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Abstract

Purpose We compared the diagnostic accuracy of detecting distant metastases for baseline rectal cancer staging between PET/
MRI and conventional staging (CS).

Materials and methods This prospective study from November 2016 to April 2018 included 101 rectal adenocarcinoma patients
for primary staging. These patients underwent whole-body PET/MRI in addition to CS (pelvic MRI and thoracic and abdominal
contrast-enhanced CT). Different readers analyzed CS and PET/MRI findings for primary tumor, nodal, and metastatic staging.
The presence, number, and location of metastases were recorded according to the organ involved (non-regional lymph nodes
(LNG), liver, lungs, or others). Lesions were defined as positive, negative, or indeterminate. The number of lesions per organ was
limited to 10. The McNemar test was used to compare the accuracies.

Results PET/MRI exhibited a higher accuracy in detecting metastatic disease than CS in all patients (88.4% vs. 82.6%, p = 0.003) and
in patients with extramural vascular invasion (EMVI) (88.9% vs. 85.5%, p = 0.013). The detection rate of PET/MRI was superior to
that of CS for all lesions [84.1% vs. 68.9%, p = 0.001], as well as those in the liver (89.2% vs. 84.2%), non-regional LNs (90.0% vs.
36.7%), and lungs (76.4% vs. 66.9%). PET/MRI correctly classified 19/33 (57.5%) patients with indeterminate lesions on CS.
Conclusion PET/MRI yields higher accuracy than CS for detecting distant synchronous metastases in the baseline staging of
patients with rectal cancer and EMVI. PET/MRI exhibited a higher detection rate than CS for identifying non-regional LNs,
hepatic lesions, and pulmonary lesions as well as correctly classifying patients with indeterminate lesions.

Trial registration NCT02537340

Keywords Fluorodeoxyglucose F18 - Neoplasm staging - Positron-emission tomography - Magnetic resonance imaging - Rectal
neoplasms

Introduction work-up for the primary staging of rectal cancer consists of

pelvic magnetic resonance imaging (MRI) for locoregional
Baseline staging of rectal cancer requires a multidisciplinary ~ evaluation and thoracic and abdominal contrast-enhanced com-
team to define the best treatment approach. The imaging  puted tomography (ceCT) for detection of distant metastases, as
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recommended by ESMO and NCCN guidelines [1, 2].
Alternatively, positron emission tomography/CT (PET/CT)
can be used, especially for the following: (1) to characterize
indeterminate lesions on ceCT, (2) to evaluate potentially cur-
able metastatic disease (and exclude occult sites of metastases),
and (3) to stage patients at high risk for metastases, i.e., with
extensive extramural vascular invasion (EMVI) or high levels
of carcinoembryonic antigen [1, 2]. Additionally, a liver MRI
might be considered to assess indeterminate liver lesions on
ceCT [1, 2]. The T and N stages of primary rectal tumors are
defined according to pelvic MRI, which identifies locally ad-
vanced rectal tumors and facilitates in guiding the treatment
plan [3]. The M stage is defined according to thoracic and
abdominal ceCT, which might be followed by complementary
PET/CT and liver MRI to clarify indeterminate lesions, as both
methods exhibit higher accuracy for the detection of distant
metastases [4, 5]. Moreover, the prognosis of patients with rec-
tal cancer depends on the stage of the disease at the time of
diagnosis, with overall survival in 5 years decreasing from
89.9% for localized tumors to 14.2% for systemic disease [6].

In this context, the use of PET/MRI for primary rectal
cancer staging combines the standard imaging modality for
the T and N stages with PET as well as both PET and liver
MRI for the M stage. To date, data comparing PET/MRI with
other imaging modalities for colorectal cancer is scarce and
limited due to small patient numbers, heterogeneous popula-
tions (including both colon and rectal cancer patients for pri-
mary staging and restaging), and study designs that are mostly
retrospective [7—11]. Nevertheless, these studies suggest that
PET/MRI yields a diagnostic performance that is superior to
both CT and PET/CT, which could have a robust clinical im-
pact on patient management.

