients with pathologically diagnosed CC un-
derwent an MR examination and subsequent 
surgery as primary surgery at the hospital 
between June 2021 and March 2023. The MR 

imaging (MRI) examination included ss-EPI 
DWI and rs-EPI DWI. Of the patients initially 
included in the study, 46 were excluded due 
to the following criteria: 1) history of preop-
erative therapy (neoadjuvant chemothera-
py, radiotherapy, or conization) (n = 36); 2) 
incomplete histopathological data (n = 7); 
3) the diameter of each lesion was <1 cm on 
the MRI (n = 15); 4) rare histological types of 
CC (big cell neuroendocrine carcinoma, clear 
cell carcinoma) (n = 3). The remaining 69 cas-
es were finally divided into an LVSI+ versus 
LVSI- patients’ group and an LNM+ versus 
LNM- patients’ group, respectively. The inclu-
sion and exclusion criteria are summarized in 
Figure 1.

Magnetic resonance imaging protocols

The MR examinations were performed on 
a 3T MR scanner (MAGNETOM Prisma, Sie-
mens Healthineers, Forchheim, Germany). 
Conventional MRI was acquired, including 
the following sequences: axial and sagit-
tal T2W imaging [repetition time (TR)/TE, 
4,000/89 ms]; axial contrast-enhanced T1W 
imaging with fat saturation (TR/TE, 600/10 
ms). Before injecting the contrast agent, 
ss-EPI and rs-EPI DWI were performed with 
comparable imaging parameters (Table 1). 
Patients who were menstruating or had an 
intrauterine device in the uterine cavity at 
the time of MRI acquisition were excluded.

Qualitative evaluation of image quality

All database analyses were performed on 
a workstation (Syngo.via; Siemens Health-
ineers). Qualitative image evaluation was 
performed by two independent radiologists 
(reader 1: BZ, with 8 years of experience; 

Main points

•	 The anterior bladder and posterior gas-con-
taining rectum are challenging anatomical 
regions, making cervical diffusion-weighted 
imaging (DWI) at 3.0T magnetic resonance 
susceptible to artifacts, geometric distor-
tion, and T2* blurring, especially in cervical 
cancer (CC) marginal areas. 

•	 Readout-segmented echo-planar imaging 
(rs-EPI) DWI can produce clear anatomic de-
tails and reduce ghost artifacts and distor-
tion in DWI of CC, achieving higher subjec-
tive and qualitative diagnostic value.

•	 No difference was found between rs-EPI and 
single-shot echo-planar imaging (ss-EPI) 
with respect to apparent diffusion coeffi-
cient values pertaining to the edges of CC 
lesions.

•	 rs-EPI and ss-EPI had similar good diagnos-
tic accuracy in the prediction of lymph node 
metastasis status in CC. Figure 1. Flowchart showing the inclusion and exclusion criteria for patient selection. LVSI, lymphovascular 

space invasion; LNM, lymph node metastasis; MRI, magnetic resonance imaging.
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reader 2: JC, with 15 years of experience) 
who were blinded to the corresponding DWI 
scanning sequence parameters. The two ob-
servers anonymized and randomly distribut-
ed all DWI parameters. Taking axial and sagit-
tal T2W images and axial contrast-enhanced 
T1W images as a reference, the image an-
atomical details, geometric distortion and 
ghosting artifacts, lesion conspicuity, and 
overall image quality were assessed using a 
5-point scale (1 = non-diagnostic, 2 = poor, 3 
= general, 4 = good, 5 = excellent) according 
to the research by Zhang et al.11 

Quantitative evaluation of images

The quantitative analysis included the 
measurement of the signal-to-noise ratio 
(SNR), CNR, and ADC values. All regions of 
interest (ROIs) were manually delineated by 
a radiologist (FW) who had 20 years of expe-
rience involving pelvic MRI. Lesion ROIs were 
placed on axial oblique DWIs with a b-value 
of 800 s/mm2 guided by T2W images and 
contrast-enhanced T1W images. An irregular 
lesion ROI included the tumor edge on the 
biggest image slice, which encompassed the 
peripheral area within a 5-10-mm radius of 
the edge of high-intensity tumors and avoid-
ed obvious necrotic, higher signal artifacts 
and deformation areas. Background and tis-
sue ROIs were selected as a circular drawing 
with an area of approximately 5 mm2. All ROIs 

were measured twice, and the average was 
calculated. In the results, signal (S)lesion is the 
mean signal intensity inside the lesion ROI, 
standard deviation (SD)background is the stan-
dard deviation of the background noise ROI, 
Stissue depicts the mean signal intensity of the 
musculus glutaeus medius tissue ROI, and 
SDlesion and SDtissue represent the standard de-
viation of the lesion ROI and musculus glu-
taeus medius tissue ROI, respectively. 

