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PURPOSE
This study aimed to compare the variability of the uterus during the menses phase (MP), follicular 
phase (FP), and luteal phase (LP) of the menstrual cycle using intravoxel incoherent motion diffu-
sion-weighted imaging (IVIM-DWI).

METHODS
This prospective study was conducted at the Guangdong Provincial Hospital of Traditional Chinese 
Medicine between January 2022 and January 2023. Women of childbearing age (18–45 years) with 
appropriate progesterone levels were included in this study. Conventional magnetic resonance 
imaging and IVIM-DWI scans were performed during the MP, FP, and LP. The differences in IVIM-
DWI-derived parameters between these phases were then compared, and the overlap was quanti-
tatively described.

RESULTS
The apparent diffusion coefficient (ADC) and pure molecular diffusion coefficient (D) values from 
the endometrium, uterine junctional zone (UJZ), and myometrium indicated statistical differences 
between the MP and FP and the MP and LP (ADC: endometrium, both P < 0.001; UJZ, P = 0.008 and P 
< 0.001, respectively; myometrium, P = 0.033 and P = 0.006, respectively; D: endometrium, both P < 
0.001; UJZ, P = 0.008 and P = 0.006, respectively; myometrium, P = 0.041 and P = 0.045, respectively). 
The perfusion-related diffusion coefficient (D*) values from the myometrium indicated statistical 
differences between the FP and MP and the FP and LP (D*: myometrium, P = 0.049 and P = 0.009, 
respectively). The overlapping endometrium ratios between the MP and FP or LP were lower than 
50% in the ADC and D values (ADC: overlapping of MP and FP: 33.33%, overlapping of MP and LP: 
23.33%; D: overlapping of MP and FP: 40.00%, overlapping of MP and LP: 43.33%).

CONCLUSION
The ADC and IVIM-derived parameters indicated differences in the uterus in diverse phases of the 
menstrual cycle, especially in the endometrium in relation to ADC and D values.
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The observable morphological and sig-
nal changes in the uterus on conven-
tional magnetic resonance imaging 

(MRI) have been clearly described in the liter-
ature.1-3 With the development and applica-
tion of quantitative MRI sequences, research-
ers have become interested in the correlation 
between periodic morphological changes in 
the uterus and those displayed using quanti-
tative MRI technologies. Kido et al.4 revealed 
that the apparent diffusion coefficient (ADC) 
values of diffusion-weighted imaging (DWI) 
for the myometrium and endometrium are 
lower during the menses phase (MP), and the 
degree of these differences is similar to those 
reported between malignant and non-ma-
lignant tissues. Kılıçkesmez et al.5 also noted 
that ADC values increase significantly. Frac-
tional anisotropy values on diffusion tensor 
imaging tend to decrease in all zones in the 
secretory phase, with the exception of the 
uterine junctional zone (UJZ). Recently, Li et 
al.6 demonstrated that the T2* values in the 
endometrium during the ovulatory phase 
(OP) and luteal phase (LP) are significantly 
higher than those in the UJZ and myometri-
um. 

The ADC is a quantitative parameter de-
rived from DWI7 and has been commonly 
used and validated as a potential imaging 
biomarker for evaluating diffuse or focal 
uterogenic disease8,9 and monitoring the 
treatment response of malignant tumors.10 
However, because the ADC represents the 
degree of mobility of water molecules in 
tissue, it may not fully account for the tissue 
characteristics that can be interrogated us-
ing DWI techniques.7,11 However, intravoxel 
incoherent motion (IVIM) imaging has been 
approved to help evaluate uterogenic dis-
eases.9,10,12,13 The IVIM imaging technique is 

based on DWI using various b values,7 allow-
ing for the separate analysis of two compo-
nents of random water motion in biological 
tissues (pure molecular diffusion and perfu-
sion) using the parameters of the pure mo-
lecular diffusion coefficient (D), perfusion 
fraction (f), and perfusion-related diffusion 
coefficient (D*).14 However, the reliability of 
IVIM imaging for evaluating uterogenic dis-
eases can be influenced by several factors; 
for instance, the menstrual cycle of women of 
childbearing age may influence DWI or IVIM 
parameters.4 Previous studies have reported 
DWI or IVIM-derived parameter measure-
ment errors resulting from this issue.9,13,15-17