This study aimed to compare the diagnostic accuracy of
PET/MRI compared to conventional staging (CS) (that con-
sists of pelvic MRI and thoracic and abdominal ceCT) for the
detection of distant metastases during the primary staging of
rectal cancer patients. We hypothesized that, compared to
combined MRI and CT, PET/MRI might exhibit higher accu-
racy with a lower prevalence of indeterminate lesions in de-
tecting metastatic disease.

Materials and methods
Study population

This prospective study was conducted from November 2016
to April 2018 and recruited 203 consecutive patients with
biopsy-proven rectal adenocarcinomas (assessed by rigid
proctoscopy to be up to 15 cm from the anal verge) to undergo
['®F]fluorodeoxyglucose (FDG)-PET/MRI. The inclusion
criteria were as follows: (1) age more than 18 years, (2) ready
to sign the informed consent form, and (3) able to undergo the

staging examinations (PET/MRI and ceCT) at a maximum
interval of 2 weeks. The exclusion criteria were as follows:
(1) previous treatment for rectal cancer, including endoscopic
resection, and diagnosed synchronous non-colorectal neopla-
sia and (2) PET/MRI contraindications. The patients’ selection
flowchart is presented in Fig. 1. The institutional review board
approval was obtained, and this study was registered at
clinicaltrial.gov under the identification number
NCT02537340.

\

Potentially eligible participants (n = 203)
* 100 participants excluded:
- Previous treatment: 48
- Unable to contact/refuse to participate: 19
- Known synchronic non-colorectal neoplasia: 16
Contra-indication to PET/MR and/or CT: 11
Death before the exam: 6

- J

Eligible patients (n = 103)
- Two patients excluded due to claustrofobia

PET/MR (n = 101)
- Metastatic: 36
- Non-metastatic: 65

N /

Fig. 1 Flowchart of the participants of the study
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Imaging procedures
Thoracic and abdominal ceCT

The CT scans were performed within 2 weeks before or after
PET/MRI was performed. Thoracic and abdominal CT scans
were obtained from the lung apices to the superior iliac crest
with a 16-256-multidetector CT (Brilliance CT, Philips,
Netherlands). The scans were acquired during a breath hold
after intravenous injection of contrast media (Iopamiron 300,
Bracco, Italy) based on body weight (1.2 mL/kg) at a rate
between 2 and 3 mL/s during the portal venous phase (70 s
after injection). CT parameters were as follows: field of view
of 300 mm, 90-120 kV (depending on patient body mass
index), variable mAs, rotation between 0.5-0.75 s, pitch be-
tween 0.7 and 1.2, matrix of 512 x 512, slice thickness of
2 mm, and increment of 1 mm.

Whole-body PET/MRI (including pelvic and liver MRI)

Whole-body FDG-PET/MRI followed the guidelines of the
European Association of Nuclear Medicine for oncological
imaging in adults [12], adapted for a PET/MRI workflow.
The injected activity of FDG was calculated according to the
patient’s weight (4.5 MBq/kg, mean radiotracer dose of
296 MBgq, and range of 197-414 MBq). After FDG injection,
the patient rested for 20 min and was then transferred to the
PET/MRI scanner for positioning and hyoscine butylbromide
injection (20 mg, intravenous). The scanning was initiated
30 min after FDG injection and comprised three parts: (1)
dedicated pelvic MRI (without PET acquisition), which was
performed for locoregional staging of primary rectal cancer
and followed the guidelines of the European Society of
Gastroenterology and Abdominal Radiology [13]; (2)
whole-body PET/MRI (acquisition started 60 min after FDG
injection, mean uptake time of 64 min), which included 3-5
bed positions per patient and used a 3-min/bed position acqui-
sition time under 3D image acquisition and standard recon-
struction protocols; and (3) dedicated abbreviated (5 min) liv-
er MRI (without PET acquisition). The MRI sequences and
parameters are shown in Table 1.

