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Abstract
Objectives To investigate the potential of various metrics de-
rived from mono-exponential model (MEM), bi-exponential
model (BEM) and stretched exponential model (SEM)-based
diffusion-weighted imaging (DWI) in diagnosing and differ-
entiating the pathological subtypes and grades of uterine cer-
vical carcinoma.
Methods 71 newly diagnosed patients with cervical carcinoma
(50 cases of squamous cell carcinoma [SCC] and 21 cases of
adenocarcinoma [AC]) and 32 healthy volunteers received DWI
with multiple b values. The apparent diffusion coefficient
(ADC), pure molecular diffusion (D), pseudo-diffusion coeffi-
cient (D*), perfusion fraction ( f ), water molecular diffusion het-
erogeneity index (alpha), and distributed diffusion coefficient
(DDC) were calculated and compared between tumour and nor-
mal cervix, among different pathological subtypes and grades.
Results All of the parameterswere significantly lower in cervical
carcinoma than normal cervical stroma except alpha. SCC
showed lower ADC, D, f and DDC values and higher D* value
than AC; D and DDC values of SCC and ADC and D values of
AC were lower in the poorly differentiated group than those in
the well–moderately differentiated group.
Conclusion Compared with MEM, diffusion parameters from
BEM and SEM may offer additional information in cervical

carcinoma diagnosis, predicting pathological tumour subtypes
and grades, while f and D showed promising significance.
Key Points
• DWI-derived parameters by different models are related but
provide diversified information.

• Commonly used ADC by MEM of DWI overestimates the
tissue water diffusivity.

•DWI processed by BEM could separate blood perfusion from
true diffusion effects.

• The derived diffusion-related and perfusion-related param-
eters by BEM are superior to ADC.

Keywords Diffusion-weighted imaging .Mono-exponential
model . Bi-exponential model . Stretched exponential model .

Uterine cervical neoplasm

Abbreviations
AC Adenocarcinoma
ADC Apparent diffusion coefficient
Alpha Water molecular diffusion heterogeneity index
BEM Bi-exponential model
D Pure molecular diffusion
D* Pseudo-diffusion coefficient
DCE-MRI Dynamic contrast-enhanced MRI
DDC Distributed diffusion coefficient
DWI Diffusion-weighted imaging
f Perfusion fraction
MEM Mono-exponential model
MRI Magnetic resonance imaging
SCC Squamous cell carcinoma
SEM Stretched exponential model
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Introduction

The prognostic factors of uterine cervical carcinoma include
tumour volume, stage, pathological subtype and grade, status
of lymph node, etc. [1, 2]. MRI provides excellent morpho-
logical information for cervical carcinoma.MRImethods such
as diffusion-weighted imaging (DWI) and dynamic contrast-
enhanced MRI (DCE-MRI), which respectively reflect the
water molecule diffusion and perfusion process, may help
not only in tumour diagnosis, stage and therapeutic effect
evaluation but also in tumour subtype classification, grade
distinguishing and therapeutic outcome prediction [3–10].
DCE-MRI requires intravenous administration that may be
associated with danger such as allergy and nephrogenic sys-
temic fibrosis (NSF), whereas DWI remains completely non-
invasive.

To date, apparent diffusion coefficient (ADC) is the
most commonly used metric in the mono-exponential
model (MEM) of DWI; however, it does not consider
the influence of the microcirculation of blood in capil-
laries, which may lead to inaccurate description of the
diffusion. On the other hand, the bi-exponential model
(BEM) separates blood perfusion from true diffusion ef-
fects and leads to diffusion-related parameters D (pure
molecular diffusion) and perfusion-related parameters in-
cluding D* (pseudo-diffusion coefficient) and f (perfusion
fraction). Several studies have investigated the relation-
ship between these metrics and those from DCE-MRI
[11–17] and concluded that the BEM-derived metrics
might be superior to ADC in tumour diagnosis and path-
ological grade prediction [12, 18–20]. Only limited cases
of BEM DWI application in cervical carcinoma have been
reported so far and these were mainly focused on the
comparison with DCE-MRI in tissue differentiation in-
cluding tumour, normal cervix, myometrium and
leiomyoma [15, 21]. However, the use of BEM in patho-
logical subtype classification and grade identification has
not been investigated.

