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Abstract

Objectives To evaluate the feasibility of whole-body diffusion-
weighted MRI (WB-DWI/MRI) for detecting primary tumour,
nodal and distant metastases in pregnant women with cancer.
Methods Twenty pregnant patients underwent WB-DWI/MRI
in additional to conventional imaging. Reproducibility of WB-
DWI/MRI between two readers was evaluated using Cohen’s k
statistics and accuracy was compared to conventional imaging
for assessing primary tumour site, nodal and visceral metastases.
Results Both WB-DWI/MRI readers showed good—very
good agreement for lesion detection (primary lesions: k=1;
lymph nodes: k=0.89; distant metastases: k=0.61). Eight (40
%) patients were upstaged after WB-DWI/MRI. For nodal
metastases, WB-DWI/MRI showed 100 % (95 % CI: 83.2—
100) sensitivity for both readers with specificity of 99.4 %
(96.9-100) and 100 % (80.5—-100) for readers 1 and 2, respec-
tively. For distant metastases, WB-DWI/MRI showed 66.7 %
(9.4-99.2) and 100 % (29.2—100) sensitivity and specificity of
94.1 % (71.3-99.9) and 100 % (80.5-100) for readers 1 and 2,
respectively. Conventional imaging showed sensitivity of 50
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% (27.2-72.8) and 33.3 % (0.8-90.6); specificity of 100 %

(98-100) and 100 % (80.5-100), for nodal and distant metas-

tases respectively.

Conclusions WB-DWI/MRI is feasible for single-step non-

invasive staging of cancer during pregnancy with additional

value for conventional imaging procedures.

Key points

* In our study, WB-DWI/MRI was more accurate than conven-
tional imaging during pregnancy.

» WB-DWI/MRI improves diagnostic assessment of patients
with cancer during pregnancy.

* Accurate imaging and oncologic staging improves treatment
and outcome.

Keywords Magnetic resonance imaging - Diffusion magnetic
resonance imaging - Cancer - Pregnancy - Staging

Introduction

Cancer is diagnosed during pregnancy in approximately
1:1,000-2,000 pregnancies [1]. The incidence rate is expected
to rise in the coming years due to a rising trend of delaying
pregnancy to a later age [2]. The most common types of can-
cer diagnosed during pregnancy include breast cancer, haema-
tological malignancies, melanoma and cervical uterine cancer
[3]. A standardised approach is often lacking and poses sig-
nificant conflicts between maternal benefit and foetal risk.
Fear of foetal radiation exposure often leads to suboptimal
staging. Computed tomography (CT) or radionuclide exami-
nations should not be withheld from pregnant patients if a scan
is medically indicated for the benefit of the mother or the
foetus [4]. However, ionizing radiation such as CT and
fluorodeoxyglucose positron emission tomography/CT
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(FDG-PET/CT) should be avoided during pregnancy when-
ever possible [5]. The most obvious methods to use to avoid
radiation are ultrasound and magnetic resonance imaging
(MRI). Both modalities are mainly used for detailed local-
regional disease assessment or a specific organ (e.g. liver).
While providing excellent information on the organ system
examined, this approach often requires multimodality and
multistep diagnostics.

MRI has a number of advantages for oncological staging as
the technique allows more reproducible evaluation of entire
organ systems and — more recently — whole body (WB) eval-
uation. Moreover, MRI allows evaluation of functional tissue
properties through the use of diffusion-weighted imaging
(DWI) without the need for a contrast-agent. DWI visualises
tumoral lesions by combining heavy diffusion-weighting and
background signal suppression of organs, blood vessels and
body fluids [6]. DWI generates image contrast by probing
differences in water molecule movement (Brownian molecular
motion) between tissues with different cellularity, extracellular
microstructure and microcirculation. The degree of impedi-
ment or restriction of water diffusion in biological tissue in-
creases with increasing tissue cellularity. The more water mol-
ecule movement is restricted, the brighter lesions appear at
DWI with heavy diffusion weighting up to b1000. This results
in high signal contrast with tumoral lesions being depicted as
bright foci in contrast to the suppressed background tissue [7].

Technological innovations have made whole-body diffu-
sion-weighted magnetic resonance imaging (WB-DWI/MRI)
a time-efficient method, with thin slice acquisition,
millimetre-sized spatial resolution and robust performance.
These advantages explain its promising development for tu-
mour screening and staging [6, 8, 9]. There is already a decent
body of evidence showing that DWI has satisfying sensitivity
and specificity for the detection of nodal and visceral metas-
tases, including peritoneal, liver, bone and pleural involve-
ment [10-12].

