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Diffusion-Weighted MRI in Detection of Nodal
Metastases in Surgically Treated Endometrial and
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ABSTRACT

◥

Purpose: Preoperative nodal staging is important for planning
treatment in cervical cancer and endometrial cancer, but remains
challenging. We compare nodal staging accuracy of 18F-ethylcholine-(FEC)-PET/CT, 18F-ﬂuoro-deoxy-glucose-(FDG)-PET/
CT, and diffusion-weighted-MRI (DW-MRI) with conventional
morphologic MRI.
Experimental Design: A prospective, multicenter observational
study of diagnostic accuracy for nodal metastases was undertaken in 5
gyne-oncology centers. FEC-PET/CT, FDG-PET/CT, and DW-MRI
were compared with nodal size and morphology on MRI. Reference
standard was strictly correlated nodal histology. Eligibility included
operable cervical cancer stage ≥ 1B1 or endometrial cancer (grade 3
any stage with myometrial invasion or grade 1–2 stage ≥ II).
Results: Among 162 consenting participants, 136 underwent study DW-MRI and FDG-PET/CT and 60 underwent
FEC-PET/CT. In 118 patients, 267 nodal regions were strictly

Introduction
In patients with endometrial or cervical cancer, nodal metastatic
disease adversely affects prognosis (1, 2). In cervical cancer, the
5-year relative survival rates for patients with disease localised to the
cervix is 92% compared with 56% for those with positive pelvic
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correlated at histology (nodal positivity rate, 25%). Sensitivity
per patient (n ¼ 118) for nodal size, morphology, DW-MRI,
FDG- and FEC-PET/CT was 40% , 53%, 53%, 63% , and 67%
for all cases ( , P ¼ 0.016); 10%, 10%, 20%, 30%, and 25% in cervical
cancer (n ¼ 40); 65%, 75%, 70%, 80% and 88% in endometrial
cancer (n ¼ 78). FDG-PET/CT outperformed nodal size (P ¼ 0.006)
and size ratio (P ¼ 0.04) for per-region sensitivity. False positive
rates were all <10%.
Conclusions: All imaging techniques had low sensitivity for
detection of nodal metastases and cannot replace surgical nodal
staging. The performance of FEC-PET/CT was not statistically
different from other techniques that are more widely available.
FDG-PET/CT had higher sensitivity than size in detecting nodal
metastases. False positive rates were low across all methods. The
low false positive rate demonstrated by FDG-PET/CT may be
helpful in arbitration of challenging surgical planning decisions.

lymph nodes (LN; ref. 3). In endometrial cancer, the 5-year diseasefree survival is 90% in patients without LN metastasis, but 60% to
70% in those with pelvic LN metastasis and 30% to 40% in those
with para-aortic LN metastasis (1). Accurate LN staging is required
for prognostic stratiﬁcation and treatment planning, as well as
tailoring the surgical approach and delineating the extent of
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Translational Relevance
Nodal status is a highly important prognostic factor in endometrial and cervical cancers and has a signiﬁcant impact on patient
risk stratiﬁcation and management.This is the ﬁrst multicenter
prospective study to directly compare the diagnostic performance
of FEC-PET/CT, FDG-PET/CT, and DW-MRI for the detection of
nodal involvement in surgically staged endometrial and cervical
cancers, with a strict histologic reference standard. No technique
had sufﬁcient sensitivity to obviate the need for surgical nodal
staging in radiologically node-negative patients, in cases where
nodal staging is considered appropriate. However, the low false
positive rate may contribute to patient risk stratiﬁcation in cases
with difﬁcult surgical decision making, for arbitration in borderline
surgical cases: In cervical cancer, an FDG-positive case could
support a decision to redirect patients from radical surgery to
chemoradiotherapy options. In endometrial cancer, an FDGpositive case could allow planning of a more tailored therapeutic
approach. By identifying the site and extent of avid nodes, a
targeted surgical dissection of the area of interest could be planned,
avoiding morbidity from unnecessary radicality. Moreover, a
preoperative discussion with the patient about their systemic and
radiotherapeutic options and how those would complement any
surgical approach, would be facilitated.