The stretched exponential model (SEM) was initially intro-
duced by Bennett et al. [22, 23] to evaluate diffusion and
intravoxel heterogeneity, as represented by the parameters of
DDC (distributed diffusion coefficient) and alpha (water dif-
fusion heterogeneity index). SEM has been applied in malig-
nant tumours such as gliomas [24], nasopharyngeal carcinoma
(NPC) [25], prostate [26–28], and ovarian tumours [29]; SEM
has been demonstrated to be superior to MEM and BEM in
certain cancer types, such as prostate and ovarian [27–29], and
superior to MEM in glioma grading [24]. The application of
SEM in cervical carcinoma is still lacking.

This current study aims to extend the application of BEM
and SEM, in addition to MEM, in cervical carcinoma to in-
vestigate the potential of various parameters in tumour diag-
nosis and identification of pathological subtypes and grades.

Materials and methods

Patients

This prospective study was approved by the institutional review
board and informed consent was obtained from all patients and
healthy volunteers before MRI examinations. A total of 82 pa-
tients with newly diagnosed cervical carcinomas proved by pre-
liminary pathology were initially enrolled. Out of the total 82
cases, 51 cases of squamous cell carcinoma (SCC)were collected
in the period of March to September 2014, 28 cases of adeno-
carcinoma (AC) were collected in the period of March 2014 to
May 2015, and three cases of rare pathological subtypes includ-
ing small cell carcinoma (n = 1) and adenosquamous carcinoma
(n = 2) confirmed by further pathological review or rebiopsy.
Eight cases (one SCC and seven AC) were excluded because
of insignificant lesion dimension (less than 1.0 cm) that may
influence the measurement accuracy; the three rare subtype cases
were also excluded. In the end, 71 cases of cervical carcinomas
were enrolled in this study (age range 25–73 years, median age
46 years; lesion maximum diameter 1.1–8 cm, mean 3.73 cm),
comprising 50 cases of SCC (18 caseswere poorly differentiated,
19 cases were moderately differentiated, seven cases were well
differentiated and six cases were of unknown differentiation as a
result of insignificant biopsy specimens size) and 21 cases of AC
(six caseswere poorly differentiated, eight casesweremoderately
differentiated, six cases were well differentiated, one case was of
unknown differentiation as a result of small biopsy specimens
size; the subtype of AC was further identified as endocervical
type in 12 cases, endometrioid in five cases, gastric-type mucin-
ous type in three cases, mesonephric type in one case). Twenty-
five caseswere in clinical FIGO stage IB, five caseswere in stage
IIA, 16 cases were in stage IIB, 23 cases were in stage IIIB, and
two cases were in stage IVA. For treatment, 28 cases were treated
by radical hysterectomy, 36 cases were treated by concurrent
chemoradiotherapy and seven cases did not received therapy in
our hospital. In addition, 32 age-matched healthy volunteers (age
range 28–61 years, median 45 years), without gynaecological
disease or history of carcinoma, were recruited as a control group
in this study.

Magnetic resonance imaging

MRI examinations were performed on a 3-Twhole body scanner
(Discovery 750, GE Healthcare, US) with an 8-channel phase
array coil. Conventional non-enhanced series were conducted on
all patients and healthy volunteers, including axial fast recovery
fast spin echo (FRFSE) sequence T1WI (TR/TE = 620 ms/
8.2 ms, slice thickness/slice gap = 5 mm/1 mm); FRFSE T2WI
axial (TR/TE = 360 ms/130.0 ms, slice thickness/slice
gap = 4 mm/0.4 mm); FRFSE T2WI sagittal (TR/
TE = 5620 ms/135.6 ms, slice thickness/slice gap = 4 mm/
0.4 mm); axial pre-saturated fat suppression FRFSE T2WI
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sequence (TR/TE = 5100 ms/106.6 ms, slice thickness/slice
gap = 5 mm/1 mm). Conventional DWI (single-shot echo-
planar imaging [SE-EPI], TR/TE = 5500 ms/62.7 ms, slice
thickness/slice gap = 5 mm/1 mm, number of excitations
(NEX) = 2, matrix = 128 × 128, b value = 0 and 800 s/mm2, ac-
quisition time [TA] = 1 min).