Whether the uterine structure can cause 
significant changes in IVIM values during the 
menstrual cycle affects the feasibility, accura-
cy, and credibility of IVIM clinical diagnoses. 
Therefore, this study aimed to compare the 
diagnostic performance of different IVIM-
DWI-derived parameters for the phases of 
the menstrual cycle to explore the degree of 
changes during the menstrual cycle present-
ed in IVIM-DWI. 

Methods

Study design and setting

This field-of-view (FOV) optimized and 
constrained undistorted single-shot (FOCUS) 
study was a prospective investigation con-
ducted in the Guangdong Provincial Hospi-
tal of Traditional Chinese Medicine between 
January 2022 and January 2023. The FOCUS 
study protocol has been approved by our 
institutional Research Ethics Board (approv-
al ZF2022-379) and adhered to the tenets of 
the Declaration of Helsinki. Signed informed 

consent was obtained from each participant. 
The study flowchart is provided in Figure 1.

Participants and screening

Healthy female volunteers were recruited 
and screened in our hospital during the study 
period. The inclusion criteria were as follows: 
(1) healthy women aged 18–45 years, (2) pre-
menopausal status with a regular menstrual 
cycle (28 ± 7 days), (3) biphasic basal body 
temperature, (4) no history of gynecologic 
diseases, and (5) no oral contraceptives or 
hormone replacement therapy in the previ-
ous 12 months. The exclusion criteria were 
as follows: (1) congenital uterine abnormal-
ities, (2) leiomyoma, (3) history of adenomy-
osis, (4) abnormal serum hormone levels, (5) 
pregnancy, (6) age <18 or >45 years, (7) usual 
contraindications to MRI, or (8) refusal to sign 
the informed consent form.

To ensure the patients had normal serum 
hormone levels, we tested the progesterone 
levels of the recruited patients. We set the 
progesterone level at <2.84 nmol/L during 
the LP and >5.8 nmol/L during the MP. If the 
progesterone level was inconsistent with 
the menstrual cycle phase, the gynecologist 
rechecked the participant’s progesterone 
levels during the next menstrual cycle. How-
ever, participants were excluded if the results 
remained inconsistent with the menstrual 
cycle phases. 

After screening with the progesterone 
test, a color Doppler ultrasound (US) (Volun-
son S10; GE Healthcare, MA, USA) examina-
tion of the female reproductive system was 
performed to ensure the patient fit the inclu-
sion criteria. The US examination included 
the following: 1) exclusion of lesions in the 

Main points

•	 Statistical differences between the menses 
phase (MP) and follicular phase (FP)/luteal 
phase (LP) were identified in the endome-
trium, uterine junctional zone, and myo-
metrium in relation to apparent diffusion 
coefficient (D) and pure molecular D val-
ues in intravoxel incoherent motion diffu-
sion-weighted imaging (IVIM-DWI).

•	 Statistical differences in perfusion-related D 
values were identified between the LP and 
MP/FP in the myometrium through IVIM-
DWI.

•	 The differences in the uterine structure 
observed through IVIM-DWI can provide 
experimental evidence for the inclusion/ex-
clusion criteria or layered analysis in future 
IVIM-DWI uterus studies in women of child-
bearing age. Figure 1. Flowchart of the screening process of female volunteers of childbearing age. MRI, magnetic 

resonance imaging; IVIM, intravoxel incoherent motion diffusion; DWI, diffusion-weighted imaging.
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uterus, bilateral fallopian tubes, and ovaries; 
2) assessment of the size and position of the 
uterus; 3) evaluation of the uniformity of the 
myometrium layer echo; 4) measurement 
of endometrial thickness; and 5) analysis of 
uterine blood flow signals.