We hypothesise that WB-DWI/MRI is a radiation-free sin-
gle-step modality for diagnosis and staging of cancer during
pregnancy, while reducing the need for multimodality, inva-
sive staging. The objective of our study is to evaluate the
feasibility of whole-body diffusion-weighted magnetic reso-
nance imaging (WB-DWI/MRI) for detecting primary tu-
mour, nodal and distant metastases in women with cancer
during pregnancy.

Materials and methods
Patients
Approval for this prospective single-centre academic pilot

study was obtained from the local institutional ethics review
board. Written informed consent was provided by all included

patients. The inclusion criterion was clinical diagnosis of can-
cer during pregnancy. Exclusion criteria were previous history
of malignancy prior to conception and contraindications to
MRI (e.g. pacemaker, claustrophobia).

Between September 2012 and January 2015, 22 consecu-
tive pregnant patients (mean age 35.8 years, range 29-40)
with suspected malignancy were invited to participate in this
study; two patients declined due to claustrophobia. Twenty
patients underwent WB-DWI/MRI in addition to routine stag-
ing procedures including diagnostic clinical/laboratory, surgi-
cal and imaging work-up. Extent and types of routine clinical
staging modalities — hereafter called conventional staging —
were chosen by the treating physician. The conventional stag-
ing methods compared to WB-DWI/MRI are depicted in
Table 1. TNM-classification [13] and Ann-Arbor classifica-
tion in case of suspected lymphoma was used for staging.

The study was designed so that — after conclusion of all
diagnostic work-up — metastases relevant for therapeutic de-
cisions detected by WB-DWI/MRI were disclosed to the
treating physician in order to allow for biopsy or correlative
imaging to conclude the diagnostic process and in order to
adapt treatment when necessary.

Imaging technique: whole body diffusion MRI

All patients underwent WB-DWI/MRI at 3 Tesla field-
strength with parallel radiofrequency transmission and
phased-array head—neck and surface coils (Ingenia Philips
Medical Systems, Best, The Netherlands). The MRI-system
has a bore diameter of 70 cm, which is helpful to comfortably
scan pregnant patients. Free breathing short-tau inversion re-
covery (STIR) WB-DWI/MRI was acquired in the transverse
plane at b0 and b1000 s/mm?, from the head to below the
pelvis. Whole body images were generated automatically by
the scanner’s software by reconstructing multiplanar
reformatted (MPR) coronal and sagittal WB-DWI/MRI im-
ages from the transverse b1000 images.

For anatomical reference for visceral organs and lymph
nodes, whole body coronal non-fat-suppressed T2-weighted
(w) single-shot turbo spin-echo (SS-TSE) and a thoracic 3D
T1-weighted sequence were used. When indicated for skeletal
evaluation, a T1w TSE sequence over the spine and pelvis was
added. Detailed pulse sequence parameters are provided in
Table 2. No oral or intravenous contrast agent was given.

Image interpretation: WB-DWI/MRI

WB-DWI/MRI was evaluated by two abdominal radiologists
(10 and 2 years of experience, respectively). Observers were
blinded to all information regarding the other imaging tests,
clinical, laboratory and pathological findings but were aware
of the clinical diagnosis of cancer.
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Table 1  Applied modalities for conventional staging versus whole-body diffusion-weighted MRI (WB-DWI/MRI)

Breast ultrasound
Mammography

Patient 1 Chest X-ray Single step WB-DWI/MRI
Liver ultrasound

MRI spine

MRI Liver
Patient 3 Single step WB-DWI/MRI
Colonoscopy

As previously described, at WB-DWI/MRI, primary  attributable to T2 shine-through — defined as fluid-like
lesions and visceral metastases were recorded when nod-  hyperintensity at T2-weighted imaging — or physiological
ular or mass-like b1000 hyperintensity was present, not  impeded diffusion in anatomical structures. Skeletal
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Table 1  (continued)

chest X-ray
Patient 8 Ultrasound
PET-CT

Breast ultrasound
Patient 11
Mammography

Breast ultrasound
Mammography

Patient 12
MRI breasts

MRI spine

Single step WB-DWI/MRI

Single step WB-DWI/MRI

Single step WB-DWI/MRI

Breast ultrasound

Mammography
Patient 14 MRI breasts
MRI chest

CT guided biopsy of mediastinal mass

Patient 15 MRI orbita

Single step WB-DWI/MRI

Single step WB-DWI/MRI
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Table 1  (continued)