The multiple-b-value DWI: SE-EPI, using the same spatial
coverage to that of non-enhanced axial pre-saturated fat suppres-
sion FRFSE T2WI sequence, TR/TE 4000 ms/70 ms, slice
thickness = 5 mm, slice gap = 1 mm, field of view (FOV) =
34 cm, bandwidth = 250 Hz/pixel, matrix = 128 × 128, parallel
imaging factor of 2, TA= 6 min, 13 b values (NEX) : 0 (2),10
(2),25 (2),50 (2),75 (2),100 (1),150 (1),200 (1),400 (1),800
(1),1000 (4),1500 (6),2000 (6) s/mm2.

Contrast-enhanced images were also acquired after contrast
administration (0.2 mmol/kg body weight Gd-DTPA, at rate of
2.0 ml/s, followed by saline flush of 20 ml), imaging series
included sagittal or axial DCE-MRI (TR/TE = 3.9 ms/1.8 ms,
slice thickness/slice gap = 3 mm/0 mm, acquisition
time = 240 s), single-phase sagittal, axial and coronal enhanced
series (TR/TE = 3.7 ms/1.7 ms, slice thickness/slice gap = 3mm/
0 mm). All the patients received a contrast-enhanced scan except
two patients as a result of a history of allergy. The control group
did not receive an enhanced scan.

Data analysis

All DW images were anonymized and de-identified prior to data
analysis and then processed using the Advantage Workstation
(ADW 4.6 version, GE, US). Two observers with 22 years
(O.H.) and 10 years (X.Y.) of experience in body tumour MRI
were blinded to the patients’ information and individually mea-
sured the resulting parameter maps. For the patient group, the
slice with maximal tumour dimension was selected; then the
regions of interest (ROIs) containing all the tumour region and
avoiding obvious necrotic areas were manually delineated, and
both non-enhanced and contrast-enhanced series were used as
reference to determine the tumour extent; for the control group,
the slice with maximal area of cervix was selected and ROIs
including all the cervical stroma and excluding the mucosa were
identified. Parametric maps were generated according to the
following:

(1) Mono-exponential model:

S bð Þ=S0 ¼ exp −b� ADCð Þ

where S(b) is the mean signal intensity with diffusion gradient
b, and S0 is the mean signal intensity without diffusion
gradient.

(2) Bi-exponential model:

S bð Þ=S0 ¼ 1− fð Þexp −b� Dð Þ þ f exp −b� D*ð Þ

where D is the pure molecular diffusion. D* is the pseudo-
diffusion coefficient, f is the microvascular volume fraction
represent ing the frac t ion of di ffus ion l inked to
microcirculation.

(3) Stretched exponential model:

S bð Þ=S0 ¼ exp − b� DDCð Þalpha
h i

where DDC (distributed diffusion coefficient) is the distribut-
ed diffusion coefficient reflecting the mean intravoxel diffu-
sion rate, and alpha (water diffusion heterogeneity index) cor-
responds to intravoxel water diffusion heterogeneity ranging
between 0 and 1 [25].

Statistical analysis

SPSS Statistics version 18.0 (v. 18.0, Chicago, IL) and
MedCalc 13.0.4.0 (MedCalc, Mariakerke, Belgium) were
used for statistical analysis. A two-way model average mea-
sure intraclass correlation coefficient (ICC) was used to test
the interobserver consistency. Then all themeasurements from
the two observers were averaged for further comparison. The
Kolmogorov–Smirnov test was conducted to analyse the nor-
mal distribution of all metrics. Comparisons between tumour
and normal cervix, between different pathological subtypes
and grades were performed by independent t test (D, D* and
alpha, which conformed to normal distribution) and Mann–
Whitney U test (f and DDC, which did not conform to normal
distribution). Spearman correlation analysis was used to ex-
amine the relationship among different parameters for tumour
staging. The area under the curve (AUC) of the receiver oper-
ating characteristic (ROC) curve for the significant parameters
was calculated and compared by MedCalc. P values of less
than 0.05 were considered as statistically significant.

