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Repeatability of MR fingerprinting in normal cervix and utility in 
cervical carcinoma
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Background: Magnetic resonance fingerprinting (MRF) is a fast-imaging acquisition technique that 
generates quantitative and co-registered parametric maps. The aim of this feasibility study was to evaluate 
the agreement between MRF and phantom reference values, scan-rescan repeatability of MRF in normal 
cervix, and its ability to distinguish cervical carcinoma (CC) from normal cervical tissues.
Methods: An International Society of Magnetic Resonance in Medicine/National Institute of Standards and 
Technology (ISMRM/NIST) phantom was scanned using MRF 15 times over 65 days. Agreement between 
MRF and phantom reference T1 and T2 values was assessed by linear regression. Healthy volunteers and 
patients with suspected CC were prospectively recruited. MRF was repeated twice for healthy volunteers 
(MRF1 and MRF2). Volumes of interest of normal cervical tissues and CC were delineated on T1 and T2 
maps. MRF scan-rescan repeatability was evaluated by Bland-Altman plots, within-subject coefficients of 
variation (wCV), and intraclass correlation coefficients (ICC). T1 and T2 values were compared between CC 
and normal cervical tissues using Mann-Whitney U test. Receiver operating characteristic (ROC) analysis 
was performed to evaluate diagnostic efficiency.
Results: Strong correlations were observed between MRF and phantom (R2=0.999 for T1, 0.981 for T2). 
Twelve healthy volunteers (28.7±5.1 years) and 28 patients with CC (54.6±15.2 years) were recruited for 
the in-vivo experiments. Repeatability of MRF parameters were wCV <3% for T1, <5% for T2 and ICC 
≥0.92 for T1, ≥0.94 for T2. T1 value of CC (1,529±112 ms) was higher than normal mucosa [MRF1: 1,430± 
129 ms, MRF2: 1,440±130 ms; P=0.031, area under the curve (AUC) ≥0.717] and normal stroma (MRF1: 
1,258±101 ms, MRF2: 1,276±105 ms; P<0.001, AUC ≥0.946). T2 value of CC (69±9 ms) was lower than 
normal mucosa (MRF1: 88±16 ms, MRF2: 87±13 ms; P<0.001, AUC ≥0.854), but was not different from 
normal stroma (P=0.919).
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Introduction

Conventional quantitative magnetic resonance imaging 
(MRI) techniques that aim to estimate MR parameters—
such as T1, T2, and apparent diffusion coefficient—are 
sensitive to variations in the content of metabolites and 
tissue components. Diffusion-weighted imaging is routinely 
used in the diagnosis and assessment of pelvic diseases, but 
quantitative T1 and T2 mappings have not been adopted in 
routine clinical practice. These are challenging to image in 
moving regions, including the abdomen and pelvis, due to 
long acquisition times (1,2).

Magnetic resonance fingerprinting (MRF) is a fast 
imaging acquisition technique that can overcome the 
limitations of conventional T1 and T2 mapping (3). It is 
based on the premise that MR parameters can be reliably 
estimated from the evolution of MR signals, known as MR 
fingerprints, that are acquired with pseudorandomised 
acquisition parameters, such as repetition times and flip 
angles (3). To estimate MR parameters, MRF is matched 
against a precomputed dictionary, which contains a library 
of MRI signal evolution of different biological tissues, on 
a voxel-by-voxel basis. MRF thus permits the estimation 
of quantitative and co-registered parametric maps from a 
single sequence (1). 

Conventional T1- and T2-weighted imaging are part of 
the routine set of sequences for diagnosis and assessment of 
various cancers. However, these sequences do not directly 
provide quantitative assessment of pathophysiological 
changes in tissues. Additionally, early subtle changes 
within the tumours could not be readily appreciated even 
by experienced radiologists unless the tumours change 
sufficiently in size, morphology or intensity (4). Thus, these 
conventional sequences without quantitative measurements 
have a limited role in the detection of early changes in the 
tumour microenvironment. On the other hand, MRF may be 
a promising alternative by providing quantitative metrics that 

could evaluate the biological characteristics of tumours based 
on the various contrast mappings which can be acquired in 
a single sequence. Given these advantages, MRF has the 
potential to estimate multiple and useful imaging parameters, 
which can be implemented for cancer characterisation and 
treatment response assessment and potentially incorporated 
in radiomics and machine-learning (4,5).