Magnetic resonance imaging examination

All participants underwent repeated MRIs 
over multiple time points during the men-
strual cycle. Time point one (T1) was from 
days 1 to 4 of the menstrual cycle, time point 
two (T2) was from days 7 to 12, and time 
point three (T3) was from days 16 to 24; T1, T2, 
and T3 represent the MP, follicular phase (FP), 
and LP, respectively. Because the precise time 
window of the OP is too short to measure ac-
curately, we did not examine the uterus for 
OP.

The MRI examinations were performed 
using a 3.0-T scanner (Signa Discovery 750 w; 
GE Healthcare) with a 16-channel abdominal 
coil. Participants were required to undertake 
bowel preparation, including a low-fiber 
diet for one day, an 8-hour fast before the 
test, and an enema with 500 mL of saline 
30 min before the MRI. For all participants, 
the following five standard sequences were 
performed: (1) sagittal T2-weighted short TI 
inversion recovery (STIR) sequence, (2) axial 
T1-weighted turbo spin-echo sequence, (3) 
axial STIR sequence, (4) sagittal FOCUS DWI 
sequence, and (5) sagittal FOCUS IVIM se-
quence.

An IVIM-DWI using a FOCUS protocol was 
performed on all participants in the sagittal 
plane in a supine position. The scan range 
covered the whole uterus and extended 5–8 
cm beyond the distal border of the uterus. 
Spatial saturation bands were applied to re-
move the signal from the overlying fat and 
nearby tissues. In addition, the following 12 
b values were applied: 0, 25, 50, 75, 100, 150, 
200, 300, 400, 500, 600, and 800 s/mm2.

Participants were asked to breathe freely 
during the examination, resulting in the fol-
lowing: average repetition time: 3007 ms; 
average echo time: 69 ms; slice thickness: 4 
mm; inter-slice gap: 1 mm; matrix: 48 × 48; 
FOV: 240 × 240 mm; number of excitations 
= 2; number of slices = 16–20 (based on the 
size of the uterus). Two b values (0 and 800 
s/mm2) were applied to the FOCUS DWI se-
quence, and diffusion-weighted gradients 
were applied in three orthogonal directions. 
The remaining scan parameters were consis-
tent with the FOCUS IVIM sequence. The total 
scan time was approximately 30–35 min.

Image analysis

The IVIM parameters and ADC maps were 
generated and calculated using FuncTool 
(GE AW4.6 advantage; GE Healthcare). A 
quantitative analysis of DWI data was per-
formed using mono-exponential and bi-ex-
ponential models for IVIM data. The ADCs 
were calculated through the mono-expo-
nential linear fitting technique using the fol-
lowing equation:18

where S (b) corresponds to the mean sig-
nal intensity at a given b value and S0 is the 
mean signal intensity at b = 0 s/mm2.

For the bi-exponential model, the 
IVIM-derived parameters were calculated us-
ing the following equation:19

where D is pure water diffusion, D* rep-
resents pseudo diffusion, and f values are 
the intravascular water fractions in a selected 
area. The values were calculated using b val-
ues >200 and <200 s/mm2, respectively.

The quality of the IVIM, DWI, and routine 
T1-weighted and T2-weighted images was 
evaluated by a single examiner (JC) with 17 
years abdominal MRI experience. Moreover, 
a trained examiner (LT) with ten years expe-
rience in female reproductive system MRI-
based diagnosis post-processed all qualified 
images and then measured the study param-

eters quantitatively at the post-processing 
workstation. The examiner was blinded to 
the participants’ age, menstrual cycle phases, 
body mass index (BMI), and previous repro-
ductive history.