Patient ID Conventional staging WB-DWI/MRI
CT chest and abdomen

Patient 16 Bone scan Single step WB-DWI/MRI
MR breast
Chest X-ray

Patient 17 Single-step WB-DWI/MRI
abdominal ultrasound
Chest X-ray

Patient 18 Chest CT Single-step WB-DWI/MRI
liver ultrasound
Breast ultrasound
Mammography

Patient 19 Single-step WB-DWI/MRI
Chest X-ray
Liver ultrasound
Chest X-ray Single-step WB-DWI/MRI

Patient 20
Abdominal MRI (no DWI)

metastases were recorded when b1000 hyperintense le-
sions were present, correlated to T1 hypo-intense lesions
and not attributable to T2 shine-through at T2-weighted
imaging. Lymph nodes were qualitatively assessed on the
basis of b1000 SI; lymph nodes showing (heterogeneous)
b1000 SI equal to or higher than the solid component of
the primary tumour as compared with surrounding lymph
nodes were considered malignant, irrespective of nodal
size. In the absence of a primary tumour or suspected
lymphoma, lymph nodes showing (heterogeneous)
b1000 SI higher than the surrounding lymph nodes were
considered malignant [6]. Co-registered anatomical MR-
images were for anatomical correlation of DWI findings,
to classify physiological b1000 hyperintensity and le-
sions smaller than 4 mm with intermediate b1000 SI
due to possible partial volume effects [6].
WB-DWI/MRI assessment was divided in the following
anatomical subsites: the primary tumour site, including assess-
ment of location and size; nodal regions, including Waldeyer’
ring, cervical region (left and right), supraclavicular region
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(left and right), mediastinum, pulmonary hilum, axillar region
(left and right), retrocrural region, retroperitoneal region, iliac
region (left and right) and inguinal region (left and right), and
distant sites including the skeleton (axial and non-axial), vis-
ceral organs (liver, lungs, kidneys, pancreas, spleen) and sur-
face lining organs (pleura and peritoneum).

Reference standard

Histopathology, either at staging laparotomy, diagnostic
laparoscopy, core biopsy or fine needle aspiration cytol-
ogy, was primarily used to confirm detected lesions at
primary, nodal and distant potentially metastatic sites
whenever possible.

For disease sites marked negative at WB-DWI/MRI
or conventional staging and for lesions without histo-
pathological correlation, post-treatment patient follow-up
and remission status was used as reference standard to exclude
development of metastatic lesions. For this purpose, the
following imaging criteria were defined: lesions appearing
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Table 2 Overview of sequence parameters

DWI T2-TSE T1-TSE T1-TSE 3D T1 gradient-echo
Single-shot
transverse coronal sagittal spine coronal pelvis transverse lungs
Image stations 4 3 2 1 1
Respiration Free breathing Free breathing Free breathing Free breathing Breath-hold
Fat suppression STIR (T1 =250 ms) None None None SPAIR (eTHRIVE)
b-values 0-1000 None None None None
(s/mm?)
Parallel imaging factor 2.5 4 2.5 2.5
Repetition time 8454 3000 400 500 32
(ms)
Echo time 67 87 20 20 1.5
(ms)
Slice thickness 5 6 4 4 1.5
(mm)
Slice number 50/station 35/station 15 35 148
Intersection gap 0.1 0.6 0.4 04 0
(mm)
Field of view 420 x 329 375 x 447 260 x 380 300 x 323 375 x 304
(mm)
Acquired voxel size (mm) 4.57 x 471 1x1 1x1.3 0.74 x 0.81 149 x 1.5
Reconstructed voxel size (mm) 2.19 x2.16 0.93 x 0.93 0.65 x 0.65 0.72 x 0.72 0.98 x 0.97
Signal averages 1 1 1 1 1
Imaging time (min) 17 2 6 3 0:15

DWI diffusion-weighted imaging, mDLXON multi-echo 2-point Dixon, eTHRIVE T1-weighted high-resolution isotropic volume excitation, 7SE turbo
spin-echo imaging, STIR short T1 inversion recovery, SPAIR spectrally adiabatic inversion recovery

significantly larger (at least 20 % increase) during follow-
up or showing a significant decrease after chemotherapy
(at least 30 % decrease) were considered to be true posi-
tive. Lesions initially detected that had resolved without
therapy were considered false positive. Sites that were
initially classified as negative but unequivocally showed
tumour at follow-up examinations were considered false
negative. Sites initially designated as negative and not
showing any tumour during follow-up were considered
true negative. Clinical and follow-up information was
collected from the INCIP-registration study (www.
cancerinpregnancy.org).