In order to be clinically useful, quantitative parameters, 
such as T1 and T2 values derived from MRF, need to have 
high repeatability and reproducibility (6). Initiatives like 
the Quantitative Imaging Biomarkers Alliance (QIBA) 
investigate the standardisation and reliability testing of 
such quantitative techniques in order to translate these 
biomarkers into clinical practice (7). Numerous studies have 
reported good to excellent repeatability and reproducibility 
of MRF in vivo even across MRI platforms of different 
field strengths (8-13). Recent studies have demonstrated 
the application of MRF in the brain (4,8,9,13-16), and 
preliminary investigations in other body parts, including 
breast, liver, kidney, prostate and ovaries (2,5,10,17-23).  
Furthermore, MRF has shown the potential ability 
in differentiating cancers from normal tissues and 
distinguishing primary tumours from metastases (15,20,21). 
Nevertheless, MRF in cervical carcinoma (CC) has 
hitherto not been investigated. The aims of this feasibility 
study were to evaluate the agreement between MRF and 
phantom reference values, scan-rescan repeatability of 
MRF in normal cervix and to explore the ability of MRF in 
discriminating CC from normal cervical tissues.

Methods

The study was conducted in accordance with the 
Declaration of Helsinki (as revised in 2013). This 
prospective study was approved by the local Institutional 
Review Board, and informed consent were obtained from 

Conclusions: Excellent agreement was observed between MRF and phantom reference values. MRF 
exhibited excellent scan-rescan repeatability in normal cervix with potential value in differentiating CC from 
normal cervical tissues.
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all the study subjects.

Study subjects recruitment

Twelve healthy volunteers were recruited for pelvic MRI 
and MRF between December 2019 and April 2020. The 
inclusion criteria for healthy volunteers were those (I) 
without clinical symptoms and (II) no prior history of 
hormone therapy, gynaecological conditions or pelvic 
surgery.

Initially, 33 patients with clinically visible cervical 
masses were prospectively recruited and underwent pelvic 
MRI and MRF between June 2019 and March 2020. The 
inclusion criterion for patients was histologically confirmed 
CC. Exclusion criteria included (I) prior history of pelvic 
surgery, chemoradiation or other malignancy, (II) cervical 
tumour that did not originate from the cervix, and (III) 
severe motion artefacts observed on MRI or MRF maps.

Clinicopathological assessment

Cervical biopsies from clinically suspected CC were assessed 
by a pathologist with more than 10 years’ experience 
in gynaecological malignancy; and reviewed at multi-
disciplinary team meetings. The assessed histopathological 
markers included histological subtypes and tumour grades, 
according to the WHO Classification of Tumours of Female 
Reproductive Organs (24). All cases were staged using the 
revised 2018/2019 International Federation of Gynecology 
and Obstetrics (FIGO) staging for CC based on MRI by 
a board-certified radiologist (R1: >10 years’ experience in 
pelvic MRI) (25).

MRF acquisition and processing

We have implemented an in-house single-slice inversion-
recovery fast imaging protocol with steady-state free 
precession for MRF acquisition and an in-house MRF 
reconstruction pipeline, which consisted of spiral 
reconstruction using non-uniform Fourier Transform (26),  
dictionary generation using the extended phase graph 
algorithm (27), and in-house dictionary matching written 
in MATLAB (R2017b, The MathWorks, Natick, MA, 
USA), similar to references (3,16). All MRI examinations 
were performed using a 3.0 T MRI scanner (Achieva 3T 
TX, Philips Healthcare Best, the Netherlands). Dictionary 
matching was done on a machine equipped with an Intel 
Xeon Gold 6428 (20 cores @ 2.50 GHz) and 500 GB 

of random access memory (RAM), and matching took 
approximately 6 minutes per slice. The generated T1 and 
T2 maps were co-registered, as the maps were reconstructed 
from the same base MRF signal in postprocessing.