To minimize measurement errors, three 
non-overlapping regions of interest (ROIs) 
were determined, avoiding visible vessels, 
uterine borders, and artifacts: (1) the endo-
metrium, anterior, and posterior region of 
the UJZ; (2) the anterior, posterior, and fun-
dus of the myometrium; and (3) the anterior 
and posterior region of the cervical muscu-
laris. The size of each ROI was adjusted ac-
cording to the measurable range of the an-
atomical structure [endometrium: 15 (mean) 
and 12–20 mm2 (range); UJZ: 8 (mean) and 
5–12 mm2 (range); myometrium and cervi-
cal muscularis: 20 (mean) and 15–25 mm2 
(range)], and the position was maintained 
on the different parametric maps (Figure 2). 
The mean ADC, D, D*, and f values for each 
anatomical structure (endometrium, UJZ, 
myometrium, and cervical muscularis) were 
obtained by averaging the measurements in 
the ROIs (Figure 2).

Statistical analysis

Statistical analyses were performed us-
ing SPSS version 26.0 (Chicago, IL, USA). 
We tested continuous variables for normal 
distribution using the Kolmogorov–Smirn-
ov test. Variables with a normal distribution 
were expressed as mean ± standard devia-
tion, those with a non-normal distribution 
were expressed as the median (minimum–
maximum), and categorical variables were 
presented as frequencies with percentages. 
A chi-squared test was applied to analyze 

Figure 2. A 25-year-old healthy female participant in the follicular phase. (a) Sagittal view of a diffusion-
weighted image with b: 0 s/mm2; (b) apparent diffusion coefficient map; (c) pure molecular diffusion 
coefficient map; (d) perfusion-related diffusion coefficient map; (e) perfusion fraction map. Examiner-
measured endometrium (red circles, a-e), uterine junctional zone (blue circles, a-e), and myometrium (black 
circles, a-e) in sagittal view.
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categorical variables. Based on the variable 
distribution and homogeneity of variance, a 
Student’s t-test or Mann–Whitney U test was 
applied to compare the differences in each 
DWI or IVIM-derived parameter between the 
three menstrual cycle phases. 

To quantitatively describe the overlap-
ping conditions and differentiation in men-
strual cycle phases in relation to IVIM-DWI 
parameters, we divided the continuous data 
into intervals, and based on the order of 
magnitudes, we set the interval ranges as 
follows: (1) the interval ranges of the ADC 
and D were 0.10 × 10-3 (e.g., an ADC interval 
of 1.20 × 10-3 mm2/s including data between 
1.15 × 10-3 and 1.25 × 10-3 mm2/s (1.15 × 10-3 
mm2/s ≤ x <1.25 × 10-3 mm2/s) ; (2) the inter-
val range of D* was 10 × 10-3 mm2/s; (3) the 
interval range of f was 10.00%. After the data 
intervals were processed, the frequencies of 
each interval were calculated; overlapping 
intervals and overlapping ratios between 
the phases were then calculated within the 
range of a 95% confidence interval of the in-
tervals. In this study, clinical differences were 
identified when overlapping ratios between 
the phases were <50%, and P < 0.05 was con-
sidered statistically significant. 

Results 

Characteristics of participants

We recruited 42 healthy female volunteers 
of childbearing age (18–45 years). Six partic-
ipants (14.29%) were unable to complete all 
the scans in a menstrual cycle, two (4.76%) 
were excluded because of low image quality 
in screening, and four (9.52%) were excluded 
because they had artifacts in the form of in-
testinal gas. Finally, 30 participants (71.4%), 
with a mean age of 29.33 ± 5.76 years, were 
included in this study. 

The characteristics of the participants 
are summarized in Table 1. Seventeen par-
ticipants (56.67%) had not given birth, sev-
en (23.33%) had one child (two cesareans 
and five eutocia), and six (20.00%) had two 
children (four cesareans and eight eutocia); 
menstrual cycles were 30 days (26–35 days). 
The mean BMI of the participants was 20.48 ± 
2.55 kg/m2, and none were obese.