Next, a well-matched copy of the cervi-
cal lesion ROI was generated automatically 
at the corresponding location of each ADC 
image. An example of a cervical lesion ROI 
acquired on rs-EPI is shown in Figure 2 (b = 
800 s/mm2). 

Statistical analysis

Statistical analysis was performed using 
SPSS, version 25.0 and MedCalc, version 
15.2.2. A two-tailed P value of <0.05 was con-
sidered statistically significant for all analy-
ses. Regarding subjective image quality, in-
tra-observer agreement was assessed using 
kappa statistics. The kappa values were in the 
range of 0–1.00 and interpreted as follows: 
0.40 = poor; 0.41–0.60 = moderate; 0.61–0.80 
= good; >0.81 = excellent.12 The qualitative 
parameters (reader score) between the two 
DWI protocols were compared using the 
Wilcoxon signed-rank test. The Shapiro–Wilk 
test was conducted to assess the normal 

distribution of all continuous variables. The 
quantitative parameters (SNR, CNR, ADC) 
were compared between ss-EPI and rs-EPI 
using the paired Student’s t-test (when con-
forming to a normal distribution) or the Wil-
coxon signed rank test. The consistency of 
ADC values between ss-EPI and rs-EPI was 
estimated using the intraclass correlation 
(ICC) coefficient with a two-way analysis of 
variance with a random-effects model. An 
ICC of 0.75–1.00 indicated excellent agree-
ment, 0.60–0.74 good agreement, 0.40–0.59 
fair agreement, and <0.4 poor agreement.13 

For further analysis, differences in ADC 
values were analyzed between (a) the LNM+ 
and LNM− groups and (b) LVSI+ and LVSI− 
using Student’s t-test (when data were nor-
mally distributed) or the Mann–Whitney test. 
The diagnostic performance of the two ADC 
values was described by receiver operating 
characteristic (ROC) analysis. The area under 
the ROC curve (AUC) values were also calcu-
lated, and the DeLong test was used to com-
pare the differences among the AUCs.

Results

Patient characteristics

A total of 69 patients (mean age: 47.5 
years; age range: 31–66 years) with CC were 
enrolled in this retrospective study. Of these, 
17/52 patients were staged as LNM+/LNM−; 
in the LNM+ group, the lymph node size was 
<10 mm for all patients. Among all patients, 
33/36 patients were staged as LVSI+/LVSI− 
according to the pathological findings. Table 
2 shows the demographic characteristics of 
patients recruited in this study.

Comparison of subjective visual scores

Comparisons of the rs-EPI and ss-EPI qual-
ity based on a 5-point scoring system are 
shown in Table 3. Intra-observer agreement 
of the anatomic  structure, artifacts  and  dis-
tortion, lesion  conspicuity, and overall  im-
aging quality were good or excellent in two 
DWI sequences (kappa statistics: ss-EPI 0.777, 
0.726, 0.883, 0.787; rs-EPI 0.731, 0.879, 0.692, 
0.705). For both readers, the rs-EPI group 
achieved significantly better scores in each 
aspect than the ss-EPI group (all P < 0.001, 
Table 3). Examples of rs-EPI advantages are 
presented in Figure 3.

Comparison of quantitative image quality

The mean and standard deviation of CNR 
and SNR are listed in Table 4. The SNR value 
of the rs-EPI was lower than that of the ss-EPI 
DWI (445.28 ± 107.33 vs. 138.60 ± 47.80, P < 

Table 1. Imaging parameters for ss-EPI and rs-EPI sequences

Parameters ss-EPI rs-EPI

Diffusion mode Three-scan trace Three-scan trace 

Parallel imaging GRAPPA GRAPPA

Fat-suppressed Fat sat; strong Fat sat; strong

TR (ms) 6,400 6,400

TE (ms) 65 53

Partial fourier 0.625 0.625

Field of view (mm × mm) 320 × 320 320 × 320

Matrix 160 × 160 160 × 160

Number of slices 25 25

Slice thickness (mm) 3 3

Intersection gap (%) 20 20

Phase-encoding direction Anteroposterior Anteroposterior

Echo spacing (ms) 0.64 0.32

Bandwidth (Hz/Px) 2,840 925

EPI factor 136 113

Number of readout segments 1 5

b-value (s/mm2) 50, 800 50, 800

Average 1, 5 1, 1

Scan time (min:sec) 2:20 2:18

ss-EPI, single-shot echo-planar imaging; rs-EPI, readout-segmented echo-planar imaging; GRAPPA, generalized 
autocalibrating partially parallel acquisition; TR, repetition time; TE, echo time.
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0.001). In terms of CNR, there was no signifi-
cant difference between the ss-EPI and rs-EPI 
(5.11 ± 1.55 vs. 4.89 ± 1.60, P = 0.313). 

