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Abstract

Purpose To evaluate PET/MR lung nodule detection compared to PET/CT or CT, to determine growth of nodules missed by
PET/MR, and to investigate the impact of missed nodules on clinical management in primary abdominal malignancies.
Methods This retrospective IRB-approved study included [18F]-FDG PET/MR in 126 patients. All had standard of care chest
imaging (SCI) with diagnostic chest CT or PET/CT within 6 weeks of PET/MR that served as standard of reference. Two
radiologists assessed lung nodules (size, location, consistency, position, and [18F]-FDG avidity) on SCI and PET/MR. A side-
by-side analysis of nodules on SCI and PET/MR was performed. The nodules missed on PET/MR were assessed on follow-up
SCI to ascertain their growth (=2 mm); their impact on management was also investigated.

Results A total of 505 nodules (mean 4 mm, range 1-23 mm) were detected by SCI in 89/126 patients (66M:60F, mean age
60 years). PET/MR detected 61 nodules for a sensitivity of 28.1% for patient and 12.1% for nodule, with higher sensitivity for >
7 mm nodules (< 30% and > 70% respectively, p < 0.05). 75/337 (22.3%) of the nodules missed on PET/MR (follow-up mean
736 days) demonstrated growth. In patients positive for nodules at SCI and negative at PET/MR, missed nodules did not
influence patients’ management.

This article is part of the Topical Collection on Oncology - Chest

Key points

* Overall PET/MR demonstrated a sensitivity of 12.1% (95% C19.4% to
15.2%) and a specificity of 69.8% (95% CI 55.7% to 81.7%).

* PET/MR detection of nodules was influenced by size (< 15% for <
5 mm, >70% for >7 mm, p=0.001) and unaffected by other factors
such as lobar location and density. The mean size of the nodules missed
on PET/MR was 3.6 mm.

* 22.3% (75/337) of the nodules missed by PET/MR grew by >2 mm.
However, upon review, the detection of these nodules would not have
influenced management in any patient as they already had established
stage IV disease, or the presence of small lung nodules would not have
affected debulking or definitive surgery.
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Conclusions Sensitivity of lung nodule detection on PET/MR is affected by nodule size and is lower than SCI. 22.3% of missed
nodules increased on follow-up likely representing metastases. Although this did not impact clinical management in study group
with primary abdominal malignancy, largely composed of extra-thoracic advanced stage cancers, with possible different impli-

cations in patients without extra-thoracic spread.
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Abbreviations and acronyms

[18F]-FDG  2-deoxy-2-[18F]fluoro-D-glucose

HASTE T2-weighted half-Fourier
single-shot turbo spine-echo

LAVA Liver accelerated volume acquisition

SCI Standard of care chest imaging

UTE Ultrashort echo time sequence

VIBE Volume-interpolated breath-hold examination
WB Whole-body

BP Bed position

Introduction

Pulmonary nodules are routinely detected in chest computed
tomography (CT), with an incidence of 30% for nodules >
4 mm [1]. Most commonly, lung nodules are benign and re-
lated to granulomatous disease, intrapulmonary lymph-nodes,
prior infection, and infarction. The possibility of metastases
should always be considered during oncologic work-up [2].
Currently, 2-deoxy-2-[18F]fluoro-D-glucose ([18F]-
FDG) positron emission tomography/computed tomography
(PET/CT) is considered the most accurate imaging technique
for diagnosis, staging, and restaging several cancers. CT pro-
vides the anatomic map to co-register PET, allowing fusion of
anatomical images with metabolic activity. Chest CT has high
sensitivity for detecting lung nodules due to high contrast be-
tween the low density air-containing lung and the high density
of lung nodules, with detection rates up to 30-97% [3].
Therefore, CT enables detection of lesions that can be missed
by stand-alone PET, particularly for non-[18F]-FDG -avid can-
cers, due to low cellularity or metabolic activity such as, for
example well-differentiated hepatocellular carcinoma. On the
other hand, the picomolar sensitivity of PET aids in detecting
metabolically avid lesions that can be missed on CT. PET/CT,
by combining the advantages of both modalities, can outper-
form stand-alone PET and CT (sensitivity 82-95%, specificity
81-82% for malignant nodules) [4, 5], and is the technology of
choice in evaluating pulmonary nodules > 1 cm [6-8].
Positron emission tomography/magnetic resonance imag-
ing (PET/MR) is a hybrid imaging modality that simulta-
neously acquires PET and MR, integrating anatomical and
functional data of MR with metabolic information and high
sensitivity of PET. While PET/MR is shown to outperform
PET/CT in the oncologic evaluation of the abdomen, pelvis,

