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Morphological and functional assessment
of the uterus: “one-stop shop imaging”
using a compressed-sensing accelerated,
free-breathing T1-VIBE sequence
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Dominik Nickel4, Robert Grimm4, Berthold Kiefer4 ,
Philipp Riffel2, Ulrike I Attenberger5, Frank G Z€ollner6 and
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Abstract
Background: The combination of motion-insensitive, high-temporal, and spatial resolution imaging with evaluation of

quantitative perfusion has the potential to increase the diagnostic capabilities of magnetic resonance imaging (MRI) in the

female pelvis.

Purpose: To compare a free-breathing compressed-sensing VIBE (fbVIBE) with flexible temporal resolution

(range¼ 4.6–13.8 s) with breath-hold VIBE (bhVIBE) and to evaluate the potential value of quantifying uterine perfusion.

Material and Methods: A total of 70 datasets from 60 patients (bhVIBE: n¼ 30; fbVIBE: n¼ 40) were evaluated by

two radiologists. Only temporally resolved reconstruction (fbVIBE) was performed on 30 of the fbVIBE datasets. For a

subset (n¼ 10) of the fbVIBE acquisitions, a time- and motion-resolved reconstruction (mrVIBE) was evaluated. Image

quality (IQ), artifacts, diagnostic confidence (DC), and delineation of uterine structures (DoS) were graded on Likert

scales (IQ/DC/DoS: 1 (non-diagnostic) to 5 (perfect); artifacts: 1 (no artifacts) to 5 (severe artifacts)). A Tofts model was

applied for perfusion analysis. Ktrans was obtained in the myometrium (Mm), junctional zone (Jz), and cervix (Cx).

Results: The median IQ/DoS/DC scores of fbVIBE (4/5/5 j >0.7–0.9) and bhVIBE (4/4/4; j¼ 0.5–0.7; P> 0.05) were

high, but Artifacts were graded low (fbVIBE/bhVIBE: 2/2; j¼ 0.6/0.5; P> 0.05). Artifacts were only slightly improved by

the additional motion-resolved reconstruction (fbVIBE/mrVIBE: 2/1.5; P¼ 0.08); fbVIBE was preferred in most cases (7/

10). Significant differences of Ktrans values were found between Cx, Jz, and Mm (0.12/0.21/0.19; P< 0.05).

Conclusion: The fbVIBE sequence allows functional and morphological assessment of the uterus at comparable IQ

to bhVIBE.
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Introduction

Functional analysis of pelvic diseases has become sig-

nificantly more important in recent years. Contrast-

enhanced magnetic resonance imaging (MRI) is now

an integral part of most uterus examinations.
In its current guidelines, the European Society of

Urogenital Radiology (ESUR) recommends dynamic

contrast-enhanced (DCE) MRI for the staging of endo-

metrial carcinomas and for facilitating patient selection

before fertility-sparing management in organ-confined
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endometrial carcinoma and early stage cervical carci-

noma that qualifies for trachelectomy (1,2). Numerous

studies have shown that multiphasic contrast-enhanced

MRI has high diagnostic accuracy for detecting deep

myometrial invasion (MI) of endometrial carcinoma,

an important prognostic factor that potentially influen-

ces not only treatment decisions, but also prognosis

(3–5). Moreover, infiltrations of the bladder and

rectal wall in advanced tumor stages can be seen

better on contrast-enhanced sequences than on non-

contrast-enhanced acquisitions (6).
Besides, functional applications of DCE based on

quantitative perfusion evaluation have gained impor-

tance. DCE allows for the assessment of vascular per-

meability and blood flow using various kinetic models

(7). Of these, the two-compartment Tofts model with

calculation of Ktrans values is the most established (8).

In this context, Ktrans is a marker for capillary leakage

(e.g. in fragile tumor vessels) (9).
Ippolito et al. (10) published a study suggesting that

DCE can generate important quantitative information

for the detection and grading of endometrial carcino-

mas. Another study of endometrial cancer showed

that quantitative perfusion analysis using DCE helps

to identify patients at increased risk of recurrence

(11). Further work found that DCE-MRI contains

valuable information about the hypoxia fraction of

squamous cell carcinomas of the uterine cervix with

possible implications for individualized therapy (12).