Statistical analysis

Analyses were performed using SAS software (version
9.2, SAS System for Windows, Cary, NC, USA).
Conventional staging and WB-DWI/MRI based staging
were compared for sensitivity, specificity, accuracy and
positive (PPVs) and negative (NPVs) predictive values
for detection of primary tumour, nodal and distant me-
tastases. Exact 95 % confidence intervals (Cls) based on
the binomial distribution are reported for all diagnostic
indices (sensitivity, specificity, PPVs, NPVs, accuracy).

Kappa statistics were used to quantify inter-rater reli-
ability. Since the sample size is small when primary
lesions and distant metastases are considered, a confi-
dence interval based on the exact bootstrap distribution
for the kappa value is reported instead of the asymptotic
one [14]. Note that we have adapted their SAS program
to handle the presence of zero values.

Since for many patients multiple sites were assessed,
the CIs for the diagnostic indices and the kappa value
are too liberal in the evaluation of the nodal metastases.
To adjust the CI for the diagnostic indices, an approach
based on the ratio estimator for the variance of clustered
binary data was used [15]. However, this approach is
only asymptotically valid and no CI is obtained when
the diagnostic index equals 100 %. Therefore, to be
conservative, we have decided to report in each setting
the confidence limits from the approach yielding the
widest one. The CI for the kappa on the nodal metas-
tases is adjusted by multiplying the asymptotic variance
by the design effect. The latter equals 1+rho*(m-1),
where rho equals the intraclass coefficient calculated
on the agreement and m the average number of sites
(=10) [16]. With rho=0.036, the design effect equalled
1.324 in the current study.
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Results
Patients

Ten of the 20 included patients had breast cancer (50
%), three Hodgkin’s lymphoma (15 %), two cervical
uterine cancers (10 %), one ovarian borderline tumour
(5 %), two colon cancers (10 %), one lung cancer (5 %)
and one a conjunctival malignant tumour (5 %). Disease
extent and staging according to the reference standard
and according to WB-DWI/MRI for both readers is
displayed in Table 3.

Three patients were referred for staging after primary
tumour resection, with the question for residual tumour:
one patient with cervical uterine cancer after conisation,
one patient with colon cancer after appendectomy and
caecal resection, and one patient with conjunctival
tumour.

Comparison of conventional staging with WB-DWI/MRI

In total, 8/20 (40 %) of patients were upstaged after WB-DWI/
MRI. Comparative sensitivities, specificities, accuracies,
PPVs and NPVs of conventional staging and WB-DWI/MRI
for both readers, are shown in Table 4.

Identical to conventional staging, WB-DWI/MRI allowed
correct identification of the primary tumour in all but one patient.

For nodal staging, conventional staging underestimated
clinically relevant metastatic extent in five patients, all
with breast cancer (Fig. 1). Three of these five patients
were presumed node negative based on conventional stag-
ing. In one patient WB-DWI/MRI additionally detected a
supraclavicular adenopathy. WB-DWI/MRI allowed better
detection of involved nodal disease sites in the three lym-
phoma patients that did not lead to significant change of
stage. Reader 1 falsely assigned an ipsilateral hilar lymph
node as metastatic in the patient with lung cancer.

Of the three patients with distant metastases, conventional
staging correctly detected skeletal metastases in one patient;
WB-DWI/MRI reader 1 correctly identified distant metastases
in two patients and WB-DWI/MRI reader 2 detected distant
metastases in all three patients (Fig. 2, patient with colon
cancer; and Fig. 3, patient with cervical cancer). In a breast
cancer patient, WB-DWI/MRI reader 1 identified a b1000
hyperintense lesion at DWI in the rib requiring additional
CT for definitive diagnosis of skeletal haemangioma. To allow
comparison in this study, this was considered a false-positive
finding at WB-DWI/MRI for reader 1.