Imaging analysis

The imaging readers were only aware of the indication of the
examination (primary staging of rectal cancer), but blinded to
other clinical data and imaging modalities. A step-by-step read
was performed for each imaging modality.

Conventional staging

Pelvic MRI A radiologist with 10 years of experience in read-
ing MRI (C.D.O.) analyzed the dedicated pelvic MRI for
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locoregional staging. The following parameters were assessed
for the primary tumor: (a) morphology (annular, semi-annular,
ulcerated, or polypoid); (b) longitudinal (distance in cm from
anal verge) and circumferential (clockwise) location; (c) ex-
tension (in cm); (d) presence of mucinous component (posi-
tive high signal within the tumor in the T2w sequence); (e)
mesorectal fascia status (positive or negative if the circumfer-
ential resection margin was < I mm or > | mm from the tumor,
EMVI, or deposit, respectively; for low rectal tumors, a pos-
itive margin was considered if the distance between the tumor
and the levator ani muscle was < 1 mm or the intersphincteric
plane was compromised); and (f) the presence of EMVI (pos-
itive if medium and large vessels were involved, according to
Smith et al. [11]). For regional nodal staging, a positive lymph
node (LN) was considered when at least one of the morpho-
logically suspicious characteristics (irregular border and/or
heterogeneous signal) was present.

Thoracic and abdominal ceCT Another radiologist with 5 years
of experience in reading CT (F.R.F.) analyzed the thoracic and
abdominal ceCT for systemic staging and detection of distant
metastases. The metastases were categorized as positive, neg-
ative, or indeterminate and listed according to the involved
organ, i.e., non-regional nodes, liver, lungs, and others.
Malignant criteria were defined based on size and morpholo-
gy. A positive lesion was defined by a) a short axis diameter of
>10 mm and/or b) > 2 morphologically suspicious character-
istics (round shape, irregular border, and/or hypovascular in
the portal venous phase). An indeterminate lesion was defined
by (a) a short axis diameter of <10 mm and (b) only one
morphologically suspicious characteristic (round shape, irreg-
ular border, and/or hypovascular in the portal venous phase).
The maximum number of lesions per organ was 10.

Whole-body PET/MRI A board-certified radiologist with
8 years of experience in reading MRI and PET (M.A.Q.)
and a nuclear medicine physician with 16 years of experience
in reading PET (C.A.B.) analyzed the PET/MRI images by
using a dedicated workstation (Advantage Workstation ver-
sion 4.6, GE Healthcare). The readers were kept blinded as
the MRI component of the PET/MRI (comprised of the axial
T2w of the pelvis, axial TI DIXON, and coronal T2 SSFSE)
did not include the dedicated pelvic MRI (high-resolution
T2w sequences oriented to the tumor). For the primary tumor,
PET semi-quantitative data was obtained by semi-
automatically drawing a volume of interest over the primary
tumor using the application PETVCAR (GE Healthcare),
which was supported by a visual adaptation of the
isocontouring to avoid the inclusion of structures not related
to the tumor, such as the bladder. Maximum standard uptake
value (SUVmax), mean SUV (SUVmean), metabolic tumor
volume, and total lesion glycolysis (defined as the product of
metabolic tumor volume and SUVmean) were recorded. For
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Table 1 Technical parameters of MRI sequences acquired with PET/MRI
MR sequence Orientation FOV Matrix Slice thickness TE/TR

(mm) (mm)

Dedicated pelvic MRI T2 FSE (tumor) Saggital 160 x 160 256 x 256 3.0 120/4800
T2 FSE (tumor) Oblique 160 x 160 256 x 256 3.0 120/5600
DWI focus® Axial 160 x 160 80 x50 3.0 60/2100
T2 (pelvis) Axial 300 x 300 352 %352 5.0 120/8000
DWI° Axial 350 % 350 130 x 130 5.0 68/2800

Whole-body PET/MRI T1 Dixon Axial 500 x 500 288 x 192 5.0 1680/4560
T2 SSFSE Coronal 500 x 500 288 x 192 5.0 120/3500