Results

The outcomes of the proposed statistical comparisons are
listed as follows. Interobserver: Good agreement between
measurements from two observers with remarkably high
ICC values (0.921–0.980) (Table 1) was obtained. Tumour
and control group: All the metrics showed significant differ-
ences between patient and control group with all P value less
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than 0.001 and AUCs of 0.734–0.989, which were lower in
cervical carcinoma than normal cervical stroma, except for
alpha (Table 2). The AUC of fwas the highest with significant
difference compared to those of ADC and DDC (P = 0.004
and 0.010 respectively). The AUC of DDC was higher than
that of ADC but showed no statistical difference (P = 0.660)
(Fig. 1). Pathological subtypes: Cervical SCC showed lower
ADC, D, f and DDC values (P < 0.001, AUC 0.896–0.950)
and higher D* value (P = 0.011, AUC = 0.717) than AC
(Table 3) with statistical significance. The AUC of DDC
was slightly higher than that of ADC but showed no statistical
difference (P = 0.958) (Fig. 1). Pathological grades: As show
in Table 4, D value distinguished pathological grades in both
SCC and AC groups (P = 0.037, 0.034, respectively); besides,

statistical differences between those two groups were ob-
served for the DDC value of SCC (P = 0.045) and ADC value
of AC (P = 0.045); however, no statistical difference on ROC
comparison was seen between D and DDC of SCC and be-
tween D and ADC of AC (P = 0.942 and 0.611, respectively)
(Fig. 1). Other parameters did not demonstrate discrimination
performance with statistical significance. In addition, it was
observed that none of the measured metrics showed correla-
tion with different tumour stages. Representative examples of
the images of normal cervix of healthy volunteers, SCC and
AC are shown in Figs. 2, 3, 4, and 5.

Discussion

MEM, BEM and SEM are all based on standard DWI, but
with varying underlying models and governing parame-
ters. The applicability of individual models for specific
diagnosis purposes is of great interest for their widespread
clinical use. In this investigational study, the b values
used were carefully chosen to facilitate the derivation of
parameters for each of the models [30]. Specifically, a
total of 13 b values were chosen including nine in the
low range (0, 10, 25, 50, 75, 100, 150, 200, 400 s/mm2),
two in themid-range (800, 1000 s/mm2) and two high b values
(1500, 2000 s/mm2), different numbers of excitation were

Table 1 Interobserver consistency

ICC 95 % confidence interval

ADC (×10−3 mm2/s) 0.980 0.970–0.986

D (×10−3 mm2/s) 0.951 0.927–0.967

D* (×10−3 mm2/s) 0.921 0.883–0.946

f (%) 0.975 0.964–0.983

DDC (×10−3 mm2/s) 0.977 0.966–0.984

Alpha 0.969 0.954–0.979

ICC intraclass correlation coefficient

Table 2 Comparison between
tumour and control groups Cervical

carcinoma (n =
71)

Normal cervix
stroma (n = 32)

P t/z AUC P value of ROC
curves comparison

ADC
(×10−3

mm2/s)

0.87 ± 0.15 1.19 ± 0.16 <0.001 9.820 a 0.925

D (×10−3

mm2/s)
0.67 ± 0.11 0.77 ± 0.13 <0.001 4.109a 0.739

D* (×10−3

mm2/s)
11.51 ± 5.22 16.02 ± 5.91 <0.001 3.886a 0.734

f (%) 25.11 ± 5.73 46.83 ± 7.78 <0.001 −7.918 b 0.989 0.004 (0.020–0.107)
c

0.010 (0.014–0.101)
d

DDC
(×10−3

mm2/s)

0.97 ± 0.25 1.74 ± 0.50 <0.001 −7.002 b 0.932 0.660 (−0.023 to
0.036) c

Alpha 0.72 ± 0.05 0.62 ± 0.07 <0.001 −7.995 a 0.892

The bold typeface in the table indicates the comparison with statistical significance

AUC area under the ROC curve
a Comparisons were performed by independent t test
b Comparisons were performed by Mann–Whitney U test
c ROC curve comparisons were conducted between ADC and the two parameters whose AUC were higher than
ADC, respectively, with the 95 % confidence interval in the brackets
d ROC curve comparison was conducted between f and DDC with the 95 % confidence interval in the brackets
using MedCalc
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assigned taking consideration of the SNR. Great interobserver
agreement was received with remarkably high ICC (0.921–

0.980), supporting the reliability of the data collected, as also
reported elsewhere [16, 24, 31].