radiotherapy in both cervical and endometrial cancer. Knowledge of
LN status is of paramount importance to stratify patients to radical
hysterectomy versus primary chemoradiotherapy, particularly in
cervical cancer.
In endometrial cancer, most patients will undergo at least a hysterectomy and bilateral salpingo-oopherectomy as primary treatment.
The International Federation of Gynecology and Obstetrics (FIGO)
include the LN status in the tumor staging of the patients, and so
national and international guidelines recommend surgical LN staging
in high-risk subtypes (4, 5). However, there has not been any prospective evidence so far to demonstrate therapeutic value of systematic
lymphadenectomy (LND) in endometrial cancer (6–9). Even though
sentinel LN techniques are now gradually replacing systematic LND in
multiple guidelines (10–12), its implementation is not yet homogenous
around the world due to infrastructural, ﬁnancial, and governance
challenges. For that reason many patients still undergo LND with all
the associated sequelae such as lymphocyst formation, lymphorrhea
and lymphedema in addition to higher surgical morbidity. The
accurate and reliable preoperative identiﬁcation of LN-positive
patients, therefore, still represents an unmet need to adequately tailor
therapeutic management.
In cervical cancer, radical hysterectomy is not recommended in LNpositive patients, and so the accurate preoperative identiﬁcation of
even microscopically involved LN would spare those patients unnecessary surgical morbidity and direct them to chemoradiotherapy with
exact tailoring of the extended ﬁeld.
Although the preoperative detection of nodal metastases would be
practice-changing, conventional imaging techniques, including CT
and MRI, that rely on LN size criteria and morphology (shape, contour,
signal intensity) are largely unreliable (10). Few prospective multicenter trials with a histological reference standard to guide management exist (11).
Several functional imaging techniques have been evaluated in
an attempt to improve preoperative nodal staging. DW-MRI,
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which assesses tissue diffusion properties and cellularity, is now
widely established for routine use in pelvic MRI in cervical and
endometrial cancer staging although published results of DW-MRI
in nodal diagnosis are variable (13).
FDG-PET/CT is established in staging locally advanced cervical
cancer and incorporated into guidelines due to its diagnostic
superiority (12, 14). The role of FDG-PET/CT in endometrial
cancer has not been clearly established with a lack of evidence to
date (15). In general, FDG-PET/CT has high speciﬁcity for nodal
involvement in advanced cervical and endometrial cancer but low to
moderate sensitivity remains problematic, particularly in earlystage disease (15–17).
Choline-PET imaging is a surrogate marker of accelerated
cell membrane metabolism in cancer and has an established role
in imaging of prostate cancer, including nodal assessment for
high-risk staging (18). In cell line studies of endometrial cancer,
the expression and activity of choline kinase alpha is increased with a several-fold increase in the uptake of 3H choline in
endometrial cancer cells compared with normal endometrial stromal cells (19). Early pilot studies of 11C choline in gynecologic
cancer show promise (20, 21); however, 18F-labeled ﬂuoro-methyl
and ﬂuoro-ethyl choline have a longer radioactive half-life
(110 minutes) and are therefore more practical to use. The use
of Fluoro-ethyl-choline (FEC)-PET/CT in detecting nodal metastases in endometrial and cervical cancer has not been previously
explored.
Our hypothesis was that any of DW-MRI, FEC-PET/CT or FDGPET/CT could preoperatively identify LN metastases, with sufﬁciently
high accuracy, to replace the need for surgical LN staging but also
identify those patients who should not undergo surgery, in eligible
patients with seemingly operable cervical and high-risk endometrial
cancer.