and bones, it underperforms for assessing lung nodules
[9—15], which is a major factor for omitting PET/MR in on-
cologic staging. The reasons behind its lower sensitivity are
low proton density in the air-filled lungs, fast signal decay,
and cardiac and respiratory motion artifacts [16, 17]. The re-
ported sensitivity of PET/MR in detecting lung nodules is
lower than PET/CT (30-83% on a nodule basis) [18-24].
The MR sequences used in PET/MR included 3-dimensional
(3D) ultrashort echo time sequence (UTE), T1-weighted 3D
gradient echo, for example, volume-interpolated breath-hold
examination (VIBE) or liver accelerated volume acquisition
(LAVA), T2-weighted half-Fourier single-shot turbo spine-
echo (HASTE), and diffusion-weighted imaging (DWI).

Nonetheless, the true impact of PET/MR in evaluating lung
nodules is still unclear. Prior studies were limited by a small
number of patients or nodules. Moreover, some studies set an
arbitrary cut-off for the maximum number of nodules per pa-
tient or excluded upfront the assessment of smaller nodules
below a set threshold. Others used the lower quality attenua-
tion correction CT as reference standard, which is widely con-
sidered a non-diagnostic study. More importantly, little is
known with regard to the significance and clinical outcome
of nodules missed on PET/MR but detected on PET/CT [19,
23, 25].

The purpose of our study was to evaluate lung nodules on
PET/MR compared to diagnostic CT and PET/CT as refer-
ence standard, to assess longitudinal evolution of missed nod-
ules over time, and to determine the impact of missed nodules
on clinical management in patients with primary abdominal
malignancies.

Materials and methods

This retrospective cohort study was approved by the local
ethical review board (Partners Healthcare IRB number
2018P001334) and carried out according to Good Clinical
Practice Guidelines of the International Council on
Harmonization and the Declaration of Helsinki. Institutional
review boards waived requirement for patient consent.

Patient selection

The study period was between February 2017 and June 2018.
Inclusion criteria were (1) primary abdominal malignancy, (2)
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whole-body (WB) [18F]-FDG PET/MR including the chest,
and (3) standard of care chest imaging (SCI) within 6 weeks
from PET/MR with dedicated chest CT or WB [18F]-FDG
PET/CT that included a diagnostic quality chest CT.
Exclusion criteria were (1) severe artifacts limiting lung as-
sessment, (2) moderate-to-large pleural effusion, causing re-
laxation atelectasis and potentially biasing the comparison,
and (3) deviations from the standard scanning protocol spec-
ified below. A total of 131 consecutive patients were identi-
fied, but 5 were excluded due to concurrent primary lung
cancer in 3, large pleural effusion in 1, and severe technical
artifacts in 1 (study flow chart in Fig. 1).

SCl: CT and PET/CT protocols

We defined as SCI either stand-alone diagnostic chest CT or
WB-PET/CT that always included diagnostic quality chest CT.
CTs were performed on various multidetector-row CT
models from multiple vendors, with IV contrast injection, in
inspiratory breath-hold, at 100-120 kV, and with automatic
exposure control. The multiplanar chest CT images were recon-
structed at 2.5- to 3-mm slice thickness using standard kernel.
Lungs were evaluated in standard lung window setting.