Abbreviated liver MRI T2w SSFSE Axial 380 x 380 288 x 224 5.0 120/2100
DWI® Axial 420 x 420 160 x 160 5.0 64/16600

SSFSE single-shot fast spin-echo, F'SE fast spin echo, DWI diffusion-weighted imaging/diffusion, MRI magnetic resonance imaging, PET positron

emission tomography, FOV field of view, TE echo time, TR repetition time

b values, 100 and 1000
® b values, 100 and 1100
¢ p values, 50 and 800

regional nodal staging, in addition to the MRI criteria, the
following metabolic criterion was applied: all LNs with
FDG uptake > 2.5 were considered positive, regardless of size
or morphology. For metastatic disease staging, a combination
of morphology and metabolism was used and varied depend-
ing on the organ (retroperitoneal LN, lungs, liver, and others).
For retroperitoneal LN, a positive lesion was defined by one
of the following criteria: (a) a short axis diameter of > 10 mm,
(b) >2 morphologically suspicious characteristics (round
shape, irregular border, and/or heterogeneous signal), (c) all
mucinous LNs (any size), and (d) the LN was FDG-positive
(SUVmax > 2.5). For the lungs, a positive lesion was defined
by one of the following criteria: (a) a size of > 1 cm and (b)
focal FDG uptake higher than that of the surrounding paren-
chyma with or without a morphological correlation. For the
liver and other organs (peritoneum, ovaries, and adrenal or-
gans), a positive lesion presented at least two of the following
three criteria: (a) intermediate intensity on T2w images, (b)
high signal intensity impeding diffusion on images acquired
with a high b value, and (c) focal FDG uptake higher than that
of the liver parenchyma. A maximum of 10 lesions per organ
was also defined.

Standard of reference

The standard of reference (SOR) for metastatic disease
consisted of clinical/imaging follow-ups performed at 3, 6,
and 12 months after initial staging and/or histopathological
confirmation (when discrepancy between PET/MRI findings
and other imaging modalities was present). A lesion was con-
sidered positive if it exhibited progression or a response after
chemotherapy or if at least one new lesion appeared within

6 months after initial evaluation. Lesions that were stable un-
der treatment were considered negative.

Statistical analysis

IBM SPSS Statistics (version 25) and RStudio (version
1.1.463) were used for statistical analysis. A two-tailed P val-
ue of <0.05 was considered statistically significant. For the
calculation of diagnostic accuracy, the indeterminate lesions
were considered negative and the McNemar test was applied.
The McNemar test was also used to calculate the diagnostic
accuracy according to the status of EMVI detected by MRI.
The numbers needed to treat were also calculated, i.e., the
count of how many people need to be scanned in order for
one person to benefit. The primary outcome was the presence
of metastases, and the comparison was between the metastatic
patients observed with CS and the metastatic patients ob-
served with PET/MRI.

Results
Patient characteristics

This study included 101 patients (mean age, 62 years; range,
33-87 years; male-to-female ratio, 51:50). SOR detected 334
synchronous metastases in 36 patients (35.6%), predominant-
ly in the liver (69.4%, 25/36 patients), followed by the lungs
(47.2%, 17/36 patients) and non-regional LNs (41.2%, 15/36
patients). Of the 36 metastatic patients, 17 (47.2%) exhibited
progressive or responsive lesions at imaging follow-up, 16
(44.4%) had histopathological confirmation, and 3 (8.3%)
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presented new lesions at imaging follow-up, all of which were
confirmed negative on PET/MRI after a second analysis.