Diffusion-weighted imaging quantita-
tive parameters

There was no significant difference be-
tween the ADC values for ss-EPI and rs-EPI 
DWI (P = 0.949, Table 4). The consistencies of 

ADC values between ss-EPI and rs-EPI were in 
complete agreement (ICC: 0.886, P < 0.001). 
Table 5 shows the ADC values corresponding 
to LVSI and LNM. In both ss-EPI and rs-EPI 
DWI, the ADC value of ss-EPI (ssADC) and 
that of rs-EPI (rsADC) were significantly lower 
in the LNM+ group than in the LNM- group (P 
= 0.000, 0.000, respectively), and there were 
no significant differences in the ssADC and 
rsADC values between the LVSI+ and LVSI- 
groups (P = 0.271, 0.200, respectively). 

The results of the ROC analyses for ADC 
values used to distinguish LNM+ from LNM− 
are shown in Figure 4 and Table 5. The mean 
AUCs were 0.851 for ssADC and 0.855 for 
rsADC, and there was no significant differ-
ence between the two AUCs (DeLong test: Z 
= 0.871, P = 0.163). 

Discussion

Comparison of image quality between 
readout-segmented echo-planar imaging 
and single-shot echo-planar imaging

The echo spacing of rs-EPI was reduced 
to 0.32 ms compared with 0.64 ms for ss-
EPI in this study. Intra-reader agreement of 
subjective visual estimation evaluated using 
kappa was good or excellent, which con-
firmed the reliability of the investigation, 
and we demonstrated that the anatomic de-
tail, ghosting artifacts, geometric distortion, 
and lesion conspicuity of CC DWI based on 
rs-EPI were significantly superior to ss-EPI. 
This is consistent with previous findings from 
abdomen  pelvic research, which confirmed 
improved subjective visual assessments of 
image quality in rs-EPI for CC, endometrial 
carcinoma, rectal cancer, renal cancer, pelvic 
cancer, and sacroiliitis.10,11,14-17 However, the 
quantitative image quality (SNR, CNR) of rs-
EPI was not satisfactory. We found that the 
SNR on rs-EPI was significantly lower than 
on ss-EPI, which is consistent with previous 
studies.18-22 No significant difference in the 
CNR of rs-EPI and ss-EPI was observed, which 
agrees with previous studies.18,20-22 

The evaluation of the objective image 
quality between rs-EPI and ss-EPI continues 
to be a controversial topic. As the SNR de-
pends to a large extent on the specific pro-
tocol followed, we adjusted the two DWI 
technique parameters of TR values, fields of 
view, matrices, slice thicknesses, and gaps 
to coincide for the facilitation of the quan-
titative comparison. Theoretically, a shorter 
TE results in an increased SNR. In principle, 
the shortened TE of rs-EPI was not enough 
to offset the increase in the SNR caused by 

Table 2. Patient characteristics

Characteristics Patients

Total number 69

Age (years) 47.5 (31–66)

Histological subtype n %

Squamous cell carcinoma 62 89.86

Adenocarcinoma 7 10.14

FIGO stage (2018)

IB 32 46.38

IIA 20 28.99

°C 17 24.64

LNM status

LNM+ 17 24.64

LNM- 52 75.36

LVSI status

LVSI+ 33 47.83

LVSI- 36 52.17

FIGO, International Federation of Gynecology and Obstetrics 2018; LNM, lymph node metastasis; LVSI, 
lymphovascular space invasion.