Materials and Methods
Study design and participants
MAPPING is a multicenter, prospective observational study evaluating the diagnostic accuracy for detecting nodal metastases using
different imaging methods. Ethics approval, ARSAC licence, and
MHRA approvals were obtained (Research Ethics Committee reference number 11/LO/1465). The study was sponsored by Barts Health
NHS Trust. The Centre for Experimental Cancer Medicine (CECM),
Barts Cancer Institute, Queen Mary University of London had overall
responsibility for trial management. All participants gave written
informed consent.
Eligible patients were aged ≥18 years, with newly diagnosed
histologically conﬁrmed cervical or endometrial cancer and were
eligible and ﬁt for surgical lymphadenectomy, as per the decision of
a multidisciplinary tumor board and assessment by a specialist
surgical and anaesthetic team. Pretreatment FIGO stage (2009) was
established on the basis of clinical examination and standard-ofcare imaging (CT and MRI). Patients with cervical cancer were
eligible if the pretreatment FIGO stage was considered stage IB and
local disease appeared operable. Patients with endometrial cancer
were eligible if high-risk features for LN metastases, that is, histologic grade was high-grade (including grade 3 endometrioid adenocarcinoma, serous, clear cell, or carcinosarcoma) with myometrial invasion on MRI, or MRI-based FIGO stage II or above.
Patients were ineligible if unable to provide written informed
consent, were pregnant or had contra-indications to MRI or
PET/CT (Supplementary Table S1).
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Procedures
All imaging tests were performed before surgery and within the
national standard time frame of preoperative care. Standard-of-care
MRI scan was performed ﬁrst, and as per local practice. FDG- and
FEC-PET/CT scans had to be performed on separate days, and the
DW-MRI scan could be performed alongside either of these, and at the
same time as the conventional MRI (Supplementary Fig. S1).
MRI
Standard-of-care MRI scan for staging was performed as per local
protocol. The MRI ﬁeld of view included the pelvis and para-aortic
regions up to the level of the left renal vein. For nodal evaluation,
readers had a minimal dataset that included axial T1, axial T2, and
study-speciﬁc axial DW-MRI (b values 0, 300, 600, 900, and 1,200)
with associated calculated ADC maps, following optimization
with ice-water phantom (Supplementary Table S2). The details of
standard-of-care MRI and DW-MRI are provided in Supplementary
Table S2A–S2C.
FDG-PET/CT and FEC-PET/CT
FDG- and FEC-PET/CT scans were performed using a standard
protocol (Supplementary Table S2D) based on UK NCRI PET
Research Network guidance. Each center had been accredited by the
NCRI PET Research Network for multicenter trials. All scans were
acquired from base of skull to upper thighs as 3D acquisitions with
TOF if available. Low-dose CT acquisitions were made for attenuation
correction and image fusion. FDG-PET/CT scans were acquired at a
median of 60 minutes postinjection (range 57–80) and FEC-PET/CT
scans at a median 60 minutes (range 55–74) and the two scans were
acquired on different days.
Participants fasted for ≥4 hours prior to FDG injection (median 370
MBq, range 217–436 MBq) and scanning only performed if blood
glucose was <10 mmol/L. Fasting was not required prior to FEC
injection (median 293 MBq, range 209–369 MBq). Patients were asked
to void their bladder before both scans. Both tracers were classiﬁed as
investigational medical products. Patients were contacted 24 hours
following scans to record any adverse events.
Reader evaluations
All imaging scans were read by one local and two central radiologists. The central reviews were coordinated through the UK NCRI
PET core lab (PET) and the trials unit (MRI), and discordant reviews
were resolved by consensus. All radiologists were accredited core
members of the gyne-oncology multi-disciplinary team and/or
PET/CT experts. All readers were aware of the clinical diagnosis
(endometrial or cervical cancer) but when assessing each scan they
were blinded to all other imaging scans, surgical ﬁndings and ﬁnal
histology. The local radiologic assessment was used for the main
analyses to be consistent with patient management and treatment
being guided by the local MRI evaluation.
Evaluation of nodes using the standard MRI, DW-MRI, and PET
scans was based on a 6-point conﬁdence score: 1, deﬁnitely benign; 2,
probably benign; 3, low conﬁdence benign; 4, low conﬁdence malignant; 5, probably malignant; 6, deﬁnitely malignant. A score of 5 or 6
was classiﬁed as test-positive.
Conventional MRI nodal diagnosis based on MRI size and
morphology
The anatomic location of nodes that were ≥5 mm and their short
and long axis diameter were recorded. If there were multiple nodes in
one anatomic region, the largest or most suspicious node was used for
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the nodal descriptors (fatty hilum, homogeneous appearance, necrosis,
or irregular margin). Nodal diagnosis was then made using the size (in
mm), or nodal morphology (based on the 6-point conﬁdence score);
both without reference to the DW-MRI.
The diagnosis based on nodal size criteria was considered using
three cutoffs, analyzed separately: (i) short axis diameter >9 mm; (ii)
short axis >10 mm or (iii) “size ratio” criteria, whereby a node <8 mm
short axis is considered benign, node >10 mm short axis is considered
metastatic (and therefore positive), but a node with a short axis
between 8 and 10 mm is only considered positive if the short axis
to long axis ratio is over 0.8 (i.e., a round node; ref. 22).
Nodal diagnosis based on DW-MRI
Nodes were identiﬁed on the high b value DW-MRI as noncontinuous high signal intensity (SI) round or ovoid structures that
corresponded with a node on the anatomic images. Nodes that
retained very high SI on the high b value images, without T2 shinethrough, were considered to be positive based on the 6-point
conﬁdence score.
Nodal diagnosis based on PET/CT
The anatomic location of any focally increased tracer uptake that
was higher than background adjacent tissue corresponding to a node of
any size on the CT was recorded and assessed according to a 5-point
scale (A, normal FDG/FEC uptake; B, mild increased FDG/FEC uptake
likely not to represent tumor involvement, C, equivocal FDG/FEC
uptake; D, moderately increased FDG/FEC uptake likely to represent
tumor involvement; E, intensely increased FDG/FEC uptake representing tumor involvement). The 6-point conﬁdence level was used for
nodal diagnosis.
Primary reference standard
The primary reference standard was conﬁrmed nodal histology
obtained by surgical lymphadenectomy. The surgeon was made aware
of the position of any suspicious node prior to the lymphadenectomy
to ensure the highest likelihood of correlating all suspected positive
nodes based on imaging tests. The surgeon recorded the site of resected
nodes that were labeled for histologic correlation according to the
predeﬁned protocol.
All retrieved nodes were analysed by expert gyne-oncology histopathologists at each site and the anatomic location of all nodes, nodal
size, and presence of metastatic disease were recorded. The histopathologist was blind to all image ﬁndings, although they were aware of
the original histopathology results from preoperative biopsy of the
primary tumor, as per standard practice.
In cases where imaging suggested an involved node but histopathology was negative, further reviews were undertaken to avoid an
uncertain reference standard due to the possibility that the node was
not retrieved at surgery. First, any postoperative imaging was reviewed
by an expert consensus to be certain that all suspicious nodes had been
retrieved at surgery. If the suspicious node remained in situ, then the
case was not eligible for analysis by the primary reference standard, as
the correlation with histology was uncertain. Second, the most suspicious node underwent ultrasectioning and immunostains to ensure
very high sensitivity for micrometastases. Where histopathology was
positive but imaging negative, then the imaging was deemed falsenegative.
The ﬁnal histologic subtype and pathologic stage of the primary
tumor were recorded. If no nodal tissue was obtained in the surgical
specimen, the case was not eligible for analysis with the histologic
primary reference standard.
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Secondary reference standard
A secondary reference standard was speciﬁed to allow for inclusion
of patients in whom deﬁnitive histopathology was unavailable (either
no surgery, no nodal tissue retrieved or suspicious node not resected),
and therefore could not be included in analyses using the primary
reference standard. This secondary reference standard was comprised
by a consensus panel that reviewed all available imaging and clinical
information for 9 months from when the patient was recruited to
impute the presence and position of any positive nodal sites, for
example by identifying progression in a node or clear regression
following treatment. If no follow-up was available, the patient was
excluded from analysis.
Outcome measures
The primary outcome measures were sensitivity and false positive
rate [FPR]) for histologically conﬁrmed nodal metastatic disease.
Sensitivity is the proportion of cases who are test-positive among all
who have conﬁrmed metastatic disease. FPR (speciﬁcity) is the proportion of cases who are test-positive among all those who do not have
metastatic disease. These were estimated for each of the DW-MRI,
FEC-, and FDG-PET/CT scans, and also (using standard MRI) nodal
size criteria and morphology. Secondary outcome measures were
positive and negative predictive values. Analyses were performed
according to cervical or endometrial cancer, and on a per-patient
level (all surgically resected nodal regions considered together) and
per-nodal-region level (right pelvis, left pelvis, para-aortic).
Statistical considerations
Sensitivities of DW-MRI, FDG- and FEC-PET/CT were compared
with that of nodal size, using a McNemar paired test. The primary
analysis was based on patients who had both DW-MRI and FDG-PET/
CT, as these were mandatory for study inclusion and FEC-PET/CT was
optional.
Sample size assumptions were based on results for conventional
MRI nodal size, DW-MRI (original calculation based on Thoeny HC et
al, ESUR 2009 abstract MS8 p45) and FDG-PET/CT (23).
For comparing sensitivity of DW-MRI (93%) with nodal size (47%),
at a ﬁxed FPR of 25% (the published estimate for DW-MRI), using a
discordant paired analysis, 19 subjects with conﬁrmed histologic nodal
disease were required (80% power, and one-sided statistical signiﬁcance of 0.017 to allow for three main comparisons). Assuming 15% of
patients have nodal disease, 127 patients were needed in total. For
comparing the sensitivity of FDG-PET/CT (73%) with nodal size
(27%), at a ﬁxed FPR of 3% (the published estimate for FDG-PET/
CT), required 23 patients with conﬁrmed nodal disease and therefore
about 150 in total.
The target study size was taken as the greater of the two main
comparisons: n ¼ 150 patients. No preliminary data were available for
FEC-PET/CT, but we expected that FEC-PET/CT would have a
diagnostic performance similar to either DW-MRI or FDG-PET/CT,
and thus not require a larger sample size. A statistically signiﬁcant
difference was taken to be <0.034 (two-sided, as per the design and
power calculation).
Interrater agreement between local and the central consensus
reviews was assessed using Cohen kappa statistic.