All PET/CT was acquired on a Siemens Biograph PET/CT
scanner (Siemens-Healthnieers, Erlangen, Germany) after
standard protocol patient preparation, including 6-h fasting
before scanning and confirming peripheral blood glucose <
200 mg/dL. An hour after injecting 555-925 MBq of [18F]-
FDG (depending on weight), WB emission PET images were
acquired from skull base to mid-thighs, with 6—8 bed positions
(BP), 3 to 5 min/bed position. Attenuation correction was
estimated on the non-contrast-enhanced CT: 120-keV, 11—
100-mAs (based on BMI), 5-mm collimation, and 0.75 pitch.
Diagnostic quality CT was acquired in all PET/CT in inspira-
tion; slice/detector 64 x 0,6; pitch/speed 1,1; kv 120; mAs
150-230; acquisition slice thickness 3 mm, reconstruction
slice thickness 1 mm; DFOV skin-to-skin; SFOV 500 mm.

Fig. 1 Flowchart of population
and design of this study

PET data were reconstructed using OSEM algorithm with
2 or 3 iterations (BMI <31 or >31 respectively), 8 subsets,
and 5-mm Gaussian filter. Reconstructed images were evalu-
ated in transverse, sagittal, and coronal planes, using Siemens
TrueD workstation (Syngo TrueD; Siemens-Healthnieers,
Erlangen, Germany).

PET/MR protocol

PET/MR images were obtained from skull base to mid-thighs,
on a Biograph mMR scanner (Siemens-Healthnieers,
Erlangen, Germany) using 5-6 BP depending on patient’s
height. PET/MR studies were performed either after a diag-
nostic PET/CT or independently. When independent, the ra-
diotracer dose and technique were similar to PET/CT.
Otherwise, PET/MR was acquired within 1 hour from PET/
CT, with no additional [18F]-FDG injected. Chest MR se-
quences included inspiratory breath-hold post-contrast axial
and coronal T1w VIBE and axial T2w HASTE, as in Table 1.

Lung nodule assessment

All images were evaluated in consensus, on a picture archiv-
ing and communication system workstation (PACS-AGFA
Impax; AGFA Technical Imaging Systems, Ridgefield Park,
NJ, USA), by a radiologist with 4 years of experience in chest
imaging and a PET/MR expert with § years of experience.
Readers were aware of the oncologic history but blinded to
the diagnostic CT reports. SCI and PET/MR were separately
and randomly interpreted in two separate sessions, at least
4 weeks apart to reduce recall bias.

PET-CT/CT

The lungs were evaluated in all planes to record non-calcified
nodules of every size for each patient. Size was determined by
longest diameter in millimeter. Lobar location, attenuation

Eligible Patients
n=131

Excluded (n = 5)
- Primary lung cancer (n = 3)
- Moderate to large pleural
effusion (n = 1)

- Technical artifacts (n=1)
Included patients
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89/126 patients (71%) 37/126 patients (29%)
505 nodules 0 nodules
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PET/MRI protocol

Table 1

Fat Saturation

Voxel

Field of Section Section Flip Angle

Echo Time Inversion Matrix No. of

Repetition

iPat

Plane

MR  Sequence

Thickness Gap (mm) (degrees) Size (mm)
(mm)

View (mm)

Signals

(msec) Time (msec)

Time (msec)

Acquired

1.6 x1.2x3.0 Quick

3.0

1 380

180 % 230

NA

1.81-1.91

4.06-4.1

2

Axial and coronal

Tlw VIBE

spectral fat
saturation

1.3x1.0x6.0 NA

1 380 6.0 0.6 NA

288 x 384

NA

86-97

1400

Axial

T2w HASTE

Axial field

Image grid  Voxel size

Number

Number

PET Acquisition time Iterative reconstruction

(mm?)
2.0x2.0x2.0

of view (mm)

258

iterations

subsets

algorithm
3D attenuation weighted 21

per BP (min)

172 x 172

ordered subsets
expectation

maximization4

BP, bed position; HASTE, T2-weighted half-Fourier single-shot turbo spine-echo; iPAT, integrated parallel acquisition techniques; NA, not applicable; PET/MRI, positron emission tomography/magnetic

resonance imaging; SE, standard error; CE-VIBE, contrast-enhanced volume-interpolated breath-hold examination

(solid, partially solid, or ground-glass per glossary by
Fleischner Society) [26], peripheral distribution (peripheral
when <5 mm from parietal pleura, non-peripheral > 5 mm),
and proximity to fissures (intra-fissural when in contact with
the fissure and perifissural if within 5 mm) were also recorded.
[18F]-FDG avidity was determined qualitatively by compar-
ing to background lung activity. Nodule annotations were
saved in PACS.