Endometrium

During the menstrual cycle, the endo-
metrium ADC and D values indicated a 
statistically significant decrease in the MP 
compared with the FP and LP (ADC: both 
P < 0.001, D: both P < 0.001). However, no 
statistical differences among the MP, FP, 

and LP were identified in the endometrium 
D* and f values (D*: MP and FP: P = 0.171, 
MP and LP: P = 0.061, FP and LP: P = 0.753; f: 
MP and FP: P = 0.770, MP and LP: P = 0.651, 
LP and FP: P = 0.410) (Tables 2, 3 and Figure 
3).

The endometrium exhibited low overlap-
ping ratios between the MP and FP/LP in the 
ADC (MP and FP: 33.33%; MP and LP: 23.33%) 
and D (MP and FP: 40.00%; MP and LP: 
43.33%), and the overlapping intervals be-
tween the MP, FP, and LP in the ADC (MP and 
FP: 1.0–1.3 × 10-3 mm2/s; MP and LP: 1.0–1.3 × 
10-3 mm2/s) and D (MP and FP: 0.6–1.1 × 10-3 

mm2/s; MP and LP: 0.7–1.1 × 10-3 mm2/s) were 
less than those between the FP and LP (FP 
and LP: ADC, 1.0–1.6 × 10-3 mm2/s; D, 0.7–1.4 
× 10-3 mm2/s) (Table 4, Figure 4).

Uterine junction zone

During the menstrual cycle, the UJZ ADC 
and D values demonstrated a statistically sig-
nificant decrease in the MP compared with 
the FP and LP (ADC: MP and FP, P = 0.008, and 
MP and LP, P < 0.001; D: MP and FP, P = 0.008, 
MP and LP: P = 0.006). However, no statistical 
difference was identified among the MP, FP, 
and LP in the UJZ D* and f values (D*: MP and 
FP, P = 0.753, MP and LP, P = 0.703, LP and FP, 

Figure 3. Box plots of different phases [menses (MP), luteal (LP), and follicular (FP)] in the endometrium, 
uterine junctional zone (UJZ), and myometrium using parameters derived from intravoxel incoherent 
motion diffusion-weighted imaging. Apparent diffusion coefficient and pure molecular diffusion coefficient 
values in the endometrium, UJZ, and myometrium, revealing differences between the MP and LP/FP (a-f, P 
< 0.05), especially in the endometrium (a, d, P < 0.001 all). Perfusion-related diffusion coefficient values in 
the myometrium, which differ for LP and MP/FP (F, P < 0.05) (E = endometrium; U = UJZ; M = myometrium).

Table 1. Demographic data of participants

Characteristics Participants (n = 30)

Age (years), mean ± standard deviation 29.33 ± 5.76 

Procreation (N/O/T) 17/7/6 (56.67%/23.33%/20.00%)

Birth mode (none/cesarean/eutocia) 17/6/13 (47.22%/16.67%/36.11%)

Menstrual cycle (days), median (minimum–maximum) 30 (26–35)

BMI (kg/m2)   20.48 ± 2.55

N, none; O, one; T, two; BMI, body mass index.
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P = 0.873; f: MP and FP, P = 0.370, MP and LP, 
P = 0.794, LP and FP, P = 0.256) (Tables 2, 3 
and Figure 3).

The UJZ exhibited high overlapping ratios 
(60.00%–80.00%) and no apparent differ-
ences in the overlapping interval between 
phases in the IVIM-DWI-derived parameters 
(Table 4, Figure 4). 

Myometrium

During the menstrual cycle, the myo-
metrium ADC and D values demonstrated 
a statistically significant decrease in the MP 
compared with the FP and LP (ADC: MP and 
FP, P = 0.033, MP and LP, P = 0.006; D: MP and 
FP, P = 0.041, MP and LP, P = 0.045) but no 
statistically significant change in the LP and 
FP (ADC: LP and FP, P = 0.168; D: LP and FP, 

P = 0.624). However, D* values indicated 
a statistically significant increase in the FP 
compared with the MP and LP (FP and MP, P 
= 0.049; FP and LP, P = 0.009). Moreover, the 
myometrium f values indicated no statistical 
difference in the MP, FP, and LP (MP and FP, P 
= 0.284; MP and LP, P = 0.997; LP and FP, P = 
0.282) (Tables 2, 3 and Figure 3).