MRF in phantom

MRF was performed on the standard International Society 
of Magnetic Resonance in Medicine/National Institute of 
Standards and Technology (ISMRM/NIST) MRI system 
using an 8-channel phase array brain and dorsal coils for 
signal reception as previously described in reference (28). 
MRF protocol and dictionary details may be found in Table 1.  
An additional 5 s delay was needed before each acquisition 
to ensure the net magnetization to be in its thermal 
equilibrium state, the resulting scan time per slice was  
19 s. The phantom was scanned 5 times per session over  
15 sessions throughout 65 days.

Circular regions of interest (ROIs) of 6 T1 and 11 T2 
fiducial spheres from all repetitions in each session were 
contoured. The mean and standard deviation of T1and 
T2 values over all voxels in the ROI were measured for 
all 15 sessions. Measured T1 and T2 values from MRF 
were averaged across the 15 acquisitions. T1 spheres had 
reference values ranging from 367 to 1,838 ms, while T2 
spheres had reference values ranging from 15 to 646 ms. As 
we aimed to evaluate the T1 and T2 values with the ranges 
observed in biological tissues, T1 spheres 7 to 14 and T2 
spheres 12 to 14 which contained lower T1 and T2 values 
were excluded from our measurements.

MRF in-vivo

MRI was performed with a 16-channel phased-array torso 
coil for signal reception. All the subjects fasted for 6 hours 
and received 20 mg intravenous hyoscine butylbromide 
(Buscopan, Boehringer Ingelheim, Germany) before MRI 
examinations to reduce peristaltic artefacts. Conventional 
MRI and MRF protocols were standardised for all subjects 
and the MRF protocol was identical to that used in the 
phantom experiment (Tables 1,2). The dictionary was 
computed with range and increments tabulated in Table 1 (5).  
For healthy volunteers, the same MRF protocol was 
performed twice (MRF1 and MRF2) with a 10-minute 
break interval (4,10). For patients with CC, MRF was only 
performed once after conventional sequences. Eight to 
fourteen slices of MRF sequence were performed for each 
subject, the scanning range covered the whole normal cervix 
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or the entire tumour of all patients.

Normal cervix and CC delineation

First, a second radiologist (R2; board-certified with 3 years’ 
experience in pelvic MRI) delineated the volumes of interest 
(VOIs) of normal cervical tissues and CC using open-source 
ImageJ software (1.53d, National Institutes of Health, USA) 
and the VOIs were subsequently verified by R1. In cases of 
disagreement, VOIs were revised in consensus. As axial T2-

weighted images had corresponding imaging slices to MRF 
maps, axial and sagittal T2-weighted images were taken 
as references when drawing VOIs on the T1 and T2 maps 
obtained from MRF. VOIs were individually delineated on 
T1 maps first and then copied to T2 maps as these maps 
were co-registered. Mean T1 and T2 values of healthy 
volunteers and patients with CC were computed over all 
voxels in the VOIs using an in-house MATLAB script.

For healthy volunteers, the VOIs of cervical mucosa and 
stroma were individually delineated on the T1 and T2 maps 
of MRF1 (Figure 1). The central canal was excluded from 
the delineation of cervical mucosa. The same procedure 
was repeated on the T1 and T2 maps obtained from 
MRF2 (Figure 2). For patients with CC, the VOIs of CC 
were drawn by strictly delineating the border of CC from 
adjacent normal tissue on each slice to cover the full extent 
of the tumours on the T1 and T2 maps (Figure 3).