PET/MR

The above features were assessed also in PET/MR on axial
and coronal T1w post-contrast VIBE and axial T2w HASTE
images and annotations were saved in PACS. [18F]-
FDG avidity was also recorded, with same criteria as for
PET/CT, before and after fusion.

CT vs MR lung nodule comparison

The annotated nodules from diagnostic quality SCI CT, ei-
ther obtained during PET/CT or stand-alone CT, were
regarded as reference standard. The annotated nodules on
PET/MR were compared side-by-side with the annotated
SCI. A nodule was considered to be seen and true positive
on PET/MR if it was noted in any sequence. Nodules that
were not detected in any sequence were considered
“missed” and false negative. Nodules noted only on PET/
MR without CT correlates were considered false positives.
Determination of true positives and false negatives was
done on both individual patient and nodule basis. On patient
basis, assessment was either positive, if > 1 nodule was de-
tected, or negative, if no nodule was detected.

Determining the significance of missed nodules
on PET/MR

A nodule that increased >2 mm was defined “significant.”
The 2 mm threshold was chosen because in current Fleischer
Society guidelines, it is considered a reasonable criterion for
reporting growth of nodules. In fact, diameter measurements
vary by 1.7 mm across observers for nodules smaller than
2 c¢m, so 2 mm would reduce likelihood of incorrect assess-
ment of growth. Furthermore, several recent studies have used
this 2-mm threshold to define growth in both solid and
subsolid nodules. This threshold has also been adopted by
the British Thoracic Society [26-31].

This determination of change in size was made on SCIL
Electronic medical records were reviewed to determine if the
nodule that was significant and missed on PET/MR would
have impacted management. For instance, if a documented
increase in a nodule in SCI was disregarded for clinical deci-
sions, that nodule was deemed not to have influenced man-
agement. For this purpose, we also reported the tumor stage
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before PET/MR acquisition, according to the 8th edition of the
American Joint Committee on Cancer.

Statistical analysis

Categorical data are presented in number of occurrences with
associated percentages. Continuous data are presented as me-
dian with interquartile ranges. Between-group comparisons
for continuous data were performed using two-sample ¢ test
while between-group comparisons for categorical data were
performed using Fisher’s exact test. Pair-wise comparison be-
tween categorical data was performed using McNemar’s test.
Statistical significance was set at p < 0.05. All statistical anal-
ysis was performed using STATA 16 (StataCorp LLC, TX,
USA).

Results

Patient and nodule characteristics

After exclusion of 5 patients, the study included 126 patients,
mean age 59 years (£12 SD), similar male/female

distribution (Table 2). SCI was stand-alone chest CT
in 53/126 (42.1%) and diagnostic-quality CT from
PET/CT in 73/126 (57.9%). There were no lung nodules
in 37 patients and 505 nodules in 89 patients on SCI.
Table 3 details nodule characteristics.

PET/MR vs SCI

Overall sensitivity of PET/MR for lung nodules was 12.1%
(61/505) (95% CI 9.4 to 15.2%), specificity 69.8% (95% CI
55.7 to 81.7%). There were 16 false-positive nodules on PET/
MR. The detection of nodules on PET/MR was influenced by
size (< 15% for <5 mm, >70% for >7 mm, p=0.001) and
unaffected by other factors such as lobar location and density.
All perifissural and almost all fissural nodules were missed on
PET/MR (Tables 4). Mean size of missed nodule was 3.6 mm.
Per patient sensitivity of PET/MR was 28.1% (25/
89) (Table 5). At least 1 nodule was detected in both SCI
and PET/MR in 19.8% (25/126) of patients and no nodule in
either modality in 29.4% (37/126). There was discordance in
50.8% (64/126) of patients where none of the nodules found
on SCI was detected by PET/MR. PET/MR plot sensitivity
values based on size are in Fig. 2, details in Table 6.