Both WB-DWI/MRI readers showed good to very good
agreement for lesion detection [primary lesions: Kappa (95

Table 3  Disease extent and staging according to conventional staging, whole-body diffusion-weighted MRI (WB-DWI/MRI) reader 1 and 2 and the

reference standard

Patient Tumour type Conventional staging Staging WB-DWI/MRI Reference standard staging
Reader 1 Reader 2

1 Breast cancer T2NOMO T2NIMO T2N1IMO T2N1aMO

2 Cervical uterine cancer ~ FIGO Ib2 — T2aN1MO FIGO b2 — T2aN1MO0 FIGO IVb — T2aN1M1 FIGO IVb — T2aNOM1

3 Colon cancer Post-operative - TONOMO  Post-operative — TONOMO  Post-operative — TONOMO  post-operative - TONOMO

4 Breast cancer T2N1MO T2N3aMO0 T2N3aMO T2N3aM0

5 Breast cancer T2NOMO T2N1aMO0 T2N1aMO T2N1aMO0

6 Borderline ovarian cyst  FIGO Ia FIGO Ia FIGO Ia FIGO Ic

7 Cervical uterine cancer  Post-conisation TONOMO  Post-conisation TONOMO  Post-conisation TONOMO  post-conisation TONOMO

8 Hodgkin’s lymphoma Ann-Arbor Stage 11 Ann-Arbor stage 11 Ann-Arbor stage 11 Ann-Arbor stage 11

9 Breast cancer T3NOMO T3N1aMO0 T3N3aMO T3aN1aMO

10 Paget breast TisNOMO TONOMO TONOMO TisNOMO

11 Breast cancer TINOMO TINOMO TINOMO T1cNOMO

12 Breast cancer T4NIM1 T4NIM1 TANIMI1 T4ANIM1

13 Breast cancer TxN1MO TIN3bMO TIN3cMO TIN3cMO

14 Hodgkin’s lymphoma Ann Arbor Stage | Ann Arbor Stage 11 Ann Arbor Stage 11 Ann Arbor Stage 11

15 Conjunctival carcinoma Post-operative — TONOMO  Post-operative — TONOMO  Post-operative — TONOMO  post-operative - TONOMO

16 Breast cancer [L]T3N1 —[R] T3NO MO [L] T3N1 —[R] T3NO MO [L] T3NI — [R] T3NO MO [L] T3N1 - [R] T3NO M0

17 Hodgkin’s lymphoma  Ann-Arbor Stage 111 Ann-Arbor Stage 111 Ann-Arbor Stage 111 Ann-Arbor Stage 111

18 Lung cancer T2aNOMO T2aN1MO T2aNOMO T2aNOMO

19 Breast cancer T2NOMO T2NOMO T2NOMO T2NOMO

20 Colon cancer T4aNOMO T4aNOMla T4aNOMla T4aNOMla
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Table 4 Comparative sensitivities, specificities, accuracies, PPVs and NPVs of conventional staging and whole-body diffusion-weighted MRI (WB-DWI/MRI)

% Accuracy

(@)

% NPV

(@

% PPV

(@Y

% Specificity

(@

% Sensitivity

(@)

TN

FN FP

TP

Lesion

Method

90.0 (68.3-98.8)

66.7 (9.4-99.2)
94.7 (90.5-98.4)*

94.1 (71.3-99.9)

66.7 (9.4-99.2)

94.1 (71.3-99.9)

2
180

16

Primary lesion

Conventional staging

95.0 (91.0-98.3)*

90.0 (68.3-98.8)

100.0 (98.0-100.0)  100.0 (69.2—100.0)
100.0 (2.5-100.0)

50.0 (27.2-72.8)
33.3 (0.8-90.6)

10

Nodal metastases

89.5 (66.9-98.7)
66.7 (9.4-99.2)

100.0 (80.5-100.0)
66.7 (9.4-99.2)
99.4 (96.9-100.0)

17

1
16
20

Distant metastases

94.1 (71.3-99.9) 90.0 (68.3-98.8)

94.1 (71.3-99.9)

2
179

Primary lesion

WB-DWI Reader 1

99.5 (97.2-100.0)

100.0 (98.0-100.0)
94.1 (71.3-99.9)
66.7 (9.4-99.2)

95.2 (76.2-99.9)
66.7 (9.4-99.2)

100.0 (83.2-100.0)
66.7 (9.4-99.2)