Unfortunately, the standard DCE sequences are prone

to patient motion artifacts, which may impair the diag-

nostic accuracy of the examination, and they are not fast

enough for accurate perfusion quantification.
New sequences accelerated by compressed sensing

(13) enable both qualitative and quantitative assess-

ment of organs in a single acquisition (14,15) and

master the tradeoff between high spatial and high tem-

poral resolution, which is a prerequisite for perfusion

quantification (16,17). Golden-angle radial sparse par-

allel MRI was the first highly accelerated free-breathing

sequence with artifact reduction achieved by motion-

insensitive radial acquisition, and it has the possibility

of simultaneous perfusion quantification (18,19). A dis-

advantage of golden-angle radial sparse parallel MRI is

the computational effort required, which in practice

can only be supplied by an external reconstruction

server for older MRI scanners.
In the present study, a prototypical Cartesian free-

breathing compressive sensing (CS) VIBE (fbVIBE)

was applied, which allows reconstructions with variable

temporal resolution suitable for quantitative perfusion

analysis with clinically acceptable reconstruction times

on conventional scanner hardware. The application

addresses motion through the acquisition of a

navigation signal that is used for gating or motion
state-resolved reconstruction.

The aim of the present study was to compare the
image quality of this new sequence with the clinically
established breath-hold VIBE (bhVIBE) and to explore
the benefits of additional quantitative perfusion analy-
sis. Finally, the potential dependence of perfusion in
different regions of the uterus on the menstrual cycle
is evaluated.

Material and Methods

Ethics statement

The present study was approved by the Ethics
Committee of northwestern and central Switzerland
(2018-01586). The requirement of individual written
informed consent was waived.

Patient selection

From August 2018 to March 2019, 30 consecutive
female patients referred for MRI of the uterus for var-
ious reasons were examined using fbVIBE (mean age¼
42� 15 years). A bhVIBE collective (mean age¼ 49�
20 years) of the same size was assembled randomly
from our MRI archive. In these 60 patients, subjective
image perception was compared between both
sequences.

Quantitative perfusion analysis could only be per-
formed in the fbVIBE collective because of the high
spatiotemporal resolution provided by the VIBE
sequence with CS reconstruction. Calculation of the
perfusion maps was not possible in four patients
because of a software error, resulting in a total group
size of 26 patients for perfusion measurements.

In 10 patients from the fbVIBE collective, an addi-
tional motion-resolved reconstruction to reduce
motion artifacts was performed and artifacts were com-
pared with the time-resolved-only approach.

MRI acquisition

Patients fasted for 4 h before the exam and were pre-
pared with glucagon as a standard to reduce artifacts
due to bowel movement (20).

MR images were acquired using 1.5-T MR scanners
(MAGNETOM Aera/Avanto Fit, Erlangen, Germany)
equipped with 50-channel coil setups (18-channel body
coil and 32-channel spine coil). Patients were placed
into the MRI scanner in a head-first supine position.
The prototypical T1-weighted (T1W) gradient-echo
sequence after injection of gadopentetate dimeglumine
(DotaremVR , Guerbet, Paris, France) was performed in
free-breathing for subsequent compressed-sensing
reconstruction. For contrast-enhanced imaging,
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0.1mmol/kg Dotarem was administered at a rate of

2mL/s. Contrast application was started 5 s after the

sequence was initiated. The temporal resolution was

<5 s for accurate perfusion estimation in the early

phase and was then gradually increased to about 14 s

for improved morphologic imaging. Total DCE acqui-

sition time was 2 min 24 s. Protocol parameters are

detailed in Table 1.