Results
Participants were included from 5 gyne-oncology tertiary referral
centers in National Health Service (NHS) hospitals in England (Supplementary Table S2A). Consent was obtained from 162 patients
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between October 2012 and July 2017 (Fig. 1). Among the 145 patients
who had any study imaging and surgery, surgery was performed
laparoscopically in 64, open in 42, robotically assisted procedure in
32 and 7 did not undergo surgery [advanced disease on PET (n ¼ 1),
investigator decision (n ¼ 2), patient decision (n ¼ 1), unable to
comply with study schedule (n ¼ 2)]. The diagnosis was endometrial
cancer in 98 and cervical cancer in 47 patients (Table 1).
Our primary analyses were based on the 118 who had both DWMRI and FDG-PET/CT, and deﬁnitive histopathology according to
the primary reference standard; baseline patient and tumor characteristics are in Table 1 and Supplementary Table S3. The median time
interval between preoperative imaging and nodal surgery was 26 days,
(range 1–83) for standard-of-care MRI, 12 days (1–58) for DW-MRI,
7.5 days (0–44), for FDG-PET/CT (one patient being imaged early
morning prior to evening surgery) and 7 days (1–28) for FEC-PET/CT.
Among 118 cases included with primary reference standard, 4 cases
had review of post operative imaging for conﬁrmation of nodal
resection.
Metastatic nodal disease was histologically conﬁrmed in 25.4%
(30/118) patients in both tumor types, according to the primary
reference standard: 10 of 40 patients of cervical cancer and 20 of 78
patients of endometrial cancer.
Diagnostic accuracy using primary reference standard
On a per patient basis, for all patients combined, diagnosis based on
nodal morphology was equivalent to DW-MRI with sensitivites and
FPRs of 53% [95% conﬁdence interval (CI), 34–72] and 3% (95% CI,
1–10), respectively (Table 2). FDG-PET/CT had the same FPR but
with a slightly higher sensitivity of 63% (95% CI, 44–80), while FECPET/CT had sensitivity and FPR of 67% (95% CI, 35–90) and 3% (95%
CI, 0–13), respectively. Diagnosis based on short axis >10 mm had a
sensitivity of 40% (95% CI, 23–59) and FPR of 5% (95% CI, 1–11).
McNemar tests found FDG-PET/CT to have signiﬁcantly better
sensitivity than short axis >10 mm (P ¼ 0.016) while all other
comparisons were not statistically signiﬁcant.
On a per-region basis (n ¼ 267 regions among the 118 patients,
mean 2.3 regions per patient), diagnostic performances differed only
slightly (Supplementary Table S4A–S4C) and McNemar tests found
FDG-PET/CT outperformed both short axis >10 mm (P ¼ 0.006) and
size ratio criteria (P ¼ 0.04) with regards to sensitivity. Distant
metastases were described on PET/CT in 8 of 162 patients, 6 included
in the primary reference standard and 2 excluded due to ﬁnal histology
being ovarian cancer (n ¼ 1) and no histology or follow-up imaging
therefore no nodal reference standard available (n ¼ 1; Fig. 1).
Among 40 patients with cervical cancer, 10 (25%) had conﬁrmed
histologic nodal metastases, only 1 of which had a LN short axis
> 10 mm. The sensitivities were lower, ranging from 10% (size ratio
criteria, morphology and short axis >9 mm) to 30% (FDG-PET/
CT; Table 3). There was no signiﬁcant difference in modalities among
these patients in terms of sensitivity or FPR. Only 4 patients had an
MRI FIGO stage greater than 1B1 (as expected due to patient selection
for operability) and in these cases the FPR was 0% for all tests
(Supplementary Table S5).
Among 78 patients with endometrial cancer, 20 (25.6%) had
conﬁrmed histologic nodal metastases, 15 of whom had a LN short
axis >10 mm. Sensitivities were 75% (95% CI, 51–91) for morphology,
and 65% (95% CI, 41–85) for short axis >9 mm, 70% (95% CI, 46–88)
for DW-MRI, 80% (95% CI, 56–94) for FDG-PET/CT, 88% (95% CI,
47–100) for FEC-PET/CT. FPRs ranged from 9% (95% CI, 3–19) for
size ratio criteria to 3% (95% CI, 0–12) for DW-MRI (Table 4). No
imaging modality had signiﬁcantly better sensitivity or FPR among
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Figure 1.
Study CONSORT diagram.