Figure 2. Plots (a-d) show the schematic of drawing a CC lesion region of interest (ROI). (a) In the sagittal 
T2W image, the red dashed line region is the biggest image slice depicting cancer foci; (b) single-shot 
echo-planar imaging diffusion-weighted image with b-values of 800 s/mm2 with an irregular ROI; (c) the 
corresponding apparent diffusion coefficient image with the ROI from (b); (d) the corresponding axial 
contrast-enhanced T1W image. CC, cervical cancer.

a

c

b

d
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the increase in the ss-EPI average number to 
5. Through setting the scanning parameters, 
we contribute to the similar scanning time 
of the two techniques (2 min 20 s vs. 2 min 
18 s). We found that such imaging parameter 
settings and the results reached were similar 
to previous studies.18-22 Recently, most imag-
es from rs-EPI tend to have higher SNRs and 
CNRs than the images from ss-EPI but with 
the expense of a comparatively longer scan 
time. However, in clinical practice, saving 
scanning time is an important task consid-
ering the numerous MR examinations per-
formed daily. In the present study, the similar 
short scanning time of the two techniques (2 
min 20 s vs. 2 min 18 s), under the premise of 
reasonable lower SNR of rs-EPI, was not rep-
resentative of decreased definition or image 
quality; the SNR and CNR only refer to a part 
of the quantitative index of the image qual-
ity. rs-EPI technology mainly helps achieve 
higher resolution and reduces susceptibility 
artifacts and T2* blurring compared with ss-
EPI technology. Under the premise of reason-
able SNR and CNR, we need rs-EPI DWIs with 
these visual advantages to improve the accu-
racy of the early assessment of CC lesions. 

In addition, the simultaneous multi-slice 
(SMS) acquisition scheme may be a poten-
tial solution to ensure a higher SNR and CNR 
while taking a shorter scan time. Instead of 
a consecutive excitation, the SMS technique 
concurrently excites multiple slices to de-
crease scan time.23 This method has been 
successfully applied to MRI scanning of 
the kidney, liver, pancreas, breast, and rec-
tum.24-28 In the future, we will investigate the 
combination of SMS and readout-segment-
ed techniques for cervix uteri DWI.

Application of apparent diffusion coeffi-
cient in the study of cervical cancer 

In this study, rs-EPI showed clearer ana-
tomical details, fewer artifacts and deforma-
tion, and higher lesion conspicuity; further-
more, the focal edge ROI outlined on the 
corresponding DWI truly reflected the tumor 
edge. We found that the ADC values obtained 
using ss-EPI and rs-EPI were not significantly 

different. As previously reported, the new 
DWI technique did not affect ADC quantifi-
cation; the ADC values of rs-EPI DWI were as 
reliable as conventional ss-EPI but with bet-
ter image quality.14,17,29,30 Only a few studies 
found the opposite result; Wisner’s study on 
breast tumors revealed that within benign 
lesions, malignant lesions, and normal tissue, 
the mean ADC measurements were lower 
with rs-EPI than with ss-EPI.14 According to 
the authors, this was due to T2* blurring on 
rs-EPI. However, Xu et al.21 and Zhao et al.22 
considered the distortion and artifacts of ss-
EPIs to be a more reasonable explanation, 

as no adjacent normal tissue with high ADC 
value could be found in the sinonasal or or-
bital region. In the present study, drawing an 
irregular ROI avoided obvious necrotic, high-
er signal artifacts and deformation areas on 
ADC maps of CC, which may explain the lack 
of differences in ADC values between rs-EPI 
and ss-EPI DWI sequences.

This study also found that 17 cases 
eventually developed lymph node metas-
tases and were finally classified as stage °C, 
and their lymph node size was <10 mm. In 
general, node size is the MRI criterion in 

Table 3. Comparison of qualitative parameters between ss-EPI and rs-EPI

Parameters Reader 1 Reader 2

ss-EPI
mean ± SD

rs-EPI
mean ± SD

P value ss-EPI
mean ± SD

rs-EPI
mean ± SD

P value

Anatomic structure 3.12 ± 0.54 4.43 ± 0.58 <0.001 3.33 ± 0.63 4.47 ± 0.61 <0.001

Artifacts and distortion 3.06 ± 0.38 4.65 ± 0.48 <0.001 3.08 ± 0.34 4.61 ± 0.57 <0.001

Lesion conspicuity 3.71 ± 0.50 4.22 ± 0.77 <0.001 3.73 ± 0.53 4.27 ± 0.76 <0.001

Overall imaging quality 3.45 ± 0.50 4.41 ± 0.64 <0.001 3.35 ± 0.48 4.45 ± 0.50 <0.001

ss-EPI, single-shot echo-planar imaging; rs-EPI, readout-segmented echo-planar imaging; SD, standard deviation.