Image reconstruction

In addition to time-resolved compressed-sensing recon-

struction of CS VIBE (fbVIBE), motion-resolved

reconstruction was investigated.
The time-resolved compressed-sensing reconstruc-

tion used for fbVIBE is an iterative optimization of a

cost function that consists of a data fidelity term and a

sparsity-enforcing regularization term. Coil sensitivity

maps obtained by a separate calibration scan were used

for the data fidelity term. The regularization was the

L1-norm of a multidimensional Haar transformation

with different regularization weights for different

levels. Images were reconstructed online during acqui-

sition on the scanner-integrated CPU with a duration

of approximately 8 min.
The sequence’s acquisition of additional projections

interleaved with the imaging acquisition allows for the

additional extraction of a navigation signal along the

head–feet axis. The insertion of these additional navi-

gation scans has no practical effect on the acquisition

time and allows retrospective reconstructions of the

dataset that relies on the navigation signal.
For randomly selected cases (n¼ 10), a motion-

resolved reconstruction (mrVIBE) was performed to

evaluate the importance and effects of motion compen-

sation in the reconstruction. The mrVIBE reconstruc-

tion extracts a one-dimensional navigation signal from

the navigation scans and assigns the acquired image

data to several motion states (six in this work). These

motion states are considered an additional dimension

in the reconstruction, with regularization enforcing

similarity between the neighboring motion states.

Therefore, the number of reconstructed image volumes
is multiplied by the number of designated motion
states, as is the reconstruction duration. In the
clinical setting, MR reconstruction can be achieved in
approximately 10 min on GPU-equipped scanners
only. The raw data were hence exported and recon-
structed offline.

Image quality assessment

Two radiologists (Observer 1 and Observer 2, with 24
and 9 years of pelvic imaging experience, respectively)
who were unaware of the patients’ clinical data inde-
pendently evaluated all images, including both fbVIBE
and bhVIBE. Both readers assessed the images sepa-
rately. Image quality (IQ), the quality of the BLADE/
Ktrans fusion map (IQKtrans), artifacts, delineation of
structures (DoS), and diagnostic confidence (DC) were
rated on Likert-type scales (IQ/IQKtrans/DoS/DC:
1¼non-diagnostic to 5¼ perfect; artifacts: 1 ¼no arti-
facts to 5¼ severe artifacts). Images were assessed on a
Centricity PACS workstation (Radiology RA 1000,
GE Healthcare, USA).

Pharmacokinetic analysis

Perfusion quantification of the reconstructions was
done using a commercially available workstation
(syngo.via Tissue4D, version VB30; Siemens
Healthcare, Erlangen, Germany). After elastic motion
correction of the dynamic series, the Tofts model was
applied using a population-based arterial input func-
tion (21). In this initial investigation, a constant T1
relaxation time of 2000 ms was assumed for the entire
uterus, which is slightly higher than the values pub-
lished in recent literature (22). The results should there-
fore be regarded as an explorative, semi-quantitative
approach that should allow us to demonstrate the fea-
sibility and potential of pharmacokinetic modeling.

For measurement of Ktrans, ROIs of similar size
were carefully placed on the cervix (Cx), junctional
zone (Jz), and myometrium (mm) on the fbVIBE/
Ktrans fusion map (Fig. 1).

Table 1. Imaging Protocol.

Slice

thickness

(mm)

FOV

(mm)

TR

(ms)

TE

(ms)

FA

(�) Temporal resolution (s)

fbVIBE 2.5 260 4.75 1.83 12 4.6–13.8 (19 acquisitions)

(1–12: 4.6; 13–14: 9.2;

15–19: 13.8)

bhVIBE 2.5 260 7.03 2.39 12 18

Except for the temporal resolution, the most relevant protocol parameters are similar between both sequences.

bhVIBE, breath-hold VIBE; FA, flip angle; fbVIBE, free-breathing VIBE; FOV, field of view; TE, echo time; TR,

repetition time.
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Statistical analyses

SPSS (Version 22; IBM SPSS Statistics, Armonk,

NY, USA) was used for statistical evaluation. Mann–

Whitney U tests were applied for assessment of subjec-

tive image perception (IQ, IQKtrans, DoS, artifacts,

and DC) to compare fbVIBE with bhVIBE. For

the assessment of all image quality parameters, only

the ratings of the senior observer were used. The

Bonferroni-corrected Welch-ANOVA test was used to

compare Ktrans between all three regions (Cx, Jz, and

Mm). Finally, the readers’ agreement in their evalua-

tions of image quality criteria was assessed by Cohen’s

Kappa. Boxplots were applied for comparisons of

Ktrans and image quality parameters.