patients with endometrial cancer. Of the 27 cases with stage 1A disease
based on MRI, there was no histologically conﬁrmed nodal metastasis,
with a single false positive detection on MRI and no false positives on
PET/CT with very high NPV on PET/CT (Supplementary Table S5C).
There were 20 cases with stage 1B disease based on MRI of which only
one had a suspected nodal metastasis, detected on DW-MRI, and was
false-negative on FDG-PET/CT, size and morphology (Supplementary
Table S5D). Among 30 patients with cancer stage higher than 1B on
MRI, 19 had nodal metastases and the sensitivity and FPR based on
MRI nodal morphology was 79% (95% CI, 54–94) and 9% (95% CI, 0–
41), for DW-MRI was 68% (95% CI, 43–87) and 9% (95% CI, 0–41)
and for FDG-PET/CT was 84% (95% CI, 60–97) and 9% (95% CI, 0–41;
Supplementary Table S5E).
The above results were based on patients who had both the DWMRI and FDG-PET/CT scans. Quantitative values for FDG- and FECSUV and ADC in positive and negative nodes are provided in
Supplementary Table S6.
Secondary reference standard
Eighteen patients were not included in the main analyses because
they did not have deﬁnitive histopathology correlation using the
primary reference standard. This included 4 patients who did not
undergo surgery, 3 patients in whom a suspected positive node
remained visible on postoperative imaging therefore not considered
resected (Fig. 2, all included in secondary reference standard), 3 in
whom lymphadenectomy was attempted but no nodal tissue retrieved
and 8 who underwent surgery but lymphadenectomy was abandoned
during surgery for clinical reasons. Of these 18 patients, 6 in total had
postoperative imaging and follow-up to 9 months. Combining these
with the 118 who had the primary reference standard, gave a total of
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124 patients for analyses based on the secondary reference standard
(Fig. 1). 25.8% (32/124) had nodal metastasis. Results using the
secondary reference standard did not differ substantially from results
based on the primary reference standard and are available in Supplementary Table S7A–S7C. Twelve patients had no histology or imaging
follow-up and therefore could not be included (Fig. 1).
Central review
Diagnostic performance based on the independent central review
did not differ substantially from the local radiologist assessment
(Supplementary Table S8). Interrater agreement between local and
central consensus reviews was high for each imaging modality, with
kappa statistics of 0.70, 0.86, and 0.79 for DW-MRI, FDG-, and FECPET/CT, respectively.
Adverse events
The MAPPING study was conducted as a study of investigational
medicinal products, according to MHRA guidance. Adverse events
were collected for all patients who underwent at least one of the trial
PET scans (n ¼ 147 participants, Supplementary Table S9). One
patient had mood alteration and another had vomiting, both thought
to be related to FEC-PET/CT. One patient had hyperglycaemia and
another developed a rash, these were considered related to FDG-PET/
CT. There were no serious adverse events.

Discussion
In this multicenter prospective cohort study, with a strict histologic
reference standard, we failed to demonstrate a signiﬁcantly higher
sensitivity, on a per patient basis (n ¼ 118), using FEC-PET/CT,
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Table 1. Baseline characteristics of the 118 patients who had conﬁrmed histopathology using the primary reference standard.
Characteristics
Age (years), median (range)
Ethnic group, N (%)
Asian (Indian)
Asian (Other)
Asian Pakistani
Black (African)
Black (Caribbean)
Chinese
Other
White
Unknown
Histology, n (%)

Cervical (n ¼ 40)

Endometrial (n ¼ 78)

38 (24–75)

67 (27–83)

1 (2.5)
1 (2.5)
1 (2.5)
0
0
0
2 (5.0)
35 (87.5)
0

8 (10.3)
3 (3.8)
0
3 (3.8)
2 (2.6)
1 (1.3)
1 (1.3)
58 (74.4)
2 (2.6)

Adenocarcinoma
Adenosquamous
Squamous cell
Unknown
Lymphovascular space invasion (LVSI), n (%)
No
Yes
Unknown
Differentiation, n (%)
Grade 1
Grade 2
Grade 3
Unknown
FIGO stage (on MRI), n (%)

13 (32.5)
4 (10.0)
22 (55.0)
1 (2.5)

Endometrioid
Serous/clear cell
Carcinosarcoma
Mixeda
Unknown

37 (47.4)
31 (39.7)
2 (2.6)
6 (7.7)
2 (2.6)

22 (55.0)
16 (40.0)
2 (5.0)

41 (52.6)
29 (37.2)
8 (10.3)

5 (12.5)
20 (50.0)
12 (30.0)
3 (7.5)

7 (9.0)
9 (11.5)
59 (75.6)
3 (3.8)

1B1
1B2
2A1
2B

36 (90.0)
1 (2.5)
2 (5.0)
1 (2.5)

1A
1B
2
3A
3C
4B
Unknown

27 (34.6)
20 (25.6)
9 (11.5)
3 (3.8)
13 (16.7)
5 (6.4)
1 (1.3)

a

Five mixed endometrioid and serous/clear cell and one mixed serous/clear cell and carcinosarcoma.