Statistical analysis 

Linear regression was performed, and the coefficient of 
determination (R2) was calculated to assess the agreement 
of T1 and T2 values between MRF and phantom reference 
values. Bland-Altman plots were used to evaluate the 
repeatability of MRF scan-rescan on healthy volunteers. 
The bias and limits of agreement of Bland-Altman plots 
represent the mean difference and the range of variation 
between the two measurements, respectively. Within-
subject coefficients of variation (wCV), two-way mixed, 
single score, agreement intraclass correlation coefficients 
{ICC [2, 1]} were respectively defined in Eq. [1] and Eq. [2] 
(29,30):

 
wCV σ

µ
=  [1]

 2

2 2ICC
 

τ
τ σ

=
+

 [2]

where σ represents measurement standard deviation, µ 
measurement mean, and τ measurement variance. The 
repeatability of MRF with ICC of 0.50 was regarded 
as poor, 0.50–0.75 moderate, 0.75–0.90 good or >0.90 
excellent (30). Continuous variables were tested for 
normality using Shapiro-Wilk test. Mann-Whitney U tests 
were used for comparing the difference in T1 and T2 values 
between CC and normal cervical tissues, and the Benjamini-
Hochberg procedure was used for multiple comparisons 
correction. A P value <0.05 was considered as statistical 

Table 1 The dictionary and acquisition parameters for MRF

MR parameter
Values

Range (ms) Increment (ms)

Phantom

T1 dictionary 300–6,000 15

T2 dictionary 10–6,000 5

In-vivo

T1 dictionary 10–400 10

400–4,000 20

T2 dictionary 2–20 1

20–400 2

400–2,500 20

Readout Variable density spiral-in-spiral-out

Acquisition window (ms) 8.6

Acquisition factor 58.4

Trajectory rotation after each 
dynamic

222.5°

Repetition time (ms) 12.1–14.1

Flip angle 0–60°

Field of view (mm2) 300×300

Acquisition matrix 256×256

Image resolution (mm2) 1.17×1.17

Slice thickness (mm) 5

Number of slices 8–14

Time per slice (sec) 14

Number of channels 16

Number of dynamics 1,000

Number of spiral interleaves 1

MRF, magnetic resonance fingerprinting.
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Table 2 Conventional MRI protocols

Sequences T2W TSE T2W TSE SPAIR T2W TSE T1W TSE DWI

Plane Sagittal Coronal Axial Axial Axial

TR/TE (ms) 4,000/80 3,500/80 2,800/100 483/10 2,000/54

Turbo factor 30 21 12 5 NA

FOV (mm) 240×240 230×230 402×300 200×359 406×300

Matrix size 480×298 352×300 787×600 332×434 168×124

Slice thickness (mm) 4 4 4 5 4

Bandwidth (Hz/pixel) 230 186 169 218 15

Number of excitations 2 1 1 1 2

MRI, magnetic resonance imaging; T2W, T2-weighted; TSE, turbo spin echo; SPAIR, spectral attenuated inversion recovery; T1W, 
T1-weighted; DWI, diffusion-weighted imaging; TR/TE, repetition time/echo time; FOV, field of view.

Figure 1 A 26-year-old female healthy volunteer. (A) Axial T2-weighted image, (B,D) T1 maps and (C,E) T2 maps. Representative VOIs of 
mucosa (B,C) and stroma (D,E) were shown on the T1 and T2 maps. The VOIs appear as a pair of black rings, and the included area were 
the pixels between the inner and outer rings; the area within the inner ring was excluded. VOI, volume of interest.
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Figure 2 A 26-year-old female healthy volunteer. (A,C) Scan-rescan T1 maps and (B,D) scan-rescan T2 maps. The normal cervix was shown 
(arrow).

Figure 3 A 64-year-old woman with squamous cell carcinoma, tumor grade G3 and FIGO stage IIB. (A) Axial T2-weighted image, (B) 
T1 map and (C) T2 map. Representative VOI of the CC on T1 and T2 maps were also shown (VOIs appear as black circles). FIGO, 
International Federation of Gynecology and Obstetrics; VOI, volume of interest; CC, cervical carcinoma.