Table 2 Characteristics of patient population

All patients (n=101)

Age (median [IQR])

Sex (M:F)

Quantitative parameters on PET/MRI
SUVmax (median [IQR])

62 [55-70]
51:50

19.1 [15.1-25.10]

SUVmean (median [IQR]) 9.5[7.9-12.8]
TLG (median [IQR]) 276.8 [154.4-502.2]
MTV (median [IQR]) 44.8 +65.02
Qualitative parameters on PET/MRI

mrT stage (%)

Tx 1(1.0)

T2 19 (18.8)

T3 48 (47.5)

T4 33 (32.7)
mrN stage (%)

NO 50 (49.5)

N1 44 (43.6)

N2 7 (6.9)
Mesorectal LN on PET (%)

Negative 57 (56.4)

Positive 44 (43.6)
Mesorectal LN on MRI (%)

Negative 60 (59.4)

Positive 41 (40.6)
Lateral pelvic LN on PET (%)

Negative 87 (86.1)

Positive 14 (13.9)
Lateral pelvic LN on MRI (%)

Negative 80 (79.2)

Positive 21 (20.8)
EMVI

Negative 38 (37.6)

Positive 63 (62.4)
CRM

Negative 51 (50.5)

Positive 50 (49.5)
Mucinous component

No 82 (81.2)

Yes 19 (18.8)
Location

Low 41 (40.6)

Middle/high 60 (59.4)

IOR interquartile range, PET positron emission tomography, MRI mag-
netic resonance imaging, SUVmax maximum standard uptake value,
SUVmean mean standard uptake value, TLG total lesion glycolysis,
MTV metabolic tumor volume, LN lymph node, EMVI extramural vascu-
lar invasion, CRM circumferential resection margin
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According to the dedicated pelvic MRI, most patients ex-
hibited locally advanced rectal cancer, with 80.2% (81/101) of
patients exhibiting at least T3b and 50.5% (51/101) of patients
exhibiting positive regional LNs. A positive EMVI was ob-
served in 62.7% (63/101) of patients, and an involved
mesorectal fascia was observed in 49.5% (50/101) of patients.
Table 2 summarizes the patients’ characteristics.

Diagnostic accuracy of PET/MRI vs. CS

From the 36 metastatic patients, CS and PET/MRI classified
23 and 31 patients as metastatic, respectively. With this differ-
ence, the calculated numbers needed to treat were 5 for the
metastatic patients and 12 for all the rectal cancer patients.
This indicates that for every 5 metastatic or 12 rectal cancer
patients, one presents metastases only on PET/MRI. The
patient-based analysis revealed that PET/MRI exhibited a sig-
nificantly higher accuracy (88.4% vs. 82.6%, p =0.003) and
an especially higher specificity in detecting metastatic disease
than CS (Table 3). The diagnostic accuracy of PET/MRI for
detecting distant metastases was also significantly higher than
that of CS (88.9% vs. 85.5%, p=0.013) in patients with
EMVI, but was not different (85.4% vs. 68.5%, p=0.22)
among patients without EMVI (Table 4; Figs. 2 and 3).

From all of the 334 metastatic lesions, PET/MRI detected
281 in 31 patients, while CS detected 230 lesions in 23 pa-
tients (84.1% vs. 68.9%, p = 0.001). The organ-based analysis
revealed that the detection rate of PET/MRI was significantly
superior to that of CS for liver (89.2% (124/139 in 23 patients)
vs. 84.2% (117/139 in 20 patients), p =0.023), non-regional
LNs (90.0% (54/60 in 18 patients) vs. 36.7% (22/60 in 8
patients), p =0.001), and lungs (76.4% (97/127 in 13 patients)
vs. 66.9% (85/127 in 13 patients), p =0.019). No difference
was observed for other lesions, and both methods presented a
diagnostic rate of 75% (6/8 in 6 patients) (Figs. 4 and 5).