Fig. 1 ROC curve comparisons.
In tumour and control group
differentiation (a), there were
significant differences on ROC
between f and ADC (P = 0.004),
between f and DDC (P = 0.010),
but no difference between DDC
and ADC (P = 0.660). In
disguising the pathological
subtype (b), no statistical
difference existed between DDC
and ADC (P = 0.958). In
identifying the pathological grade
of SCC (c) and AC (d), there was
no statistical difference between
DDC and D of SCC and between
D and ADC of ACwith P = 0.942
and 0.611

Table 3 Comparison between
different pathological subtypes SCC (n =

50)
AC (n = 21) P t/z AUC P value of ROC curves

comparison

ADC (×10−3

mm2/s)
0.80 ± 0.07 1.04 ± 0.14 <0.001 −7.675 0.949

D (×10−3 mm2/
s)

0.62 ± 0.06 0.79 ± 0.13 <0.001 −5.463 a 0.902

D* (×10−3

mm2/s)
12.52 ± 5.39 9.11 ± 3.96 0.011 2.604 a 0.717

f (%) 22.65 ± 3.79 30.99 ± 5.29 <0.001 −5.242 b 0.896

DDC (×10−3

mm2/s)
0.85 ± 0.13 1.26 ± 0.24 <0.001 −5.953 b 0.950 0.958 (−0.0173 to 0.0183) c

Alpha 0.72 ± 0.05 0.72 ± 0.05 0.942 0.073 a 0.528

The bold typeface in the table indicates the comparison with statistical significance

SCC squamous cell carcinoma, AC adenocarcinoma, AUC area under the ROC curve
a Comparisons were performed by independent t test
b Comparisons were performed by Mann–Whitney U test
c ROC comparison was conducted between ADC and the DDCwhose AUCwas higher than ADC, with the 95%
confidence interval in the bracket using MedCalc
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Mono-exponential model

ADC from MEM measures the overall diffusion level,
which is mainly attributed to the cellular density that
represents the ratio of extracellular to intracellular space.
Comparing to the normal tissues, malignant tumour cell
growth resulted in elevated level of cellular density,
shrunk extracel lular space and higher nuclear/
cytoplasmic ratio, which would lead to lowered ADC
(cervical carcinoma vs normal cervical stroma, 0.88–
1.12 × 10−3 mm2/s vs 1.50–1.72 × 10−3 mm2/s) [3–5,
21]. Our results were consistent with previous studies
in that ADC measurements were remarkably lower in
cervical carcinoma than those of normal cervical stroma
(0.87 × 10−3 mm2/s vs 1.19 × 10−3 mm2/s). However, we

found the ADC of normal cervix in our study to be
lower than those in previous studies, possibly as a result
of the higher b value used (up to 2000 s/mm2).

The tumour grade of cervical carcinoma conveys impor-
tant prognostic information. For higher grade tumours, in-
creased cellular density, enlarged nuclei, hyperchromatism
and higher nuclear-to-cytoplasmic ratio may lead to signif-
icant decrease in ADC [6], and significant negative corre-
lations between tumour ADC and tumour grade have been
previously reported [3, 6]. However, one remaining unclar-
ified factor in the previous studies is the subdivision of AC
and SCC, which was not done as a result of the usually
small number of AC cases. AC type features a higher ADC
compared to that of SCC with an overlapping range [3,
5–7]. Hence the correlation between ADC and tumour

Fig. 3 A 52-year-old woman with cervical poorly differentiated
squamous cell carcinoma. Axial T2-weighted image with fat
suppression (a) showed a lobulated mass with high signal intensity.
Image with b value of 1000 s/mm2 (b) showed the ROI encompassed
the whole tumour on this slice.D,D*, f, DDC and alpha maps (c–g) from

multi-b-value DWI-calculated mean values for tumour were 0.61 × 10−3

mm2/s, 8.22 × 10−3 mm2/s, 23.6 %, 0.91 × 10−3 mm2/s and 0.70,
respectively. Histological specimen (h) revealed poorly differentiated
cervical squamous cell carcinoma (haematoxylin–eosin stain; original
magnification, ×100), which showed solid proliferation of tumour cells

Fig. 2 Normal cervix of a 42-year-old female healthy volunteer. Axial
T2-weighted image with fat suppression (a) showed cervical mucosa with
high signal intensity and stroma with low signal intensity. Image with b
value of 1000 s/mm2 (b) The ROI encompassed all the cervix stroma

(excluding the cervical mucosa). ADC, D, D*, f, DDC and alpha maps
(c–h) from multi-b-value DWI-calculated mean values for the normal
cervix were 1.09 × 10−3 mm2/s, 0.66 × 10−3 mm2/s, 32.20 × 10−3 mm2/s,
51.50 %, 1.43 × 10−3 mm2/s and 0.52, respectively
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grades with samples including both AC and SCC may be
affected by the portion of AC cases. In this present study,
the tumour cases were subdivided into SCC and AC groups
and analysed separately. In past studies, it has been report-
ed that significant differences existed between the ADCs of
well/moderately differentiated tumours and poorly differ-
entiated tumours for SCC, such as by Payne et al. [5] and
Kuang et al. [7]; however, no previous report on grade
differentiation for AC has been made. In this study, ADC
was seen to have a weak correlation (P = 0.045) with tu-
mour grade in AC (1.08 × 10−3 mm2/s vs 0.95 × 10−3 mm2/
s). Hence the ability of ADC in differentiating grades may
require the support of further evidence.