Table 4. Comparison of quantitative parameters between ss-EPI and rs-EPI

Parameter ss-EPI
mean ± SD

rs-EPI
mean ± SD

t value P value

SNR 445.28 ± 107.33 138.60 ± 47.80 22.749 <0.001

CNR 5.11 ± 1.55 4.89 ± 1.60 1.016 0.313

ADC (×10-3 mm2/s) 1.01 ± 0.17 1.02 ± 0.17 -0.064 0.949

SNR, signal to noise ratio; CNR, contrast to noise ratio; ADC, apparent diffusion coefficient; ss-EPI, single-shot echo-
planar imaging; rs-EPI, readout-segmented echo-planar imaging; SD, standard deviation.

Figure 3. Plots (a, b) show a 51-year-old woman with cervical cancer (CC); (a) the single-shot echo-planar 
imaging (ss-EPI) shows blurred anatomical details and a diffusion-restricted lesion with blurred edges, 
making it unclear whether the lesion broke the outer edge of the cervical wall; (b) distinct boundary 
between the rectum, uterus, and diffusion-restricted lesion in readout-segmented echo-planar imaging (rs-
EPIs). Plots (c, d) show a 54-year-old woman with CC; (c) ss-EPI demonstrating obvious artifacts shown as 
significantly enhanced local signal and evident distortion between the rectum and lesion; (d) minor artifacts 
and distortion in rs-EPIs. 

a

c

b

d
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distinguishing lymphatic metastasis from 
non-lymphatic metastasis; the threshold di-
ameter is 10 mm in the short axis.31 However, 
the size of metastatic, hyperplastic, and nor-
mal lymph nodes can overlap, and the small 
lymph nodes could undergo micro-metasta-
ses.32 Williams et al.33 verified via histological 
analysis that 54.5% of metastatic nodes were 
<10 mm in patients with gynecologic ma-
lignancy. Clearly, the assessment of lymph 
node size alone increased the false-negative 
rate of LNM. In the present study, the inclu-
sion criteria included surgical radical treat-
ment that was abandoned due to suspected 
LNM based on imaging findings. Specifically, 
cases with irregular lymph node morphology 
or a short axis diameter >10 mm on MRI were 
excluded. In essence, the 17 cases of lymph 
node metastases that were missed by MRI 
and not confirmed as positive by LNM exhib-
ited more subtle pathological significance 
that is not readily apparent to the naked eye. 
The measured ADC values in these cases can 
more accurately reflect the internal tumor 
cell proliferation and tumor aggressiveness 
within the lesion. This suggests potential val-
ue in differentiating ADC values between the 
LNM+ and LNM- cases. Although the number 
of lymph node-positive cases was limited to 
17, this sample size remains statistically ac-
ceptable for analysis.

We validated that both marginal region 
rsADC and ssADC values of CC could predict 
lymph node metastatic status (P = 0.000, 

0.000, respectively), in agreement with a pre-
vious study;34 both rsADC and ssADC values 
had a good diagnostic efficacy (AUC: 0.855, 
0.851, respectively). In addition, neither of 
these two ADC values could distinguish the 
LVSI status of CC, in agreement with previ-
ous studies.35,36 LVSI-positive lesion tumors 
are characterized by their high invasiveness 
and a complex microenvironment, which in-
cludes an increased density of cancer cells, 
a high nuclear-cytoplasmic ratio, and re-
duced extracellular space. Additionally, the 
vascular blood flow within these tumors is 
marked by high perfusion. These features 
collectively illustrate the biological charac-
teristics of tumor heterogeneity. The ADC 
value serves as a quantifier for the degree 
of diffusion movement of water molecules, 
which correlates with cell density in biolog-
ical tissues. However, it is important to note 
that, in contrast to cell density, the vascular 
properties of tumors exert an opposing influ-
ence on ADC values, highlighting the distinct 
physical and biological differences between 
diffusion and perfusion in tumor tissues;37 in 
other words, the heterogeneous ADC values 
are insufficient for evaluating the LVSI+ sta-
tus in CC. Even with the higher image quality 
of rs-EPI, identifying the LVSI status using the 
ADC from the tumor edge region remains 
challenging. Nevertheless, a study by Yang 
et al.38 concluded that minimum-ADC values 
could predict LVSI in CC; the ROI of the tumor 
location was plotted layer by layer on DWIs, 
with a total of 20–30 ROIs placed (40–50 