2500

2000

1500

1000

500

0

2500

2000

1500

1000

500

0

T1 (m
s)

T1 (m
s)

100

50

0

100

50

0

T2 (m
s)

T2 (m
s)

A

C

B

D

2500

2000

1500

1000

500

0

T1 (m
s)

100

50

0

T2 (m
s)

A B C



3996 Wang et al. MRF in normal cervix and CC

© Quantitative Imaging in Medicine and Surgery. All rights reserved.   Quant Imaging Med Surg 2021;11(9):3990-4003 | http://dx.doi.org/10.21037/qims-20-1382

significance. Receiver operating characteristic (ROC) 
analysis was performed, and the area under the curve (AUC), 
sensitivity and specificity were used for the evaluation of the 
diagnostic efficiency and cut-off values. AUC of 0.7–0.8 was 
considered acceptable, 0.8–0.9 was considered excellent and 
>0.9 was considered as an outstanding accuracy (31). All the 
statistical analyses were performed using in-house R scripts 
(3.6.2, R Core Team, Vienna, Austria).

Results

Phantom experiment

Coefficient of determination between MRF-derived T1 
and T2 values with reference values was R2=0.999 for T1 
and 0.981 for T2 (28). The correlation plots were shown in 
Figure 4.

Demographics and clinical characteristics

In total, 12 healthy volunteers (28.7±5.1 years; range, 
24–43 years) were enrolled. Of the 33 patients, 5 were 
excluded, thus 28 patients with histologically confirmed 
CC (54.6±15.2 years; range, 31–82 years) were analysed. 
A diagram of patient selection was shown in Figure 5. The 

demographics and clinical characteristics of patients with 
CC were shown in Table 3.

MRF scan-rescan repeatability of normal cervix

The wCV of MRF-derived T1 and T2 values in the mucosa 
were 1.90% and 4.25%, respectively, and those in the 
stroma were 2.44% and 3.47%, respectively. The ICC for 
T1 and T2 in the mucosa were 0.96 and 0.94, respectively, 
and in the stroma, they were 0.92 and 0.95, respectively. 
Bland-Altman analysis showed that T1 values of mucosa 
and stroma had similar biases and limits of agreement. 
Furthermore, T2 values of mucosa and stroma had similar 
biases, but T2 stroma had tighter limits of agreement. 
Bland-Altman plots were shown in Figure 6.

Comparison between CC and normal cervical tissues

CC had an average T1 value of 1,529±112 ms and was 
significantly higher than normal mucosa (P=0.031, 
compared with MRF1 and MRF2) and stroma (P<0.001, 
compared with MRF1 and MRF2). CC had an average T2 
value of 69±9 ms and was significantly lower than normal 
mucosa (P<0.001, compared with MRF1 and MRF2). A 

Figure 4 Scatterplots with standard deviation bars showing the linearity of the (A) T1 and (B) T2 values estimated from MRF averaged 
across 15 acquisitions and ISMRM/NIST phantom reference values. MRF, magnetic resonance fingerprinting; ISMRM, International 
Society of Magnetic Resonance in Medicine; NIST, National Institute of Standards and Technology.
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full tabulation of the T1 and T2 values of CC and normal 
cervical tissues, as well as the cut-offs, AUC, sensitivity, and 
specificity, can be found in Table 4 with corresponding box 
and whisker plots depicted in Figure 7.

Discussion

Preliminary studies of MRF have been applied in abdomen 
and pelvis, including liver, kidney, prostate and ovaries 
(2,5,10,17-23). However, the repeatability of MRF in 
normal cervix and the utility of MRF in CC have never 
been evaluated. In this feasibility study, strong correlations 
between MRF and phantom reference values and excellent 
scan-rescan repeatability of MRF in normal cervical 
tissues were demonstrated. Furthermore, the quantitative 
T1 and T2 parameters obtained from MRF were able to 
differentiate between CC and normal cervical tissues.