Table 2 Patient demographics

and histology of primary cancers Characteristics

All (n=126) Stage*

a

Age
Total

Gender
Male
Female
M:F ratio

Malignancy subtypes
Rectal adenocarcinoma
Colon adenocarcinoma

Cholangiocarcinoma

Pancreatic ductal adenocarcinoma

Anal squamous carcinoma
Gallbladder adenocarcinoma
Hepatocellular carcinoma
Pancreatic neuroendocrine tumor
Duodenal adenocarcinoma
Esophageal adenocarcinoma
Appendiceal adenocarcinoma
Ovarian serous carcinoma

Other malignancies

59 (£12; 24-82)

66 (52.4%)
60 (47.6%)

11

36 (28.6%) 1(5), T (1), TV (20)

27 (21.4%) I (4), I (3), IV (20)

16 (12.7%) 1(1), 11 (2), I (3), IV (10)
15 (11.9%) ), M (2), IV (11)

4 (3.2%) 11 (2), IV (2)

4 (3.2%) I (1), T (1), TV (2)

3 (2.4%) I (1), I (1), TV (1)

3 (24%) I (1), IV (2)

2 (1.6%) IV (2)

2 (1.6%) I (1), IV (1)

2 (1.6%) IV ()

2 (1.6%) IV ()

10 (7.8%) I (3), IV (7)

n, number

#Values presented as mean (standard deviation; range). Otherwise, values are presented as number (percentage)

*Stage according to AJCC 8th edition has been reported in roman numbers; number of cases per each stage in

parentheses
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VIBE and HASTE vs SCI

Nodule detection between VIBE and HASTE was compared
in 123 patients (3 patients excluded due to significant artifacts
in VIBE) with 477 nodules seen on SCI. Both HASTE and
VIBE detected 25 nodules, 11 nodules were seen exclusively
on HASTE and 13 exclusively on VIBE (Fig. 3). Nodule
detection was not significantly different between the two se-
quences, but sensitivity increased when the sequences were
combined. Nodule detection sensitivity for HASTE and VIBE
was 9.5% (48/505) and 8.0% (38/477) respectively. Per pa-
tient, sensitivity was 22.5% (20/89) for HASTE and 23.3%
(20/86) for VIBE (Table 5). HASTE and VIBE plot sensitivity
values based on size are displayed in Fig. 2.

'8E-FDG avidity: PET/MR vs PET/CT

Both PET/MR and PET/CT were performed in 57.9% (73/
126). Nine nodules were [18F]-FDG avid in PET/CT and 10
in PET/MR (Fig. 4). Of these, 8 nodules were [ 18F]-FDG avid
on both PET/CT and PET/MR and concordant. One nodule
was [18F]-FDG avid only on PET/CT and 2 nodules only on

Table 3  TILE: pulmonary nodule characteristics on SCI
Characteristics SCI (n=505)
Patients with nodules 89/126 (71%)
Nodules per patients 5.7 (1-27)
Size (mm)® 4 (£2.5;1-23)
Density
Solid 483 (95.6%)
Ground glass 21 (4.2%)
Mixed attenuation 1 (0.2%)
Axial location
Peripheral 374 (74%)
Non-peripheral 131 (26%)
Fissural relationship
Intraparenchymal 460 (91%)
Intrafissural 35 (7%)
Perifissural 10 2%)
Lobar location
Right upper lobe 157 (31%)
Right middle lobe 60 (12%)
Right lower lobe 84 (17%)
Left upper lobe 104 (21%)
Left lower lobe 100 (20%)

Observation time™" (days) 736 (£466; 366-3004)

#Values presented as mean (standard deviation; range), otherwise, as
number (percentage)

® observation time included a period of at least 12 months encompassing
prior and/or follow-up imaging

PET/MR. Since PET/CT was considered reference standard,
the nodules with and without [18F]-FDG avidity only
on PET/MR were considered false positive and false
negatives respectively.