Nodal metastases

90.0 (68.3-98.8)

94.1 (71.3-99.9)
66.7 (9.4-99.2)

16

2
16
20

Distant metastases

94.1 (71.3-99.9) 90.0 (68.3-98.8)

94.1 (71.3-99.9)

2
177

Primary lesion

WB-DWI Reader 2

100.0 (97.9-100.0)  98.5 (95.7 -99.7)

87.0 (66.4-97.2)

98.3 (95.2-99.7)

100.0 (83.2-100.0)

Nodal metastases

100.0 (80.5-100.0) 100.0 (29.2-100.0) 100.0 (80.5-100.0) 100.0 (83.2-100.0)

100.0 (29.2-100.0)

17

3

Distant metastases

CI confidence interval, 7P true positive, FP false positive, TN true negative, FN false negative, PPV positive-predictive value, NPV negative-predictive value

Diagnostic accuracy: CI: 95 % confidence interval, based on the binomial distribution, unless stated otherwise

*Upper limit of CI based on the ratio estimator for the variance of clustered binary data

% CI) = 1.00 (0.44-1.00); lymph nodes: Kappa (95 % CI) =
0.90 (0.78-1.00); distant metastases: Kappa (95 % CI) = 0.61
(-0.07-1.00)].

Gestational outcome

Four patients were staged during the first trimester of
pregnancy (between 7 weeks (w) 2/7 days (d) and 8w
6/7d), of which one patient with a Hodgkin’s lymphoma
decided to terminate the pregnancy before starting treat-
ment, and another patient had a missed abortion at 10 w
2/7 d (histopathological examination of the curettage ma-
terial revealed a partial mola hydatidiformis). Sixteen pa-
tients were staged during the second and third trimester of
pregnancy, of which one patient with a monochorionic
diamniotic twin pregnancy developed a twin-to-twin
transfusion syndrome. Chorioamnionitis and intrauterine
death of both foetuses at 18 w occurred after foetal sur-
gery. Fifteen neonates were born healthy and without con-
genital anomalies (median gestational age at birth 37 w 5/
7 d (range 33 w 2/7 d—40 w 0/7 d)).

Discussion

The findings of this pilot study demonstrate the feasibility of
WB-DWI/MRI for staging of women with cancer during
pregnancy. With good to very good observer agreement,
WB-DWI/MRI allowed accurate identification of the primary
tumour site and more accurate staging of nodal and distant
metastases compared to conventional staging.

The improved detection of nodal metastases by WB-DWI/
MRI was most beneficial in the patients with breast cancer. In
one patient, an unknown supraclavicular lymphadenopathy
was detected; changing treatment from upfront surgery to
neoadjuvant chemotherapy and in three other patients the bet-
ter detection of axillary nodal involvement could have en-
abled upfront axillary lymphadenectomy, potentially sparing
sentinel lymph node biopsy. As patients with lymph node
metastases have a poorer prognosis compared to node-
negative patients (10-year recurrence risk of 70 % and 15—
30 %, respectively), the ability to detect small nodal metasta-
ses by DWI may enable earlier stratification of patients at risk
of recurrence or requiring more aggressive treatment [17, 18].

Separate studies have investigated DWI for regional nodal
staging in breast cancer using both qualitative visual and
quantitative assessment with reported sensitivities between
72.4 % and 97 % with specificities between 54.4 % and
91.7 % [19-23].

In comparison, reported sensitivities and specificities for
ultrasound are between 26.4 % and 92 % with specificities of
55.6-98.1 % [24].
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Fig. 1 Patient with breast cancer. (A, B) Visualisation of breast cancer by
ultrasound and contrast-enhanced MRI. (C) Axillary ultrasound shows a
lymph node with central hilum and regular cortex. Fine-needle aspiration
cytology did not show the presence of malignant cells in the lymph node.
Coronal WB-DWI/MRI consisting of a (D) b1000 WB-DWI sequence
and (E) WB T2-weighted sequence shows a small axillary lymph node
with b1000 increased signal (arrow). (F) Transverse b1000 DWI image
shows (arrow) the right breast cancer characterised by increased signal