The myometrium had highly overlapping 
ratios (60.00%–86.67%) and no apparent dif-
ferences in overlapping intervals between 
phases in the IVIM-DWI parameters (Table 4, 
Figure 4).

Discussion
The endometrium is divided into basal 

and functional layers, with changes to the 
endometrium occurring in the functional 
layer.20 The thickness of the endometrium 
is approximately 1–4, 12–13, and 16–18 mm 
in the MP, LP, and FP, respectively.21 During 
the MP, changes in phenotype involve 
the release of proinflammatory cytokines, 
chemokines, and matrix metalloproteinas-
es, leading to the collapse of the shallow 
endometrial layer, focal bleeding, and men-
strual shedding.22 Conversely, mesenchyme 
cells have relatively high or high edema and 

Table 2. Comparison of ADC, D, D*, and f values in different periods of the menstrual cycle 
in the endometrium, UJZ, and myometrium

Value of IVIM-DWI 
parameter

ADC 
(×10-3 mm2/s)

D 
(×10-3 mm2/s)

D* 
(×10-3  mm2/s)

f (%)

Endometrium
  MP of endometrium
  LP of endometrium
  FP of endometrium

0.98 ± 0.18
1.34 ± 0.18
1.42 ± 0.25

0.74 ± 0.19
1.08 ± 0.24
1.08 ± 0.21

28.30 (1.51–127.23)
20.07 (4.41–151.90)
18.97 (2.82–101.63)

19.80 (4.59–66.47)
23.47 (6.14–62.10)

28.00 ± 12.37

UJZ
  MP of UJZ
  LP of UJZ
  FP of UJZ

1.06 ± 0.14
1.15 ± 0.17

1.14 (0.75–1.72)

0.73 ± 0.17
0.85 ± 0.17
0.85 ± 0.17

73.12 ± 60.28
77.75 ± 51.65
80.16 ± 64.69

27.87 ± 9.67
24.79 ± 12.30
27.08 ± 10.61

Myometrium
  MP of myometrium
  LP of myometrium
  FP of myometrium

1.40 ± 0.25
1.52 ± 0.25
1.58 ± 0.30

0.85 ± 0.14
0.90 ± 0.17
0.92 ± 0.20

30.16 (8.39–106.26)
50.03 (9.60–165.53)
28.63 (7.68–140.80)

32.33 (17.97–62.10)
30.91 ± 5.53

31.87 (13.90–64.40)

IVIM-DWI, intravoxel incoherent motion diffusion-weighted imaging; ADC, apparent diffusion coefficient; D, pure 
molecular diffusion coefficient; D*, perfusion-related diffusion coefficient; f, perfusion fraction; MP, menses phase; FP, 
follicular phase; LP, luteal phase; UJZ, uterine junctional zone.

Figure 4. (a-l) Histogram and fitted curve graph of the overlapping conditions. MP, menses phase; FP, follicular phase; LP, luteal phase; ADC, apparent diffusion 
coefficient, CI, confidence interval.



 

IVIM and DWI of the uterus during the menstrual cycle • 661

are lost during spiral arteriole hyperplasia 
in the LP and FP.23-25 In this study, we found 
that lower ADC and D values produced 
offset fitted curves for the MP and smaller 
overlapping intervals and lower overlap-
ping ratios in the MP and LP/FP in terms of 
ADC and D values, consistent with endome-
trial physiology. These findings support the 
rationale that water molecule diffusion in 
endometrial cells decreases with the shed-
ding of edematous mesenchyme cells in the 
functional layer.