Although AC only accounts for a small portion of cervical
carcinoma (less than 15 %) [32], it features poorer response to

radiotherapy and worse prognosis than SCC. Therefore the
subcategorizing of cervical carcinoma is important for thera-
peutic decisions and predicting outcomes. The physiological
distinction between AC and SCC is the increased mucus se-
cretion, which may impact the diffusion. In this study a lower
mean ADC of SCC was observed as compared to AC (0.80 ×
10−3 mm2/s vs 1.04 × 10−3 mm2/s), which is consistent with
previous reports (0.85/0.87/0.80 [×10−3 mm2/s] vs 0.98/1.11/
1.01 [×10−3 mm2/s] [3, 6, 7]).

Bi-exponential model

BEM allows the separation of the diffusion and perfusion
component from overall DWI measurements [33, 34]. As a
result, the D value that measures the pure diffusion would be

Fig. 5 A 25-year-old woman with cervical well-differentiated
adenocarcinoma. Axial T2-weighted image with fat suppression (a)
showed an irregular mass with high signal intensity. Image with b value
of 1000 s/mm2 (b) showed the ROI encompassed the whole tumour on
this slice. D, D*, f, DDC and alpha maps (c–g) from multi-b-value DWI-

calculated mean values for the tumour were 0.88 × 10−3 mm2/s,
6.01 × 10−3 mm2/s, 37.70 %, 1.55 × 10−3 mm2/s and 0.75, respectively.
Histological specimen (h) revealed well-differentiated cervical
adenocarcinoma (haematoxylin–eosin stain; original magnification,
×100), which showed multiple neoplastic glands

Fig. 4 A 67-year-old woman with cervical poorly differentiated
adenocarcinoma. Axial T2-weighted image with fat suppression (a)
showed a lobulated mass with high signal intensity. Image with b value
of 1000 s/mm2 (b) showed the ROI encompassed the whole tumour on
this slice. D, D*, f, DDC and alpha maps (c–g) from multi-b-value DWI-

calculated mean values for the tumour were 0.74 × 10−3 mm2/s, 10.60 × 10−3

mm2/s, 29.20%, 1.20 × 10−3mm2/s and 0.69, respectively. Histological spec-
imen (h) revealed poorly differentiated cervical adenocarcinoma
(haematoxylin–eosin stain; original magnification, ×100), which showed
mainly solid components with scattered neoplastic glands
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lower than the ADC value. Similar to the observation made
with ADC, a lower D value was also obtained in cervical
carcinoma than those in normal cervical stroma (0.67 × 10−3

mm2/s vs 0.77 × 10−3 mm2/s); also a consistently lower D
value was obtained in SCC than AC (0.62 × 10−3 mm2/s vs
0.78 × 10−3 mm2/s).

D* represents a perfusion-related coefficient and reflects
the capillary blood velocity [34]. No statistical difference be-
tween cervical carcinoma and normal cervix was reported in a
study by Lee et al. (71.30 × 10−3 mm2/s vs 69.41 × 10−3 mm2/
s) [21]. However in the present study,D* was seen to be lower
in cervical carcinoma than normal cervix, and also showed
statistically significant difference between pathological sub-
types (higher in SCC than AC). This also indicates that D*
is not the dominating factor in ADC, since ADC of SCC was
lower than that of AC as discussed. A shortcoming ofD* is its
repeatability, potentially because of the limited small b value
range of measurements available [16, 21, 27]. It was also
observed in this study that D* showed higher standard devia-
tion, lowest consistency (0.921, with relatively wide confi-
dence interval) and higher P value (0.011 between subtypes)
among all parameters measured.