Importantly, the increase of sensitivity by DWI may come
with a decrease of specificity. This was only to a minor degree
in our patient series. WB-DWI/MRI poses particular potential
challenges towards nodal staging, due to the potentially high
workload of manual region of interest (ROI) delineation and
the possible lack of reproducibility and stable threshold of
apparent diffusion coefficient (ADC) measurements if quanti-
tative evaluation would be performed for nodal characterisa-
tion [6]. Therefore, we opted to assess lymphadenopathies in a
qualitative way. The high accuracy obtained in this patient
series using predetermined qualitative interpretative criteria
for DWI relating the b1000 SI of nodal disease to that of the
primary tumour and surrounding lymph nodes is in line with
previous studies in abdominopelvic and pulmonary cancers
[6, 25, 26]. The high accuracy found in our and these previous
studies as compared to studies in breast cancer might be due to
a number of reasons, including coil position, field homogene-
ity, type of applied sequence (STIR-based) and lower acqui-
sition resolution, leading to a higher signal-to-noise ratio and
fewer artefacts in the axillar regions on WB-DWI/MRI com-
pared to DWI in dedicated breast MRI examinations.

@ Springer

intensity to the surrounding breast tissue. (G) As on the coronal image,
the right axillar lymph node (arrow) shows increased signal intensity,
similar to the breast cancer. (F, G, H) Arrowheads indicate axillar, ingui-
nal and pelvic lymph nodes with lower signal intensity, considered as
normal. Histopathology during a sentinel procedure confirmed the pres-
ence of a right axillar lymph node metastasis. The lymph nodes at other
regions did not show any sign of progression during follow-up

WB-DWI/MRI enabled better description of total nodal
disease involvement in the three lymphoma patients, but this
did not lead to substantial change in staging. In the literature,
arguments both favouring and questioning MRI for staging
lymphoma during pregnancy are found. As the vast majority
of patients are initially treated with chemotherapy, it has been
proposed to limit imaging procedures to chest X-ray and ul-
trasound [27]. However, correct staging and clinical manage-
ment aids in optimising long-term survival [28]. Importantly,
ultrasound results are not always conclusive in lymphoma due
to the low sensitivity for detecting abdominal lymphadenop-
athies while the superimposition of air and bone inhibits ul-
trasonographic assessment of the mediastinum [29]. WB-
DWI/MRI has shown excellent agreement up to 99.4 % with
FDG-PET/CT for staging lymphoma and is indicated as a
non-irradiating alternative to FDG-PET/CT for staging lym-
phoma and other malignancies including lung cancer [9, 25].
Contrary to ultrasound/chest X-ray, WB-DWI/MRI allows for
a maximal staging effort similar to that for non-pregnant pa-
tients and also better exclusion of primary tumours other than
lymphoproliferative disease in the diagnosis process.
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Fig. 2 Patient with cancer of the
transverse colon (A, B, C: *).
Conventional MRI of the
abdomen performed at time of
diagnosis for which a T2-
weighted sequence without (A)
and with (C) fat suppression and
(B) T1-weighted sequence were
performed reveals no liver le-
sions. (D) WB-WI shows a b1000
hyperintense lesion correspond-
ing to the lateral subcapsular area
of segment 6/7 of the liver on (E)
the WB T2-weighted image
compatible with a liver metastasis
and was confirmed during surgery

J.

T—
5

gitam

Fig. 3 Patient with cervical uterine cancer. T2 weighted image in the (A) (dashed arrows). (D) WB-DWI shows a hyperintense lesion correspond-
transverse and (B) sagittal plane shows an exophytic tumoral mass from ing to the inferior angle of the scapula at the corresponding (E) T2-
the exocervix. (C) WB-DWI shows bilateral iliac lymphadenopathies weighted image compatible with a skeletal metastasis (arrows)
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With slightly lower inter-rater agreement compared to nod-
al staging, WB-DWI/MRI enabled better detection of distant
metastases at primary diagnosis compared to conventional
staging.

Recent studies have demonstrated a good diagnostic per-
formance of WB-DWI/MRI for detecting distant metastatic
spread, equivalent to FDG-PET/CT [12]. WB-DWI/MRI has
shown particularly high diagnostic value for assessing hepatic
and peritoneal metastases in digestive and ovarian cancer
compared to contrast-enhanced MRI, contrast-enhanced CT
or FDG-PET/CT [6, 30, 31]. WB-DWI/MRI also has shown
higher accuracy than bone scintigraphy for detecting skeletal
metastases [32].