Our study evaluated the agreement between MRF and 
reference values provided by the ISMRM/NIST phantom. 
Strong agreements were observed with R2=0.999 for T1, 
0.981 for T2. A recent MRF study reported similar results 
of R2=0.996 for T1, 0.997 for T2, which used the same 
ISMRM/NIST MRI system phantom (12). R2 of T2 values 
was slightly lower in our measurements, which may be 
explained by the fact that B1 varies from day to day, thereby 
inducing greater variation in T2 values compared to T1 
values (32). Moreover, it is expected that B1 inhomogeneity 
on 3.0 T would affect the accuracy of relaxation property 

Table 3 Demographics and clinical characteristics of patients with 
CC

Demographics/clinical  
characteristics

Patients (n)

Number 28

Age (years) 54.6±15.2 (range, 31–82)

Histological subtypes

SCC 22

ACA 4

Others* 2

Tumour grades

G1 1

G2 14

G3 13

2018/2019 FIGO stages

I 3

II 8

III 15

IV 2

*, other histological subtypes included one poorly differenti-
ated carcinoma with neuroendocrine differentiation, and one 
60% small cell neuroendocrine carcinoma admixed with 40%  
adenocarcinoma. CC, cervical carcinoma; SCC, squamous 
cell carcinoma; ACA, adenocarcinoma; FIGO, International  
Federation of Gynecology and Obstetrics.

Figure 5 Diagram of patient selection. CC, cervical carcinoma; MRF, magnetic resonance fingerprinting.

Patients with suspected CC 
underwent pelvic MRF 

(n=33) 

Patients needed to be confirmed 
by histology

(n=31) 

Patients with histologically 
confirmed CC 

(n=28) 

Exclusion:
Severe motion artefacts on MRF (n=2)

Exclusion:
Cervical tumours did not originate from cervix (n=3)
• Metastasis from colorectal carcinoma (n=1)
• Metastasis from gastric carcinoma (n=2)
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Figure 6 Bland-Altman plots of the T1 and T2 values of normal mucosa and stroma obtained from two different sessions of MRF, MRF1 
and MRF2. The top row shows mucosa (A) T1 and (B) T2 plots while the bottom row shows stroma (C) T1 and (D) T2 plots. MRF, 
magnetic resonance fingerprinting.
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mapping with more bias on estimated T2 than T1 (2,33).
High repeatability is paramount for any imaging 

techniques, such as quantitative MRI, that is intended for 
routine clinical use (6). It is, therefore, imperative that the 
repeatability of MRF for cervical imaging be evaluated. Our 
results showed that the wCV and ICC of MRF scan-rescan 
were all excellent for both T1 and T2 values, concordant 
with recent MRF studies in brain, breast and knee  
(8-10,13,34).

Considering that CC could arise from the endocervical 
canal, commonly found in the elderly population as the 
squamocolumnar junction recedes within the cervical 
canal, and could present as endophytic growth (35), we 
have performed separate analyses on mucosa and stroma 
to better understand the underlying changes in cervical 
tissues when CC develops. Our results showed that the T1 
value of CC was significantly higher than that of normal 
mucosa and stroma, and the T2 value of CC was lower 

than that of normal mucosa. Amongst the factors that could 
affect T1, variations in the concentration of mucin, a T1-
shortening macromolecule, may contribute to a lower T1 
value in normal cervical tissues than CC (36). The level of 
mucin production is variable in both normal cervix and CC. 
In normal cervical tissues, the mucin level of endocervical 
secretion changes within menstrual cycle (37). However, 
we did not investigate the effect of menstrual cycle and 
menopausal status on T1 and T2 values due to the limited 
sample size. In CC, mucin production is decreased in 
squamous cell carcinomas and increased in adenocarcinoma 
and adenosquamous carcinoma (38). As the majority of our 
cohort were squamous cell carcinomas, T1 values of CC 
would be expected to be higher than normal cervical tissues. 
These findings suggested that differences in mucin content 
may explain the variation in T1 values in cancerous and 
normal cervical tissues, though further investigations are 
required to elucidate the cause of T1 changes.
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For T2 values, that of CC was lower than normal 
mucosa, and not different from that of normal stroma. 
The normal stroma consists of fibromuscular tissues; the 
inner stroma contains a large amount of fibroblasts and 
smooth muscle cells, whereas the outer stroma has lower 
concentration of smooth muscle cells. The signal difference 
between inner stroma and outer stroma is conspicuous 
in young women and may be absent in the elderly (39). 
In our study, the majority of the healthy volunteers were 
young women, potentially affecting the T2 values of 
normal stroma. Furthermore, high vascularisation in the 
outer stroma and inflow phenomena may attribute to an 
increased T2 value (40). Both factors could be accounting 
for the similar T2 values between normal stroma and CC. 
Nevertheless, the lack of difference in T2 values of CC and 
normal stroma may suggest MRF-derived T2 value may 
have limited value in differentiating the normal stroma 
that surrounds the CC and could impact on longitudinal 
comparison during and after treatment.