Outcome of nodules missed on PET/MR and impact
on management

A total of 337 nodules in 64 patients (64/126, 50.8%) were
noted on SCI but not on PET/MR and constituted “missed”
nodules. There was a size increase by >2 mm in 22.3% (75/
337) nodules. However, upon review, the detection of these
nodules would not have influenced management as patients in
our cohort already had established advanced disease (stage III in
28 cases and stage IV in 80 cases), or occurrence of small lung
nodules would not have affected debulking or definitive surgery
(stages I and II in 16 cases, and stage IV in 2 cases of ovarian
cancer). Please find the detailed cancer stages in Table 2.

Discussion

This is the largest study to date to compare lung nodule de-
tection on PET/MR versus standard of care imaging CT. This
is also the first study to include all nodules without adopting

Table 4 Impact of pulmonary nodule characteristics on PET/MRI
detection
Characteristics PET/MR p value
n= 61
Size (mm)®
<5 mm 32 (52%) <0.001
6-7 mm 12 (20%)
>7 mm 17 (28%)
Density
Solid 56 (92%) 0.08
Ground glass 4 (6%)
Mixed attenuation 1 (2%)
Location
Peripheral 49 (80%) 0.46
Intermediate 10 (17%)
Central 2 3%)
Fissural relationship
Intraparenchymal 60 (99%) 0.10
Intrafissural 1 (1%)
Perifissural 0 (0%)
Lobar location
Upper lobes 321 0.22
Lower lobes 184

#Values presented as sensitivity. Otherwise, values are presented as num-
ber (percentage) with p values derived from Fisher’s exact test
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Table5 Comparison between SCI and PET/MR including VIBE and HASTE for pulmonary nodule detection in 89/126 patients who were positive for
lung nodules
Characteristics SCI (standard reference) PET/MRI p value® VIBE* HASTE? p value*
Nodule

Yes 505 (100%) 61 (12%) <0.00001 38 (8%) 36 (8%) 0.84

No 0 (0%) 444 (88%) 439 (92%) 441 (92%)
Patient

Yes 89/89 (100%) 25 (28%) <0.00001 20/86 (23%) 20/89 (22%) 0.90

No 64 (72%) 66/86 (77%) 69/89 (78%)

Values are presented as number (percentage)
# p values are derived from Fisher’s exact test

*p values are derived from McNemar’s test

#Including a total of 477 nodules from 86/89 positive patients due to degradation from breathing artifacts in 3 patients

arbitrary cutoff for size or number of nodules. Our study results
show significantly low sensitivity for lung nodule detection on
PET/MR. Nodule size is the most relevant factor affecting
sensitivity. A large number of nodules that were missed on
PET/MR demonstrated growth. It might seem paradoxical that
failure to detect nodules, even when significant, did not impact
clinical decision in the setting of primary abdominal
malignancies.

PET/MR sensitivity vs. nodule size

75%
71%
> 50%
=
‘@
5
(%] {29% }28%
25%
% 14%
10%
0% ® 6%
o
3 mm 4 mm 5mm 6 mm 7 mm >7 mm
Nodule size

The overall sensitivity for detection of lung nodules on
PET/MR was 28.1%. Our results are at the lower end of the
spectrum compared to other studies (sensitivity 30—-83%)
[18-24, 32]. The primary reason for this difference is we did
not set arbitrary size cut-offs for assigning significance to
nodules. Size cut-offs are valid only for incidental lung nod-
ules and not applicable for oncologic patients [33, 34]. In
oncology workup, nodules of any size can be significant. In

HASTE sensitivity vs. nodule size

63%
60%
50%
2
= 40%
@
c
S 30%
20% i21%
%17%
10% sou 1%
® 4%
0%
3 mm 4 mm 5 mm 6 mm 7 mm >7 mm
Nodule size