On a patient-based analysis, PET/MRI and CS were con-
gruent in 23 metastatic patients and PET/MRI alone identified
8 more patients. There was any metastatic patient positive on
CS only. Five patients were considered positive for metastases
during imaging follow-up and were considered false negative

Table 3  Diagnostic accuracy of positron emission tomography/
magnetic resonance imaging (PET/MRI) vs. conventional staging (CS)
in all patients

PET/MRI CS
Sensitivity 90.8% 98.5%
Specificity 86.1% 66.7%
Positive likelihood ratio 6.53 2.96
Negative likelihood ratio 0.11 0.02
Accuracy 88.4% 82.6%
p=0.003
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Table4 Diagnostic accuracy of positron emission tomography/magnetic resonance imaging (PET/MRI) vs. conventional staging (CS) in patients with
and without extramural vascular invasion (EMVI)

Patients with EMVI (n=63) Patients without EMVI (n =38)

PET/MRI CS PET/MRI CS
Sensitivity 90.6% 100% 90.9% 97.0%
Specificity 87.1% 71.0% 80.0% 40.0%
Positive predictive value 87.9% 78.1% 96.8% 91.4%
Negative predictive value 90.0% 100% 57.1% 66.7%
Accuracy 88.9% 85.5% 85.4% 68.5%
p=0.01 p>0.05

on both methods. On a lesion-based comparison, PET/MRI
and CS detected 223/334 metastatic lesions (66.8%); PET/
MR alone detected 58/334 lesions (17.4%), mainly non-
regional lymph nodes; and CS alone detected 7/334 lesions
(2.1%), especially lung lesions. Both methods missed 46/334
lesions (13.8%), especially lung and liver nodules. See Fig. 6.

Characterization of indeterminate lesions

Both PET/MRI and CS were indeterminate in six patients, of
which all proved to be negative for metastases on imaging
follow-up. PET/MRI detected five more indeterminate pa-
tients (accounting for 16 lesions—11 non-regional LNs, 0 in
the liver, 1 in the lungs, and 4 in other sites), of which CS was
negative in four (one false negative and three true negatives)
and positive in one (a false positive). On the other hand, CS
detected twenty-seven more indeterminate patients (account-
ing for 68 lesions—20 non-regional LNs, 29 in the liver, 16 in
the lungs, and 3 in other sites), of which PET/MRI was neg-
ative in 18 (4 false negatives and 14 true negatives) and

a ‘c

Fig. 2 PET/MRI is superior to CS for staging primary rectal cancer with
EMVI. The patient was an 85-year-old woman. Thoracic CT (a; long red
arrows) and PET/MRI (d; long yellow arrows) revealed lung metastases.
Abdominal CT (b) detected an indeterminate liver nodule (short red

positive in 9 (4 false positives and 5 true positives). PET/
MRI correctly classified 19/33 (57.5%) patients with indeter-
minate lesions on CS, while CS correctly classified 3/11
(27.2%) patients with indeterminate lesions on PET/MRI
(Fig. 7).

Discussion

Our study demonstrated that PET/MRI has a higher accuracy
than CS for the detection of distant synchronous metastases in
baseline staging of patients with rectal cancer and of patients
that presented EM VI within primary tumors. PET/MRI exhib-
ited a higher detection rate than CS for detecting non-regional
LNs as well as hepatic and pulmonary lesions. Moreover,
PET/MRI exhibited a more correct classification of patients
with indeterminate lesions than CS.

The accuracy for detecting metastatic disease was higher
for PET/MRI than pelvic MRI and thoracic and abdominal
CT. Recently, a Swedish study assessed the additional value

arrow). The PET/MRI findings (e) indicated that this nodule was suspi-
cious (restricted diffusion and focal FDG uptake) and additionally re-
vealed liver metastases (yellow short arrows). These lesions were con-
firmed by imaging follow-up
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Fig. 3 PET/MRI is similar to CS in a 63-year-old female patient with
primary rectal cancer without EMVI. A single metastasis was observed
on abdominal ceCT (a; red arrow) as well as PET/MRI with intermediate

of PET/MRI (and PET/CT) over CS of rectal cancer. Although
only 24 patients were included, the PET component presented
a disease upstaging from MO to M1 in 3 out of 24 patients

T2 signal (¢), restricted diffusion (d), and high FDG uptake (e). No ad-
ditional lesions were observed on PET/MRI. This lesion was confirmed
by histology