Results

Image quality and artifacts

No significant differences regarding the comparisons of

IQ/DoS/DC and artifacts between fbVIBE with time-

resolved reconstruction and bhVIBE were observed

(Table 2; Figs. 2–5). IQKtrans received relatively

good ratings (median¼ 4 by both readers), despite a

heterogeneous and blurry appearance of the color-

coded Ktrans maps in some cases and mismatches

between morphology and Ktrans on the T2 BLADE/

Ktrans fused images (Fig. 1). The agreement between

the observers was good (K> 0.5) for fbVIBE and

bhVIBE regarding all subjective comparisons (Table 2).

Motion-resolved reconstruction

The importance of motion-resolved reconstruction for

DCE of the pelvis was explored on a subset of the

acquisitions. Artifacts were only slightly improved by

MR reconstruction, and the difference was not signif-

icant (fb/mrVIBE¼ 2/1.5; P¼ 0.08). In some cases, the

edges of organ borders were somewhat sharper, but the

lower lesion contrast was considered to be disadvanta-

geous (Fig. 6). Therefore, fbVIBE was preferred over

mrVIBE in most cases (7/10).

Perfusion quantification

Significant differences in Ktrans values between Cx, Jz,

and Mm were found (0.12, 0.21, 0.19, respectively;

P< 0.05; Fig. 7). However, no significant difference

was observed between the Ktrans values in Jz and Mm.

Discussion

The fbVIBE sequence allows robust morphological

assessment of the phases of the uterus at high image

quality and high temporal resolution. In our collective,

we observed satisfactory assessment of the zonal anat-

omy of the uterus with good distinctness between the

internal and external myometrium (DoS: 5; Fig. 2)

Fig. 1. The high temporal resolution of fbVIBE (a–c) was used to generate color-coded Ktrans maps (d). Ktrans was measured in the
cervix, junctional zone, and myometrium. Enhancement curves were also generated (e). The uterocervical angle of fbVIBE is increased
compared with that of T2 BLADE (f) due to the bladder filling during the course of the examination, which can cause a mismatch
between morphological images and the perfusion map.
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Table 2. IQ parameters.

fbVIBE (n¼ 30) bhVIBE (n¼ 30) K (fb) K (bh)

IQ 4 4 0.89 0.53

DoS 5 4 0.71 0.64

DC 5 4 0.81 0.70

Artifacts 2 2 0.59 0.54

P >0.05 NA NA

Slight, insignificant advantages of fbVIBE regarding IQ parameters were found. The agreement between the radiologists

was basically good, with some exceptions (IQ/artifacts).

bhVIBE, breath-hold VIBE; DC, diagnostic confidence; DoS, delineation of structures; fbVIBE, free-breathing VIBE; FOV,

field of view; IQ, image quality; NA, not applicable.

Fig. 2. Multiphasic morphological assessment of the uterus allows for accurate differentiation of its different zones. The organ
boundaries are sharply delineated and the junctional zone can be clearly separated from the myometrium (a; arrows). The cervix can
also be assessed well in different contrast agent phases (b; arrowhead).

Fig. 3. Images of a 28-year-old patient with deep infiltrating endometriosis, which appears hypointense in the T2 BLADE sagittal (a).
The high temporal resolution is particularly useful for evaluating the depth infiltration of endometriosis into adjacent structures such
as the anterior rectal wall (b–f), with considerable implications for surgical planning.