VIBE sensitivity vs. nodule size

70%
67%
60%
50%
2
:; 40%
‘@
c
% 30%
24%
20% }18% {
10% §
7%
- ® 3% ® 4%
o
3mm 4 mm 5mm 6 mm 7 mm >7 mm
Nodule size

Fig. 2 PET/MR, HASTE, and VIBE plot sensitivity values in detecting lung nodules, based on their size, when compared to standard of care chest

imaging (SCI, either PET/CT or chest CT)
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Table 6 PET/MR, HASTE, and

CE-VIBE sensitivity values in Nodule size (mm) PET/MRI sensitivity HASTE sensitivity VIBE sensitivity
detecting lung nodules, based on (mean + SE) (mean + SE) (Mean + SE)
size, when compared to standard

of care imaging (SCI, either 6.5% + 1.9% 3.9% + 1.5% 32% + 1.4%
PET/CT or chest CT) 10.0% + 2.8% 9.2% £ 2.6% 3.4% £ 1.6%

13.8% + 4.1% 11.1% + 3.7% 6.9% + 3%

29.2% + 9.3%
27.7% + 10.5%
70.8% + 9.3%

0 N N bW

20.8% + 8.2%
16.6% + 8.8%
62.5% + 9.8%

16.6% + 7.6%
22.2% + 9.8%
66.6% + 9.6%

SE, standard error

the follow-up of nodules missed on PET/MR, those that in-
creased in size had a mean diameter of 3.8 mm and justifies
our reasoning to include all size nodules. For nodules, > 7 mm
sensitivity was > 70% which is consistent with other studies
[22]. Moreover, we documented all nodules, unlike other lit-
erature that set a limit of nodules counted for each patient. In
reality, it is difficult to predict the nodules that become signif-
icant; therefore, all nodules are deemed important.
Furthermore, our reference of standard was diagnostic chest
CT and not non-diagnostic attenuation-correction CT as in
other manuscripts [21, 24, 35, 36].

The number of sequences that can be used during PET/MR
is limited due to time constraints. For abdominal malignancy,
the focus is on abdominal viscera and nodes, and more dedi-
cated sequences are prioritized in the abdomen. In this study,
we used commercially available, standard of care PET/MR
sequences, like inspiratory breath-hold axial T2-weighted
HASTE and contrast-enhanced axial and coronal T1-
weighted VIBE for the chest, that are part of our routine on-
cological WB staging protocol. The usage of two different
sequences in our study increased nodule detection and provid-
ed a synergistic effect. The newer specialized sequences such
as UTE and free-breathing STAR VIBE might be advanta-
geous in some instances [37].

The slice thickness of 3 mm for VIBE and 6 mm for
HASTE might have played a role in decreasing sensitivity
for smaller nodules. At the same time, thinner acquisitions
are more likely to result in low-quality images and can have
limited utility due to low signal and contrast-to-noise
ratios and longer acquisition times. We believe that
shorter scan time with breath-holds results in superior

image quality and this is supported by similar sensitivity
for nodule detection in upper and lower lobes and in
central and peripheral nodules.

There was no significant difference in determining [18F]-
FDG uptake of nodules when compared to PET/CT. The per-
centage of [ 18F]-FDG avid nodules in our population is lower
than by other authors, likely due to overall smaller nodule size
in our study, probably below PET resolution capabilities [33].

The criteria to determine significance of nodules missed on
PET/MR are similar to Chandarana’s who relied on >2-mm
growth during follow-up [22]. Unlike other studies [19, 22,
23] with low incidence of significant missed nodules, our
study had more significant missed nodules. 22.3% of missed
nodules increased >2 mm, which is a matter of concern and
highlights a potentially clinically relevant limitation of current
PET/MR staging.