After the demise of the corpus luteum 
and progesterone level decrease, UJZ-dom-
inated and myometrium-involved antero-
grade (from the fundus of the uterus to the 
cervix) contractility increases with an in-
crease in uterine contraction (UC) breadth, 
frequency, and resting tone. Unlike retro-
grade contraction during the LP and FP, an-
terograde contraction in the MP significant-
ly increases in intensity and frequency to 
empty the uterine contents.26 UCs are often 
felt by women during the MP, sometimes 
experienced as an aching feeling (dysmen-

orrhea). Furthermore, UC can cause the en-
dometrium to be drawn into the myometri-
um, leading to endometriosis.27 Substantial 
constriction from the UJZ and myometrium 
may cause the blood to flow out of the mus-
cular layer, with the decrease in blood vol-
ume leading to a decrease in water content. 
Contraction forces the smooth muscle cells 
to tighten, which may be why the ADC and 
D values reduce during the MP.28 The myo-
metrium exhibits decreased signal intensity 
under conventional MRI, and the UJZ is un-
clear in T2-weighted images during the MP. 
However, the myometrium has higher signal 
intensity and the UJZ architecture is clearly 
defined during the LP.1 This phenomenon 
may indirectly indicate that the myometrium 
and UJZ have tight myometrium structures. 
UC during the MP reduces water molecules 
in tissues. In the present study, although the 
UJZ and myometrium ratios overlapped by 
more than 50%, the fitted curve and highest 
frequencies were also offset to the left for 
lower ADC and D values in the MP (Figure 4), 
similar to the endometrium.

Tan et al.29 reported that the pulsatility 
index peaked on the day of the luteiniz-
ing hormone surge in the dominant and 
non-dominant uterine arteries during the FP. 
The dominant uterine artery pulsatility index 
then declined from the peak to a low level 
in the mid-LP. The hemodynamic changes 
correlated with the variations in serum estra-
diol and progesterone concentrations. Fur-

Table 3. P value of the parameter comparison between different menstrual cycle phases in 
the endometrium, UJZ, and myometrium

P value of IVIM-DWI parameter ADC D D* f

Endometrium

MP vs. FP <0.001 <0.001 0.171 0.770

MP vs. LP <0.001 <0.001 0.061 0.651

LP vs. FP 0.133 0.668 0.753 0.410

UJZ

MP vs. FP 0.008 0.008 0.753 0.370

MP vs. LP <0.001 0.006 0.703 0.794

LP vs. FP 0.203 0.954 0.873 0.256

Myometrium

MP vs. FP 0.033 0.041 0.049 0.284

MP vs. LP 0.006 0.045 0.980 0.997

LP vs. FP 0.168 0.624 0.009 0.282

IVIM-DWI, intravoxel incoherent motion diffusion-weighted imaging; ADC, apparent diffusion coefficient; D, pure 
molecular diffusion coefficient; D*, perfusion-related diffusion coefficient; f, perfusion fraction; MP, menses phase; 
FP, follicular phase; LP, luteal phase; UJZ, uterine junction zone.

Table 4. Overlapping conditions during different phases of the menstrual cycle based on IVIM-DWI parameters and uterine structure

Overlapping interval 
of M (ADC, D, D*: ×10-3 

mm2/s; f: %)

Overlapping interval of 
UJZ (ADC, D, D*: ×10-3 

mm2/s; f: %)

Overlapping interval 
of E (ADC, D, D*: ×10-3 

mm2/s; f: %)

Overlapping
ratios of M (%)

Overlapping ratios
of UJZ (%)

Overlapping
ratios of E (%)