FDG-PET/CT, or DW-MRI compared with standard MRI in the
radiologic detection of nodal metastases in seemingly operable cervical
(sensitivities of 20–30% compared with 10%) and in endometrial
cancer (sensitivities of 70%–87.5% compared with 75%). FEC-PET/CT,
studied as a possible alternative to FDG, was not found to improve
diagnostic performance compared with FDG-PET/CT, with sensitivity
of 66.7% in the entire cohort (25% in cervical cancer and 87.5% in
endometrial cancer). As such, we could not establish any preoperative
imaging that had sufﬁcient sensitivity to obviate the need for
surgical LN staging in seemingly operable early-stage cervical and
operable endometrial cancer.
On a per-region basis (n ¼ 267), FDG-PET/CT outperformed both
short axis >10 mm (P ¼ 0.006) and size ratio criteria (P ¼ 0.04) with
regards to sensitivity.
Importantly, we demonstrated very low false positive rates for LN
metastases in both cervical and endometrial cancers (ranging from
2.5%–6.8%) across all imaging modalities. This high speciﬁcity suggests that positive preoperative imaging can be relied upon to indicate
nodal involvement, even in the case of non bulky LN, so that indication
for surgery and extent of surgical radicality can be appropriately
modiﬁed.
The performance of functional imaging techniques was better in the
cohort of endometrial, compared to cervical cancer patients. This may
be attributed to the fact that only patients with early-stage cervical
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cancer with non-bulky LN on conventional imaging were included,
because only those were eligible for surgery, as opposed to patients with
endometrial cancer, where those with bulky LN were considered
operable and hence included in our study.
In the cohort of patients with endometrial cancer, radiologic
detection of nodal metases was demonstrated to be reasonably sensitive (FDG-PET/CT 80%, FEC-PET/CT 87.5%) and highly speciﬁc
(false positive rate: FDG-PET/CT 5%, FEC-PET/CT 4%). Of all the
modalities, PET/CT had higher performance than MRI with or
without DW-MRI, although this was not statistically signiﬁcant. This
ﬁrst study using FEC-PET/CT in endometrial cancer demonstrated
good diagnostic performance but not statistically better than FDGPET/CT. In endometrial cancer, FDG-PET/CT is not currently used
routinely but the high negative predictive value (NPV: FDG-PET/CT
93.2%, FEC-PET/CT 95.8%) could be used to re-inforce standard-ofcare imaging to arbitrate difﬁcult or borderline surgical decisions
concerning surgical lymphadenectomy. Surgical LN staging is recommended in apparent uterine-conﬁned high-risk endometrial cancer (5)
but there is no prospective evidence so far to demonstrate a therapeutic
value of systematic LND (9). A corroboration of a borderline or
suspicious morphologic imaging test with a functional imaging test
could support the decision to proceed with nodal dissection and allow
planning of surgical approach and extent to minimize morbidity
related to the surgery and subsequent increased risk of lymphoedema.
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Table 2. Estimates of diagnostic performance using the primary reference standard: Per patient diagnostic performance among all
patients.

Diagnostic methoda
DW-MRI
FDG-PET/CT
FEC-PET/CT
Diagnosis based on
morphology
Short axis
>9 mm
>10 mm
Size ratio criteria

Conﬁrmed node
metastatic disease

Conﬁrmed without nodal
disease

No.
patients

True þve

False -ve

True -ve

False þve

Sensitivity
(95% CI)

False-positive
rate (95% CI)

PPV (95% CI)

NPV (95% CI)

118
118
52
118

16 (13.6%)
19 (16.1%)
8 (15.4%)
16 (13.6%)

14 (11.9%)
11 (9.3%)
4 (7.7%)
14 (11.9%)

85 (72.0%)
85 (72.0%)
39 (75.0%)
85 (72.0%)

3 (2.5%)
3 (2.5%)
1 (1.9%)
3 (2.5%)

53.3% (34.3–71.7)
63.3% (43.9–80.1)
66.7% (34.9–90.1)
53.3% (34.3–71.7)

3.4% (0.7–9.6)
3.4% (0.7–9.6)
2.5% (0.1–13.2)
3.4% (0.7–9.6)

84.2% (60.4–96.6)
86.4% (65.1–97.1)
88.9% (51.8–99.7)
84.2% (60.4–96.6)

85.9% (77.4–92.0)
88.5% (80.4–94.1)
90.7% (77.9–97.4)
85.9% (77.4–92.0)

118
118
118

14 (11.9%) 16 (13.6%) 82 (69.5%)
12 (10.2%) 18 (15.3%) 84 (71.2%)
14 (11.9%) 16 (13.6%) 82 (69.5%)

6 (5.1%)
4 (3.4%)
6 (5.1%)

46.7% (28.3–65.7)
40.0% (22.7–59.4)
46.7% (28.3–65.7)

6.8% (2.5–14.3)
4.5% (1.3–11.2)
6.8% (2.5–14.3)

70.0% (45.7–88.1)
75.0% (47.6–92.7)
70.0% (45.7–88.1)

83.7% (74.8–90.4)
82.4% (73.6–89.2)
83.7% (74.8–90.4)

Abbreviation: PPV, positive predictive value.
a
For all imaging, a positive test result is deﬁned as a conﬁdence score of 5 or 6 (see Materials and Methods); for short axis, a positive result is deﬁned in the table, and
for size ratio criteria see Materials and Methods.

Our study provides prospective multicenter evidence that would
support the use of FDG-PET/CT in endometrial cancer cases with
difﬁcult surgical decision-making, in order to direct surgical resection
to the positive LN avoiding more extensive lymphadenectomy. In cases
with a positive PET/CT, the surgical plan could include limited
targeted resection of individual accessible positive nodes at the time
of hysterectomy, followed by adjuvant therapy or a decision to avoid
nodal dissection altogether to treat with targeted radiotherapy depending on the overall tumor dissemination pattern and patient’s proﬁle. In
cases that are PET/CT-negative, but intermediate to high risk disease,
there is increasing evidence for the use of sentinel lymph node
technique as a viable alternative for systematic LND (24).
This is the ﬁrst study to report the use of FEC-PET/CT as an
alternative to FDG-PET/CT in the nodal staging of endometrial
cancer. The rationale to study this was choline-PET/CT has shown
promise in the nodal staging of high risk prostate cancer (25) and
supportive feasibility data of 11C-choline-PET in gynecologic cancers (20, 21). In our study, FEC-PET/CT performed well, but with no
statistical difference to FDG-PET/CT. In daily practice, FDG is more
widely available and therefore more practical.