(12.5%) [11]. In our study, PET/MRI also enabled upstaging
from MO to M1 in eight patients. A meta-analysis of the role of
PET and PET/CT in the primary staging of both colon and

Fig. 4 PET/MRI is superior to CS for upstaging from MO to M1 in the
liver and for clarifying indeterminate lesions detected by CS. The patient
was a 61-year-old woman, and abdominal ceCT revealed one indetermi-
nate liver lesion (a; red arrow). PET/MRI revealed that this lesion was

@ Springer

positive with restricted diffusion and high FDG uptake (¢, d; yellow
arrows). PET/MRI also revealed two other liver lesions with similar char-
acteristics (¢, d; yellow arrows). These lesions were confirmed by imag-
ing follow-up
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Detection rate of metastases per organ
p=0.001 p=0.023
90% 89% -
s p=0.019 p=1.000
76% 75%  75%
67%

: I

Non-regional LNs Liver Lungs Others
mPET/MR = CS

Fig. 5 Comparison of the detection rate of metastases per organ between
positron emission tomography/magnetic resonance imaging (PET/MRI)
and conventional staging (CS). LN, lymph node

rectal cancer demonstrated a sensitivity and specificity of 91%
and 95%, respectively, compared to a diagnostic accuracy of
80% for CT [14]. This is consistent with the results of our
study in which we demonstrated a sensitivity of 90.8% and a
specificity of 86.1% for PET/MRI and an accuracy of 82.6%
for CS.

The distribution of the distant metastases of this study was
more prevalent in the liver and lungs, consistent with the
spreading pattern of rectal tumors [15]. Additionally, our
study demonstrated a high incidence (15%) of non-regional
LNs, similar to a study that performed retroperitoneal lymph-
adenectomy (17%) [16]. The characterization of metastatic
LNs is a limitation of CT and MRI that rely on morphology
(especially size and borders), whereas PET/MRI contributes a
metabolic aspect, enhancing the sensitivity and specificity of
this technique.

PET/MRI exhibited a superior detection of liver metastases
compared to CS, in line with the literature that demonstrates
that PET/CT and especially MRI exhibit a higher sensitivity

than ceCT [17, 18]. Sivesgaard et al. [19] compared the diag-
nostic accuracy of ceCT, MRI, and FDG-PET/CT for the de-
tection of liver metastases and, by analyzing 260 lesions, dem-
onstrated that the sensitivity of MRI was superior to that of
FDG-PET/CT, which was superior to ceCT (85.9% vs. 72.0%
vs. 62.3%). Thus, we postulated that the combination of FDG-
PET and MRI presents a diagnostic performance superior to
that of CT for the detection of rectal liver metastases. Our
study employed T2-weighted MRI sequence and diffusion-
weighted imaging for assessment of liver lesions, but not
contrast-enhanced sequences (e.g., gadolinium or Primovist).
This was due to a time limitation, as our protocol was set to
last 60 min without the dynamic phase of MRI. Lee et al. [20]
demonstrated that the diagnostic performance of PET/MRI
was superior to that of multidetector CT or PET for the detec-
tion of colorectal cancer liver metastases; however, PET/MRI
did not differ from liver-specific contrast-enhanced MRI.
Reiner et al. [21] also demonstrated similar diagnostic accu-
racies for the detection of liver metastases when PET/MRI
was read with DWI (99%), contrast-enhanced MRI (98%),
and both (99%). This reinforces the idea that the use of con-
trast in the context of PET/MRI may not be essential.