Hausmann et al. 699



Fig. 4. Images of a 37-year-old patient with multiple leiomyomas. The uterine origin of a pedunculated leiomyoma (arrowhead) is
clearly demonstrated by the “vascular pedicle sign,” which is the connection of the vessels from the myometrium via a style to the
leiomyoma (arrows).

Fig. 5. No significant differences of IQ/DoS/DC or artifacts between fbVIBE and bhVIBE were observed. However, DoS and DC of
fbVIBE were rated slightly higher than bhVIBE (median: 5 (fbVIBE) vs. 4 (bhVIBE)), probably owing to the multiphasic visualization of
the uterus, which enabled detailed assessment of the zonal anatomy and artifact reduction by CS reconstruction. CS, compressive
sensing; DC, diagnostic confidence; DoS, delineation of structures; IQ, image quality.
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upon motion-insensitive spatiotemporal reconstruction
of the free-breathing acquisition and multiphasic visu-
alization of the uterus.

Contrast-enhanced MRI can be useful for assessing
the uterus for a variety of reasons. First, non-contrast-
enhanced morphological imaging may have a variety of
pitfalls, particularly in postmenopausal women. Loss of
definition of Jz often occurs. Additionally, myometrial
compression by polypoid tumors, a poor tumor-to-
myometrium contrast, leiomyomas, and adenomyosis
may limit the interpretability of the images (23).

DCE could also contribute to the staging and
response assessment for cervical cancer (24). Adding
fast DCE improves the accuracy of staging to 91%
and helps to detect rectal or bladder infiltration (25).
Contrast-enhanced sequences can also assist with dif-
ferentiating residual tumors and radiation fibrosis (26).

DCE is controversial for the staging of endometrial
cancer. A meta-analysis has shown that DCE-MRI has
similar sensitivity to T2-weighted (T2W) imaging but is
more specific for the detection of deep infiltration of
the myometrium (MI) (3).

A meta-analysis by Andreano et al. (27) found
that DWI and DCE had 88% and 94% accuracy,
respectively. A recent larger meta-analysis also sug-
gested similar peer performance of DCE and DWI
for recognition of MI (28). The later contrast medium
phases provide the best conditions for identification of
MI, so DCE would not be absolutely necessary here.

In rare cases, in patients of childbearing age, it can
be important to maintain reproductive capacity, which
may be possible in endometrium-confined grade-1
endometrioid adenocarcinomas and premalignant dis-
eases. In this context, the ESUR recommends DCE
to assess the presence of intact subendometrial
enhancement (1). Uninterrupted enhancement of the

subendometrial zone has been observed to be best at
approximately 35–40 s after contrast administration
and requires very accurate timing to implement con-
ventional DCE sequences (5). The high temporal reso-
lution of fbVIBE could be beneficial for identification
of such early stages of endometrial carcinoma and may
enable more individualized treatment.

Image quality in the upper abdomen could be further
improved by applying motion-resolved reconstruction
(29–31). In the pelvis, where motion artifacts play a
comparatively minor role, no significant improvement
in image quality has been shown. Motion-resolved
reconstructions had lower contrast compared with
reconstructions that were only temporally resolved,
and the contours of lesions or the borders of organ
regions could not be clearly distinguished, which could
interfere with the detectability of small lesions or the
assessment of the infiltration depths of malignant
tumors or endometriosis. Hence, time-resolved recon-
struction was preferred in most cases. We speculate
that the one-dimensional navigation signal is not well
suited to describe the superposition of breathing
motion and peristalsis in the pelvis. In contrast to the
upper abdomen, for which most scans are attributed to
the exhaled motion state, we also observed that the
pelvic scans are assigned more uniformly over the
motion states. This results in a higher effective acceler-
ation for each reconstructed volume, which may explain
the lower contrast and smoother image impressions.

The advantages of three-dimensional (3D) DCE
over two-dimensional T2W imaging include allowing
thinner slices, higher spatial resolution, and additional
perfusion information, potentially enabling multiple
future applications.