There are no similar multicenter prospective studies in the last ﬁve
years in gynecologic malignancies. Eight prospective studies have
evaluated endometrial cancer with FDG-PET/CT and surgical–
pathologic reference standard between 2009 and 2019 (with inclusion
of more than 30 patients, range 37–220; refs. 26–33). The range of
sensitivities was between 45.8% and 93.3% and FPRs between 3.0% and
8.8% apart from one study with a higher FPR of 17.9% (31). The largest
multicenter prospective study of FDG-PET/CT in endometrial cancer (27), reported per patient sensitivity of 59% (23/39) for nodal
metastases in those patients that had histologic conﬁrmation, a little
lower than 80.0% in our study. Criteria for nodal involvement and
details of surgical reference standard were not described. A more
recent single-center prospective study in patients with high-risk
endometrial cancer found a lower sensitivity of 45.8% (11/24), speciﬁcity of 91.1% (72/79) for nodal metastatic disease in 103 patients (33).
In this study, there was a similar prevalence of nodal involvement in
the cases that underwent nodal dissection (23.3% vs. 26% in our study)
and more FIGO stage 1A cases, although they did not mention the size
of the nodes. Their sensitivity is lower than other studies included in a
meta analysis that reported the pooled sensitivity of 68% (34). In

Table 3. Estimates of diagnostic performance using the primary reference standard: per patient diagnostic performance among
patients with cervical cancer.

Diagnostic methoda
DW-MRI
FDG-PET/CT
FEC-PET/CT
Diagnosis based on
morphology
Short axis
>9 mm
>10 mm
Size ratio criteria

Conﬁrmed node
metastatic disease

Conﬁrmed without
nodal disease

No.
patients

True þve

False -ve

True -ve

False þve

Sensitivity
(95% CI)

False-positive rate
(95% CI)

40
40
20
40

2 (5.0%)
3 (7.5%)
1 (5.0%)
1 (2.5%)

8 (20.0%)
7 (17.5%)
3 (15.0%)
9 (22.5%)

29 (72.5%)
30 (75.0%)
16 (80.0%)
30 (75.0%)

1 (2.5%)
0 (0.0%)
0 (0.0%)
0 (0.0%)

20.0% (2.5–55.6)
30.0% (6.7–65.2)
25.0% (0.6–80.6)
10.0% (0.3–44.5)

3.3% (0.1–17.2)
0.0% (0.0–11.6)
0.0% (0.0–20.6)
0.0% (0.0–11.6)

66.7% (9.4–99.2)
100.0% (29.2–100.0)
100.0% (2.5–100.0)
100.0% (2.5–100.0)

78.4% (61.8–90.2)
81.1% (64.8–92.0)
84.2% (60.4–96.6)
76.9% (60.7–88.9)

40
40
40

1 (2.5%)
1 (2.5%)
1 (2.5%)

9 (22.5%)
9 (22.5%)
9 (22.5%)

28 (70.0%)
30 (75.0%)
29 (72.5%)

2 (5.0%)
0 (0.0%)
1 (2.5%)

10.0% (0.3–44.5)
10.0% (0.3–44.5)
10.0% (0.3–44.5)

6.7% (0.8–22.1)
0.0% (0.0–11.6)
3.3% (0.1–17.2)

33.3% (0.8–90.6)
100.0% (2.5–100.0)
50.0% (1.3–98.7)

75.7% (58.8–88.2)
76.9% (60.7–88.9)
76.3% (59.8–88.6)

PPV (95% CI)

NPV (95% CI)

Abbreviation: PPV, positive predictive value.
a
For all imaging, a positive test result is deﬁned as a conﬁdence score of 5 or 6 (see Materials and Methods); for short axis, a positive result is deﬁned in the table, and
for size ratio criteria see Materials and Methods.
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Table 4. Estimates of diagnostic performance using the primary reference standard: per patient diagnostic performance among
patients with endometrial cancer.

Diagnostic methoda
DW-MRI
FDG-PET/CT
FEC-PET/CT
Diagnosis based on
morphology
Short axis
>9 mm
>10 mm
Size ratio criteria

Conﬁrmed node
metastatic disease

Conﬁrmed without
nodal disease

No.
patients

True þve

False -ve

True -ve

False þve

Sensitivity
(95% CI)

False-positive rate
(95% CI)

PPV (95% CI)

NPV (95% CI)

78
78
32
78

14 (17.9%)
16 (20.5%)
7 (21.9%)
15 (19.2%)

6 (7.7%)
4 (5.1%)
1 (3.1%)
5 (6.4%)

56 (71.8%)
55 (70.5%)
23 (71.9%)
55 (70.5%)

2 (2.6%)
3 (3.8%)
1 (3.1%)
3 (3.8%)

70.0% (45.7–88.1)
80.0% (56.3–94.3)
87.5% (47.3–99.7)
75.0% (50.9–91.3)

3.4% (0.4–11.9)
5.2% (1.1–14.4)
4.2% (0.1–21.1)
5.2% (1.1–14.4)

87.5% (61.7–98.4)
84.2% (60.4–96.6)
87.5% (47.3–99.7)
83.3% (58.6–96.4)

90.3% (80.1–96.4)
93.2% (83.5–98.1)
95.8% (78.9–99.9)
91.7% (81.6–97.2)

78
78
78

13 (16.7%)
11 (14.1%)
13 (16.7%)

7 (9.0%)
9 (11.5%)
7 (9.0%)