For lung lesions, however, it was expected that thoracic CT
would exhibit a higher detection rate than PET/MRI, as MRI
is limited to identifying lung nodules smaller than 1 cm [22].
Nevertheless, in our study, PET/MRI was superior to CT in
detecting pulmonary metastases. This might be related to the
defined criteria of malignancy with CT (a size > 1.0 cm) com-
pared to the metabolic criteria with PET/MRI (focal FDG
uptake higher than surrounding background). Thus, several
small lesions (< 1.0 cm) that were considered indeterminate
on CT were considered suspicious on PET/MRI due to the
focal FDG uptake. Only few papers have compared PET/
MRI and CT for the detection of pulmonary metastases.
Rauscher et al. [23] demonstrated that PET/MRI exhibited

Fig. 6 A comparison of the
number of metastatic lesions 4 6
detected by both PET/MRI and

CS, PET/MRI alone, CS alone, (‘l 3.8%)
and by standard of reference rep- 5 non-regional LNs
resented in a Venn diagram 25 lungs

15 liver

1 peritoneum

Conventional
Staging

Standard of reference

7 223 58
(2.1%)

1 non-regional LN
5 lungs
1 peritoneum

(66.8%)

21 non-regional LNs
80 lungs
117 liver
5 peritoneum/adrenal

(17.4%)

33 non-regional LNs
17 lungs
7 liver
1 peritoneum

PET/MR

@ Springer



194

Eur J Nucl Med Mol Imaging (2021) 48:186-195

Fig. 7 PET/MRI is superior to CS for upstaging from MO to M1 in non-
regional lymph nodes and for clarifying indeterminate lesions detected by
CS. The patient was a 64-year-old man, and PET/MRI revealed two small

an inferior detection rate for small lung lesions compared to
PET/CT with diagnostic chest CT. Another study that included
51 patients with colorectal lung metastases demonstrated that
PET/MRI exhibited a superior diagnostic rate (90%) com-
pared to CT when evaluating lesions larger than 0.5 cm [7].

We also compared the accuracy of PET/MRI and CS in
patients with and without EMVI, and PET/MRI exhibited
superior detection of metastatic lesions only for EMVI within
the primary tumor. Patients with EMVI exhibit an increased
risk (OR, 5.68) of metastatic disease [24], which suggests that
PET/MRI would detect lesions at a higher rate. So, a patient
with positive EMVI and negative conventional staging could
benefit from a more careful investigation. Nevertheless, these
results should be interpreted with caution, as the number of
metastatic patients without EMVI was too low (5 out of 38
patients) and thus cannot yield significant statistical results.

PET/MRI reduced the number of indeterminate findings
observed on CS in more than half of our patient population.
As demonstrated by Fraum et al. [25], PET/MRI facilitates
better tumor staging, FDG activity localization, and lesion
characterization. Other studies have shown that PET imaging
may better characterize both lung [26] and liver lesions [27] in
colorectal cancer patients.

A limitation of our study is that histological confirmation
was not available for all distant metastases; nevertheless, al-
most half of our patient population was biopsied and all others
had imaging follow-ups for at least 6 months. Second, despite
the prospective study design, case selection bias might have
been present, as most of the included patients presented ad-
vanced tumors and a high number of recruited patients was not
included, especially because almost half of them had promptly

@ Springer

(< 1 cm) indeterminate retroperitoneal lymph nodes (a; red arrows) that
were considered positive due to high FDG uptake. The interaortocaval
lesion was biopsied and confirmed as metastatic adenocarcinoma

initiated the treatment before performing the PET/MRI; how-
ever, this is a particular characteristic of our tertiary public
cancer center. Third, only one radiologist assessed the pelvic
MRI and thoracic and abdominal ceCT, which might have
influenced the findings. Fourth, reaching a common interpre-
tation of the PET/MRI results could have presented another
limitation; therefore, we included both a nuclear physician and
radiologist in this study.

This study has demonstrated that PET/MRI yields a higher
accuracy than CS for the detection of distant synchronous
metastases in patients undergoing rectal cancer staging. The
diagnostic performance of PET/MRI was superior to that of
CS in patients with EMVI within primary rectal tumors as
well as for detecting non-regional LNs, hepatic lesions, and
pulmonary lesions. Furthermore, PET/MRI reduced the num-
ber of indeterminate findings observed on CS. These results
indicate that PET/MRI is a more appropriate diagnostic meth-
od for staging rectal cancer, but future studies should evaluate
whether this incremental value of PET/MRI may change pa-
tient management and especially outcome.
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