To determine whether CC can be distinguished from 
normal cervical tissues based on T1 and T2 values, we have 

performed ROC analysis. The AUCs for T1 and T2 were 
acceptable to outstanding, demonstrating their potential 
in differentiating CC from normal cervical tissues. These 
results concurred with findings in previous MRF studies in 
other tumour types which demonstrated that MRF could 
distinguish cancerous and normal tissues in the prostate 
and breast (20-22). It is, however, worth noting that the 
variations in T1 and T2 values in different tissue types 
were different compared to other studies, indicating that 
these variations may likely be organ-specific and disease-
dependent.

Our study has several limitations. First, we did not 
perform a comparison in the T1 and T2 values between 
conventional quantitative MRI versus MRF. However, 
we have demonstrated good agreement between MRF 
and phantom reference values. A number of studies have 
reported high agreements in T1 and T2 values between 
MRF and conventional quantitative MRI (2,17,18). Second, 
our current MRF model assumed that all tissues are static 
and does not account for fluid flow (3). The present MRF 
sequence uses 2D slice selective excitation and the presence 

Table 4 The T1 and T2 values of CC and normal cervical tissues

CC
Normal mucosa Normal stroma 

MRF1 MRF2 MRF1 MRF2

T1

Values (ms) 1,529±112 1,430±129 1,440±130 1,258±101 1,276±105

Normal cervix vs. CC

P value 0.031 0.031 <0.001 <0.001

Cut-off (ms) 1,477 1,483 1,308 1,387

AUC 0.723 0.717 0.967 0.946

Sensitivity 0.750 0.750 0.833 0.917

Specificity 0.750 0.750 1.000 0.857

T2

Values (ms) 69±9 88±16 87±13 68±10 69±10

Normal cervix vs. CC

P value <0.001 <0.001 0.919 0.919

Cut-off (ms) 82 79 – –

AUC 0.854 0.899 – –

Sensitivity 0.750 0.750 – –

Specificity 0.964 0.929 – –

Data are means ± standard deviations. CC, cervical carcinoma; MRF, magnetic resonance fingerprinting; AUC, area under the curve.
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of fluid flow across the bladder renders the estimation of 
relaxation times in this region unreliable. Third, scan-rescan 
repeatability was only conducted on healthy volunteers; 
further investigation of scan-rescan for patients will be 
needed. Fourth, the interval between scan-rescan may not 
be sufficient in a clinical scenario. However, there have been 
previous MRF studies that used the same length interval 
(4,10); more clinically appropriate time intervals will be 
explored in follow-up studies. Fifth, all the MRF sequences 
were conducted on a single 3T MRI scanner, reproducibility 
of MRF for cervical imaging on multiple scanners would be 
necessary to evaluate the transferability to other MRI units 
and vendors in the future. Sixth, the sample sizes of both 
patients and healthy volunteers were limited, larger cohorts 
would be needed to validate our results. Lastly, patients 
with both SCC and ACA were recruited and the healthy 
volunteers were not age-matched to the patients with CC, 

both these factors and variabilities may further confound 
our results due to the inhomogeneity of the data.

Conclusions

Our study demonstrated that the agreement of MRF with 
reference in phantom, scan-rescan repeatability of MRF in 
normal cervix were excellent, and T1 and T2 values from 
MRF could differentiate CC from normal cervical tissues.
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