54 (69.2%)
54 (69.2%)
53 (67.9%)

4 (5.1%)
4 (5.1%)
5 (6.4%)

65.0% (40.8–84.6)
55.0% (31.5–76.9)
65.0% (40.8–84.6)

6.9% (1.9–16.7)
6.9% (1.9–16.7)
8.6% (2.9–19.0)

76.5% (50.1–93.2)
73.3% (44.9–92.2)
72.2% (46.5–90.3)

88.5% (77.8–95.3)
85.7% (74.6–93.3)
88.3% (77.4–95.2)

Abbreviation: PPV, positive predictive value.
a
For all imaging, a positive test result is deﬁned as a conﬁdence score of 5 or 6 (see Materials and Methods); for short axis, a positive result is deﬁned in the table, and
for size ratio criteria, see Materials and Methods.

addition, the reference standard for false positive PET cases was not
clear: in our study, we reviewed postoperative imaging to ensure the
suspicious node was removed, and excluded cases where the suspicious
node was still present on postoperative imaging, to ensure an accurate
reference standard.
There are only three prospective studies assessing diagnostic accuracy of MRI for LN metastases in endometrial cancer with more than
30 evaluable patients with surgical–pathologic reference standard
(including 46, 181, and 220 patients) between 2009 and 2015 (27,
31, 35). The sensitivities using size criteria (short axis >10 mm) for LN
metastases were from 75%, 69.2%, and 40% with FPRs of 19%, 6.5%,
and 3.5% respectively. More recently a prospective study developing
and testing radiomic features to predict nodal involvement has been
published and this is an exciting area of future research (36).
In early-stage presumed operable cervical cancer, we found that no
imaging method, including DW-MRI, FDG-, or FEC-PET/CT was
able to reliably identify nodal metastases in normal sized/nonbulky
LNs with sufﬁcient sensitivity. Our results conﬁrm the ﬁndings of a
single-center prospective cohort (32.1% sensitivity FDG-PET/CT
compared with 30.0% in our study), that the role of FDG-PET/CT
in staging of early cervical cancer is limited as the prevalence of nodal

involvement is low, and if present, nodal metastases are often small
volume and below the sensitivity of PET (37). Although in our cohort
25% (10/40) had at least one positive node, the majority of these nodes
were subcentimetre. Importantly, we had no false positive case on
FDG-PET/CT in patients with cervix cancer. This information is
highly relevant in cases where the choice of surgery may be difﬁcult:
a negative FDG-PET/CT could allow a decision for surgery to go
ahead, at least for surgical nodal staging, whereas the ﬁnding of a
positive node could safely and reliably exclude these patients from
radical hysterectomy and direct them to chemoradiotherapy. Early
data that suggest individual nodal sensitivity of FDG PET/CT in
endometrial and cervical cancer could be enhanced by image fusion
with DW-MRI with potential complementarity between the modalities
but was beyond the scope of our study (38).
There are limitations to our study. Our results are suggestive (but
not conclusive) of a difference in diagnostic performance between
cervical and endometrial cancer. However, there are insufﬁcient cases
to reliably analyse these separately because when the study was
designed there were few publications on this, limiting the power
calculation. Study recruitment was challenging as patients needed to
undertake repeat study MRI for the study diffusion sequence, as well as

Figure 2.
A 55-year-old with endometrial carcinoma. Cor/axial T2-weighted MRI (i), axial ADC (ii), axial FDG fused (iii), axial FEC fused (iv) shows focal tracer uptake in
an 8-mm rounded left external iliac node (row A, arrows,  tumor, ^ ureter), and a 9-mm rounded right common iliac node (row B, arrows). Histopathology was
negative. Follow-up axial FDG fused (v) and axial contrast-enhanced CT (CECT) (vi) conﬁrmed the nodes were not removed at surgery.
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study-speciﬁc FDG-PET/CT and optional FEC-PET/CT prior to the
planned surgery. In addition, many recruited participants did not
complete all the imaging as per study protocol, in particular FEC-PET/
CT due to logistic challenges of coordinating manufacture timings and
radiotracer distribution in a multicenter study with short time-frames
for imaging prior to surgery. Several cases could not be evaluated with
the primary reference standard as we could not be fully conﬁdent that
the suspicious node on imaging had been correlated at histology. By
having a stringent primary reference standard, we ensured a high
likelihood of correlated imaging and nodal histology. However, this led
to several patients excluded from the primary analysis, where the
suspicious node was not successfully surgically resected. Nevertheless,
analyses based on the secondary (follow-up) reference standard were
similar to the primary analyses. Although our main analyses were
based on 118 patients (less than the target of 150), the sample size was
based on the number of histologically conﬁrmed cases with nodal
metastasis, and we observed 30 cases, above the target of 19–23.
In conclusion, in this prospective multicenter study with strict
histologic reference standard, no imaging technique provided sufﬁcient sensitivity to obviate the need for lymph node dissection in cases
where this is considered appropriate, in patients with early-stage
operable cervical cancer and in patients with intermediate- to highrisk endometrial cancer. However, the very low false positive rates, in
all modalities, could be helpful in treatment planning. In patients with
cervical cancer, with borderline appropriateness for radical surgery,
MRI ﬁndings could be supported by FDG-PET/CT, as false positive
scans are highly unlikely and therefore a positive scan would allow
avoidance of inappropriate surgery, or could direct surgical resection
for conﬁrmation. In patients with endometrial cancer, in cases where
there is uncertainty regarding the risk/beneﬁts of lymphadenectomy,
conﬁrmatory FDG-PET/CT may add support to MRI to decide on
proceeding to surgical nodal dissection, as well as directing the surgical
approach.
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