mm2), ultimately selecting the ROI with the 
smallest ADC value. Yang et al.38 explained 
that minimum-ADC values reflect a higher 
density of tumor cells, which may be more 
sensitive to tumor proliferation. Therefore, 
minimum ADC values could serve as a feasi-
ble and objective parameter to reduce ADC 
variability. In contrast, Cheng et al.39 investi-
gated the value of ADC histogram analysis 
based on whole tumor volume for the pre-
operative prediction of LVSI. The conclusion 
drawn is that ADCmax, ADCrange, ADC90, 
ADC95, and ADC99 were significantly lower 
in the LVSI+ group than in the LVSI− group 
(all P values <0.05). This finding may be relat-
ed to the inclusion of hemorrhagic, necrotic, 
and cystic regions in the volume of interest 
(VOI). It is evident that different ADC-derived 
parameters exhibit variations in their ability 
to identify LVSI, which depend on the hetero-
geneity represented in the measured ADCs 
and are closely related to the ROI or VOI. The 
original intention of our study was to use the 
tumor margin area, which is prone to arti-
facts, as the monitoring reference point. The 
obtained value represented an average ADC 
value of the margin area, differing from the 
ADC measurement values of various regions 
within the tumor or the ADC histogram of 
the entire tumor volume.

DWI improves uterine tumor detection 
and characterization and the visualization 
of small implants in peritoneal carcinomato-
sis.40 To improve the accuracy of a qualitative 
assessment of CC, such as judging parame-
trial invasion, DWIs should be included.41 On 
this basis, the present study found that ad-
vantage should be taken of the higher image 
quality of rs-EPI, as it is, to some extent, more 
inclined to the subjective and qualitative 
judgment of CC, providing a better choice for 
making DWI sequences in the future.

This study has several limitations. First, 
some cervical tumors with small lesion di-
ameters (<10 mm) were excluded because of 
insufficient image pixels for analysis. Analy-
ses of advanced CC (stages IIB–IVA) were also 
limited because most patients with advanced 
CC were excluded from concurrent chemo-Figure 4. Plots (a, b) show boxplots of apparent diffusion coefficient values and receiver operating 

characteristic curves, respectively. ADC, apparent diffusion coefficient; LNM, lymph node metastasis.

Table 5. Diagnostic efficiency of apparent diffusion coefficient values in ss-EPI and rs-EPI with respect to LNM and LVSI status

ADC value 
(×10-3 mm2/s)

LNM status P value AUC 95% CI LVSI status P value

LNM+
mean ± SD

LNM-
mean ± SD

LVSI+
mean ± SD

LVSI-
mean ± SD

ssADC 0.87 ± 0.11 1.07 ± 0.16 0.000 0.851 0.744–0.925 0.99 ± 0.20 1.04 ± 0.13 0.271

rsADC 0.86 ± 0.14 1.07 ± 0.15 0.000 0.855 0.754–0.956 0.99 ± 0.21 1.05 ± 0.13 0.200

ADC, apparent diffusion coefficient; ssADC, apparent diffusion coefficient value of ss-EPI; rsADC, apparent diffusion coefficient value of rs-EPI; AUC, area under the receiver 
operating characteristic curve; LNM, lymph node metastasis; LVSI, lymphovascular space invasion; ss-EPI, single-shot echo-planar imaging; rs-EPI, readout-segmented echo-planar 
imaging; SD, standard deviation; CI, confidence interval.

a b
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radiotherapy without surgery or receiving 
neoadjuvant chemoradiotherapy prior to 
the surgery. Therefore, there were potential 
selection biases intrinsic to this retrospec-
tive single-center study. Second, the ROI in 
this study was delineated manually along 
the tumor margins on diffusion-weighted 
images. This approach may inadvertently 
introduce errors and deviations in determin-
ing tumor boundaries, and it is also notably 
time-consuming. Therefore, automated or 
semi-automated segmentation methods 
may represent a more efficient alternative. 
Future research should focus on enhancing 
comparative studies of these methods to 
develop a more effective research strategy. 
Third, although the evaluation of LVSI status 
in our study cohort was negative, we need 
to measure different ADCs (including tumor 
ADC, mini-ADC, and mini-ADC ratio) (32) and 
further estimate the relationship between 
ADC and LVSI status in large-cohort multi-
center studies. 

In conclusion, Over a similar scan time, 
rs-EPI significantly improves the qualitative 
image quality of DWI and has good diagnos-
tic accuracy for LNM status in CC compared 
with conventional ss-EPI DWI, especially for 
the margin of CC lesions. However, neither 
could predict the LVSI status. Including rs-EPI 
DWI in routine clinical protocols for MRI may 
be a better choice.
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