A study by Haldorsen et al. (11) observed that
aggressive subtypes of endometrial carcinomas show

Fig. 6. In many cases, motion-state-resolved reconstruction (a) leads to a reduction of vertical motion artifacts along the abdominal
wall. However, the contrast of lesions (leiomyoma (arrowhead)) or structures (cervix (arrows)) is often decreased compared with
that in time-resolved only reconstruction (a versus b).
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less tumor perfusion than less aggressive tumors do.

Increased tumor transit time and decreased blood

flow were associated with poorer survival. Thus, DCE

could be suitable as a biomarker for preoperative risk

stratification. Another recent study indicated that low

tumor blood flow and a low rate constant for contrast

agent intravasation (kep) were associated with a high-

risk histological subtype (32).
In four patient-derived xenografts, Hauge et al. (12)

found an inverse correlation between Ktrans and the

hypoxic tumor fraction. That finding is of particular

importance for individualized therapy planning with

antiangiogenic substances.
There may be other interesting applications of quan-

titative perfusion analysis outside of tumor diagnostics

e.g. in deep infiltrating endometriosis (Fig.3). In this

context, uterine leiomyoma is a common disease that

affects approximately 25% of women, and it is associ-

ated with pain, dyspareunia, pollakiuria, and infertility.
MRI could be a tool not only to detect uterine leio-

myomas but also to predict the outcome of embolization

(33). Interventionalists could use 3D-reconstructed MR

angiography to evaluate pelvic vessels before interven-

tion, reduce fluoroscopy time, and consecutively reduce

periprocedural radiation and the contrast agent dose

(34–36). Sadick et al. (37) showed in seven patients

that the therapeutic success of uterine artery emboliza-

tion can be monitored with perfusion quantification.

The “one-stop” approach of fbVIBE could help to

plan interventions by recognizing the feeding vessels of

leiomyomas owing to its high spatiotemporal resolu-

tion (Fig. 4). The method could also help with response

assessment by means of perfusion quantification.
In the present study, the image quality of the fusion

of color-coded parametric Ktrans maps and sagittal T2

BLADE images was good (IQKtrans¼ 4; Fig. 1), and

the Ktrans values in Jz, Cx, and Mm could be deter-

mined (Fig. 7). In some cases, the image quality was

rated as insufficient, which could be explained by inad-

equate patient preparation, resulting in factors includ-

ing a moderately filled bladder that could affect the

angle of uterine anteversion.
The present study has some limitations. First, for the

conversion of signal intensities to concentration time

curves, we used a fixed T1 value rather than performing

T1 mapping. Owing to the low injected dose of contrast

agent, a linear relationship between contrast agent con-

centration and signal intensity was assumed. Second,

the results of the quantitative Ktrans evaluation should

be judged carefully because of the small size of the

collective. Finally, patients were assigned to the proto-

col via routine clinical referrals and selected solely

based on receiving the MR protocol for uterine pathol-

ogies. The patient population is therefore heteroge-

neous, with various benign and malignant uterine

pathologies, but also normal findings. Theoretically,

Fig. 7. Ktrans in the different zones of the uterus. Jz, junctional zone; Mm, myometrium; Cx, cervix.
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the combination of high morphological and temporal
resolution should prove beneficial, but the results do
not allow us to draw any conclusions regarding
improvement of diagnostic confidence for different
uterine pathologies.

In conclusion, fbVIBE allows for morphological and
functional assessment of the uterus in a single acquisi-
tion with good overall image quality, which may be
useful for characterizing lesions or tumor staging.
Perfusion analysis and robust high temporal resolution
imaging may be beneficial for evaluation of various
uterine diseases. Interesting future applications of mul-
tiphasic DCE with perfusion quantification could
include treatment planning before and response assess-
ment after embolization of leiomyomas (Fig. 4) or eval-
uation of bladder or intestinal wall infiltration by
endometriosis (Fig. 3). Further studies are intended
that will combine T1 mapping with fbVIBE to explore
the benefits of “full” perfusion quantification in select-
ed collectives and pathologies.
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