The parameter f from BEM is known to be generally cor-
related with the fractional volume of capillary blood flowing
and blood vessel density [35]. Based on literature, the
microvessel density (MVD) values were 66, 31 and 53
microvessels per mm2 in tumour periphery, tumour core and
normal cervix, respectively; moreover theMVD of the tumour
core decreased with larger tumour size [36]. The relationship
between the MVD of the entire tumour and normal cervix
remains unclear as a result of the influence of tumour sizes;
significantly lower f measurements based on ROIs enclosing
the entire tumour were seen in carcinoma as compared to
those of normal cervix, which is consistent with previous
studies of cervix [21], prostate [35, 37] and pancreas [18,
38]. It was also observed in this study that AC had a higher f
as compared to SCC, and this is consistent with the patholog-
ical evidence that AC is associated with higher MVD than
SCC [39].

Stretched exponential model

Alpha describes the deviation of water diffusion from a single
exponential decay. Generally, tumours are believed to have
higher cellular and glandular pleomorphism than normal tis-
sue, resulting in a higher level of intravoxel diffusion hetero-
geneity that leads to a lower alpha [26]. A lower alpha of
normal cervix than that of tumours was seen in this study,
which could be explained by the anisotropy of the fibrous
tissue in normal cervix that leads to comparatively more het-
erogeneous diffusion than in tumour. This could be similar to
the case of white matter that is highly anisotropic and shows
lower ADC and alpha than grey matter [40, 41]. A previous

study also reported significance of alpha in predicting tumour
grade in glioma [24], but no difference was noted in grade of
cervical carcinoma in this study; hence, further study would
be needed for this investigation.

There is strong correlation between ADC and DDC in tu-
mours [24, 26, 42]. Theoretically,whenα = 1,DDC is equivalent
to mono-exponential diffusion-weighted signal decay reflecting
low intravoxel diffusion heterogeneity; when α = 0, DDC sig-
nifies high intravoxel diffusion heterogeneity related to multi-
exponential decay. The study by Liu et al. [26] indicated that
the mean DDC value was higher than the ADC in normal tissues
but lower than the ADC in prostate carcinoma. However, in this
study the DDC values of normal cervix and cervical carcinoma
were both higher thanADC, whichwas consistent with the study
on brain tumour [42]. In addition, DDC showed the same ten-
dency as ADC andD value in distinguishing tumour and normal
cervix, pathological subtype and grade of SCC, which was con-
sistent with the study on gliomas [24]. The reduction inDDC can
be explained bymore intravoxel diffusion heterogeneity between
tumour and normal tissue, and between different tumour grades.

Comparison between models

Parameters derived from MEM, BEM and SEM are related but
provide diversified information. Previous studies showed that
ADC value was positively related to stage of cervical carcinoma,
as well as bi-exponential parameters in NPC [25, 43], while no
correlation was found between the intravoxel diffusion-related
parameters and tumour stage in this study. All the parameters
showed statistically significant difference in tumour diagnosis,
and the f value derived from BEM featured the best performance
with the highest AUC of 0.989 (higher than ADC by MEM and
DDC by SEM). For distinguishing pathological subtypes, DDC
showed the highest AUC but demonstrated indifferent statistical
difference to ADC (0.950 vs 0.949). Our results also showed that
DDC and ADC were related to tumour grade on SCC and AC,
respectively, with weak statistical difference (both P = 0.045),
while only D value could differentiate tumour grade both in
SCC (P = 0.037) and AC (P = 0.034), which indicated that D
values have better ability to predict tumour grade.

Limitations

There were several limitations in this study. Firstly, there was a
lack of pathological comparison, such as MVD, which is com-
monly used as a surrogate marker of angiogenesis. Secondly, the
relatively small cohort of AC made individual comparisons
among three differentiation grades infeasible. Finally, the collec-
tion of SCC and AC data was over different time periods as a
result of hospital schedules; however, consecutive enrolment and
sufficient sample size were ensured for both cases.
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Conclusion

In this study, we investigated the use of three DWI models,
MEM, BEM and SEM, in cervical carcinoma. Overall, it was
seen that the additional parameters derived fromBEM and SEM,
in addition to the ADC from MEM, showed reliability and fea-
sibility in clinical use for cervical carcinoma. Hence multi-b-val-
ue DWI acquisitions would be desirable in practice, bearing the
cost of additional scan time. The non-invasive nature of DWI and
the diverse clinical information available by choosing appropriate
models hold great promise in the tumour diagnosis, subtype and
grade evaluation, and further research is needed.
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