ADC

MP vs. FP 1.2–1.8 0.9–1.3 1.0–1.3 73.33 76.67 33.33

MP vs. LP 1.2–1.8 0.9–1.3 1.0–1.3 70.00 70.00 23.33

FP vs. LP 1.2–1.8 0.9–1.4 1.0–1.6 70.00 66.67 76.67

D 

MP vs. FP 0.7–1.1 0.6–1.0 0.6–1.1 83.33 73.33 40.00

MP vs. LP 0.7–1.1 0.6–1.0 0.7–1.1 60.00 63.33 43.33

FP vs. LP 0.5–1.2 0.6–1.1 0.7–1.4 66.67 80.00 76.67

D* 

MP vs. FP 10–70 10–130 10–70 53.33 60.00 66.67

MP vs. LP 10–70 10–140 10–50 60.00 73.33 70.00

FP vs. LP 10–70 10–140 0–50 66.67 63.33 80.00

f

MP vs. FP 20–40 20–40 10–40 86.67 63.33 73.33

MP vs. LP 20–50 20–40 10–50 80.00 80.00 73.33

FP vs. LP 20–40 10–40 10–40 86.67 70.00 73.33

IVIM-DWI, intravoxel incoherent motion diffusion-weighted imaging; ADC, apparent diffusion coefficient; D, pure molecular diffusion coefficient; D*, perfusion-related diffusion 
coefficient; f, perfusion fraction; M, myometrium; U, uterine junctional zone; E, endometrium; MP, menses phase; FP, follicular phase; LP, luteal phase.
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thermore, Raine-Fenning et al.30 noted that 
both the endometrial and sub-endometrial 
vascularization index and vascularization 
flow index increased during the FP, peaking 
3 days before ovulation before decreasing to 
the lowest point 5 days post-ovulation. Sim-
ilar to Tan et al.29, our study revealed that D* 
values, which denote the level of the tissue 
body fluid or blood perfusion, were high 
during the FP; however, no obvious differ-
ences were observed in the histogram and 
fitted curve graph. This may be due to the 
low sample size and discrete interval of D* 
values. Differences in the myometrium were 
also identified during the menstrual cycle in 
the T2-weighted MRI scans.1 The UJZ did not 
exhibit a similar variation in our study, pos-
sibly due to the priority levels of the uterine 
artery blood supply.

IVIM imaging is a new method for prob-
ing tissue perfusion and diffusion without 
using a contrast agent and has been applied 
in clinical studies of uterus lesions.13,15,16,31 
However, most studies13,15,31 fail to explain or 
describe menstrual cycle details. From the 
results of our study, the different phases of 
the menstrual cycle demonstrated signifi-
cant differences in IVIM-derived parameters, 
especially in the endometrium for low over-
lapping ratios between phases, which could 
undermine the credibility of studies. There-
fore, based on the rigor of clinical research, 
we suggest that studies of the uterus and 
IVIM should be conducted during the same 
phase of the menstrual cycle, if possible.

This study has some strengths. First, we 
presented explainable results for DWI and 
IVIM for the uterus during the menstrual cy-
cle that are consistent with current physiolo-
gy and similar research. Therefore, DWI and 
IVIM can be used as techniques for human 
clinical research for the functional or meta-
bolic change in the menstrual cycle based 
on the premise of social ethics. Second, al-
though DWI and IVIM have been widely used 
in the diffuse and focal lesions of the uterus, 
few studies have considered changes in the 
menstrual cycle. We considered that the sta-
bility of the DWI and IVIM parameters in the 
uterus were reliable indicators for relevant 
studies. Because DWI and IVIM can change 
during the menstrual cycle, choosing an ap-
propriate phase of the menstrual cycle for 
clinical research using the DWI and IVIM can 
ensure the relative stability of the baseline 
characteristics of participants; completing 
the relevant research during the same phase 
of the menstrual cycle would be more effec-
tive.	

We acknowledge several limitations in our 
study. First, this is a single-center and small 
sample study. Our findings need validation 
through large-scale studies. Second, due to 
the small sample size and limited space, a 
subgroup analysis based on age and fertility 
was not applied. Third, subjective bias may 
exist for one observer, especially in D* val-
ues.11,32,33 Finally, although we applied enema 
and FOCUS technology in multiple b-value 
scans, artifacts from gas in the rectum or 
colon may still have occurred, affecting the 
quality of the DWI and IVIM mappings.

In conclusion, our findings demonstrate 
that parameters derived from ADCs and 
IVIM can detect differences in the uterus in 
diverse phases of the menstrual cycle, es-
pecially regarding ADC and D values in the 
endometrium, which could have a baseline 
impact on DWI and IVIM.
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