The safety profile of MRI towards the foetus is sub-
ject to debate and contributes to a reluctance to use
MRI for first-line clinical assessment during pregnancy.
Assumed concerns include potential heating effects from
radiofrequency pulses and acoustic noise possibly
resulting in foetal growth restriction, premature birth
and hearing impairment. A retrospective case-control
study in 751 neonates did not show impaired hearing
or low birth weight secondary to MRI exposure,
confirming findings of previous case series [33-36].

To date, no studies have indicated that any pulse sequences
at 1.5 Tesla field-strength cause significant increases in temper-
ature [37]. A 3 Tesla MRI has the benefit of better signal-to-
noise ratio, thereby improving diagnostic quality or decreasing
imaging time while maintaining high image quality. A recent
study evaluating intrauterine heating effects by 3 Tesla MRI in
pregnant miniature pigs showed only minimal temperature in-
crease when limiting scan time to 30 min and using low SAR
sequences but cautioned for heating effects when using
prolonged scan time with multiple high SAR-sequences [38].
It is unclear if similar heating effects would occur in humans.
However, we believe that — with an average scanning time of
33 min for whole body staging from which half of the scan time
is spaced by low SAR sequences (e.g. DWI and gradient echo
T1-weighted sequences) — the WB-DWI/MRI protocol lies
within the proposed scan limitations. No adverse foetal effects
could be directly linked to imaging in our patient group.

Contrary to using MRI itself, the American College of
Radiology (ACR) manual on safe MR practices advises for
extreme caution in using gadolinium [39]. Previous studies in
non-pregnant cancer patients have shown that DWI reaches at
least similar accuracy for detecting primary tumours, nodal
and distant metastases as would be achieved by gadolinium-
enhanced MRI [10-12, 31]. Taking into account prior studies
and our data, we believe that the use of DWI can reliably
obviate the need for gadolinium contrast for staging during
pregnancy [40].

The certainty of covering the entire body in a single exami-
nation likely contributed to the higher accuracy of WB-DWI/
MRI over conventional staging. However, the improved
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detection rate of metastases may come at the cost of decreased
specificity [7]. We could largely overcome this problem by cor-
relating DWI to the co-registered anatomical T2- and T1-
weighted sequences, seeing the similar specificity found between
WB-DWI/MRI and conventional staging. Moreover, only one
additional CT of the ribcage was requested by one reader for a
false-positive WB-DWI/MRI reading of a skeletal haemangioma
with T2 shine-through [7].

We acknowledge three limitations of this study. First, we
could only include a small number of patients, which impacted
most on the small number of patients with distant metastases
reflected by the large ranges of confidence intervals. This direct-
ly results from the single-centre study setting in a patient popu-
lation with low cancer incidence. However, to the best of our
knowledge, the current literature only consists of two case re-
ports. Vermoolen et al. reported the case of a woman with
Hodgkin’s lymphoma at 31 w of gestation [41]. WB-MRI, per-
formed with coronal T1- and STIR T2-weighted acquisitions,
found cervical and mediastinal lymph node involvement.
Montagna et al. reported the case of a pregnant woman with
breast cancer; WB-DWI/MRI showed the breast nodule, axillary
involvement, and bone metastases [42]. Second, WB-DWI/MRI
was performed irrespective of clinical risk of distant metastatic
spread. One could argue that WB-DWI/MRI is not indicated for
assessing Tis-T1 breast cancer, as was done in this pilot study.
However, the purpose of this study was primarily to assess sen-
sitivity and specificity of WB-DWI/MRI, justifying the inclu-
sion of these patients. We acknowledge that further validation of
WB-DWI/MRI in a larger patient population and in a
multicentre study setting is preferable. Third, even though the
negative DWI/MRI findings in the lungs in this study were
corroborated by the absence of lung metastases during the entire
follow-up period, it is still possible that due to the resolution
limitations of DWI/MRI millimetric deposits could have been
missed. In case of doubt, a non-contrast chest CT examination
could be considered.

In conclusion, WB-DWI/MRI is feasible for single-
step non-invasive staging of cancer during pregnancy
with good to excellent reader reproducibility and shows
additional value for conventional imaging procedures for
detecting distant and nodal metastases. If established for
staging during pregnancy, WB-DWI/MRI could obviate
the need for radiation, contrast-injection or multiple di-
agnostic tests. This is better in terms of oncological
staging, time management, financial costs, prevention
of foetal radiation exposure and emotional burden for
the patient.
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