It might seem paradoxical that none of the significant
missed nodules affected patient management; similar results
were also seen by Raad et al. [23]. However, this is likely
explained by the fact that 110/126 patients were already diag-
nosed with stage III or IV disease and missing lung nodules
did not change treatments, including chemotherapy regimens
or debulking surgeries. On the other hand, 16 patients with
potentially resectable disease were offered the chance to un-
dergo surgery since the sub-centimeter lung nodules were
considerete indeterminate at SCI. Therefore, while the man-
agement implications of missing lung nodules in our study
might be applicable to similar patient populations with extra-
thoracic advanced stage at PET/MR imaging, they might not
be applicable to different populations with less advanced dis-
ease at presentation.

Fig. 3 54-year-old man. Axial stand-alone chest CT (A). PET/MR: cor-
responding level axial contrast-enhanced VIBE (B), corresponding axial
PET (C), and fused PET/MR image (D). A 6-mm nodule in the right

upper lobe (arrows) is identified in both A and B. The nodule does not
demonstrate [18F]-FDG uptake
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Fig. 4 47-year-old man. PETCT: axial diagnostic quality chest CT (a),
same level axial PET (b), corresponding fused axial PET/CT image (c).
PET/MR: axial contrast-enhanced VIBE (d), same level axial PET (e),

The 6-week time frame between PET/MR and SCI, instead
of same-day acquisition of both SCI and PET/MR, represents
a limitation in our study. However, the optimal time for
cancer-related follow-up has been a subject of debate and
indeed relates to the aggressiveness and doubling time of the
underlying tumor histology. In lung cancer follow-up, the in-
ternational guidelines for follow-up range from every
3 months in the first 2 years to 6 months in the first 2 years
[38—41]. The most aggressive guidelines by the UK National
Institute for Health and Clinical Excellence (NICE) recom-
mends initial follow-up within 6 weeks [42]. Similar guide-
lines are echoed for abdominal malignancies. The optimal
follow-up rate for lung metastases has been studied for colo-
rectal cancers, in which a short-term follow-up of 5—6 months
was recommended, based upon a mean tumor volume dou-
bling time of 160 days [43]. The National Comprehensive
Cancer Network practice guidelines and the Society of
Gynecology Oncology guidelines for vulvar cancer, cervical
cancer, ovarian cancer, and uterine cancers also have recom-
mendations of surveillance between 3 and 6 months [44-47].
In this context, there is a paucity of evidence supporting the
use of regular CT chest surveillance for metastatic lung nod-
ules, given the relative low yield of finding metastases.
Therefore, in face of current literature on oncologic surveil-
lance, we believe that a time interval of 6 weeks is relatively
conservative and unlikely to introduce significant bias.

The study is limited by retrospective design and inclusion
only of primary abdominal malignancies. Therefore, our find-
ings may not be applicable to other malignancies, where
missed metastatic lung nodules can impact management.
Moreover, even in the settings of primary abdominal malig-
nancies, difference in organ of origin and even in histology in

@ Springer

and corresponding fused PET/MRI image (f). A [18F]-FDG avid 11-mm
nodule in the right lower lobe (arrows) is seen both on PET/CT and PET/
MR

the case of tumors arising from the same organ, for example,
primary pancreatic adenocarcinomas versus primary pancre-
atic well- or moderately differentiated neuroendocrine can-
cers, strongly impact on the clinical implications of lung nod-
ules/metastases. In this respect, our study suffers from the
intrinsic limitations of having recruited a heterogenous popu-
lation in terms of organ of origin, histology, stage, and treat-
ment status. We chose standard MR sequences that can be
smoothly incorporated into WB-PET/MR instead of dedicated
sequences that might increase lung nodule detection sensitiv-
ity but disrupt workflow. It is also possible that missed nod-
ules could affect management in few cases.

In conclusion, PET/MR sensitivity for lung nodule detec-
tion was significantly lower than standard of care chest imag-
ing and influenced by size, with improved performance for
nodules > 7 mm. The fact that 22.3% of missed nodules grew
at follow-up, likely representing metastases, is an important
red flag. This should alert about the need of performing a
diagnostic quality chest CT to detect lung nodules in patients
whose oncologic whole/body staging PET/MR was negative
for both extra-thoracic metastases and for lung nodules, espe-
cially if detection of lung metastases might change
management.
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