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Abstract

Background and Purpose: Diagnosing brain metastasis is important in managing lung cancer.
We compared ®F-FDG PET/CT combined with dedicated brain PET/MRI and ®F-FDG PET/CT alone in
diagnosing brain metastasis from lung cancer and investigated the quantitative parameters affecting
the positivity of PET scans. Methods: This study included 89 patients (age: 43—88 years; 58% men) with
pathologically confirmed lung cancer who underwent whole-body ®F-FDG PET/CT and dedicated brain
PET/MRI with gadolinium contrast enhancement. Imaging data acquired between October 2020 and February
2021 were retrospectively collected, and MRI findings were used as the reference standard for diagnosing
brain metastasis. The detection of brain metastasis was compared between ®F-FDG PET/CT alone and
IBE-FDG PET/CT combined with dedicated brain PET/MRI. Quantitative parameters were analyzed to determine
factors affecting the positivity of the PET scan results. Correlations between these quantitative parameters
were also examined. Results: Per-patient and per-lesion detection of brain metastasis on PET/CT alone
versus that combined with dedicated brain PET/MRI with gadolinium contrast enhancement showed ratios
of 0.64 and 0.17, respectively. Quantitative parameters with the highest areas under the curve from receiver
operating characteristics analysis were the maximum tumor-to-background ratio and the size of the metastasis.
The optimum maximum tumor-to-background ratio cut-off, with the highest area under the curve, for PET
positivity was 1.83. The minimum and mean lesion sizes for detection on PET were 0.3 cm and 1.45 cm,
respectively. Conclusions: PET/MRI can augment the detection of brain metastasis from lung cancer
compared with PET/CT alone. High FDG background activity in the brain parenchyma may hinder the
positivity of PET results. Therefore, MRl is important for detecting brain metastasis.
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Introduction

Lung cancer is a substantial cause of morbidity and mortality. In 2020, the World Health Organization
ranked lung cancer as the second most common malignancy type causing mortality worldwide!. One of
important sites of lung cancer metastasis is the brain. A study reported that 10.4% of patients with lung
cancer had brain metastasis at the time of their diagnosis? Despite asymptomatic cases and the advancement

of targeted therapies, such as tyrosine kinase inhibitors, radiotherapy treatment is still suggested in some
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patients. There has been a decreasing role for
whole-brain radiotherapy because of its potential
long-term neurocognitive effects®. Stereotactic
radiosurgery is an option for those with oligometastasis
in the brain®4% Therefore, the efficacy of imaging
is crucial for optimal surgical planning. Additionally,
thorough screening for metastasis from lung cancer
can reduce the number of unnecessary invasive
procedures without a cure, such as thoracotomy,
and their associated costs?¢,

Computed tomography (CT) of the chest and other
parts of the body is the imaging technique of choice
for diagnosing metastases. ®F-fluorodeoxyglucose
(FDG) positron emission tomography (PET) combined
with CT provides better information on lesion
metabolism and anatomy than a PET scan or CT
alone, especially in the detection of extrathoracic
metastasis®'. PET imaging also provides details
about tumor physiology, which is a unique aspect
of its nature as functional imaging. Nevertheless,
the efficacy of ®F-FDG PET/CT for detecting brain
metastasis, which is hindered by high FDG background
activity, may be lower than that of brain MR|?1:161819,
MRI is the current gold standard, but it might not
be widely available and has limitations in the
cases of patients with implanted devices and in
claustrophobic patients. Gadolinium contrast
agent used in MRI might also be contraindicated
in some patients with poor renal function owing to
nephrogenic systemic fibrosis.

In this study, we compared ®¥F-FDG PET/CT
combined with dedicated brain PET/MRI and
BF-FDG PET/CT alone in the diagnosis of brain
metastasis. Additionally, we evaluated the quantitative
PET parameters that affect positivity in the visual

imaging analysis.

Methods

This retrospective study was approved by the
Human Research Ethics Committee of Chulabhorn
Research Institute (IRB no. 127/2564). We included
data from patients with pathologically confirmed
lung cancer who underwent ¥F-FDG PET/CT with
dedicated brain PET/MRI at our center between
October 2020 and February 2021. The exclusion
criteria were as follows: (1) neurological symptoms

suggestive of brain metastasis, (2) a history of any
type of cranial surgery, (3) a history of other primary
malignancies, and (4) a lack of pathological results
for primary lung cancer.

BE-FDG PET/CT and dedicated brain PET/MRI
were performed on the same day. All patients fasted
for at least 8 hours before scanning and had a serum
glucose concentration no higher than 180 mg/dL.
All "®F-FDG PET/CT whole-body procedures were
performed using a 64-slice Siemens Biograph scanner
(Siemens Healthineers GmbH, Erlangen, Germany)
60 minutes after the 8F-FDG was injected intravenously.
The dose of radiopharmaceuticals was calculated
according to the following equation: 2.59 MBgxbody
weight (kg). A three-dimensional emission scan was
performed from the vertex to the proximal thighs
with continuous bed motion over 10 minutes.
Noncontrast CT imaging was also performed from
the vertex to the proximal thighs for the correction of
attenuation and structural images. The reconstruction
parameters for attenuation correction images were
ultra-high-definition PET (point spread function and
time of flight) with two iterations and five subsets,
an image size of 440x440, all pass filters, and a
zoom factor of 1. The PET data were reconstructed
into whole-body static images.

BE-FDG PET/MRI of the brain was performed
after whole-body acquisition on a simultaneous
PET-MRI 3 Tesla scanner (Siemens Healthcare GmbH,
Erlangen, Germany) approximately 70 minutes
after an intravenous injection of 2.59 MBq/kg of
BE-FDG. Single-bed PET dynamic list-mode acquisition
was carried out simultaneously with MRI acquisition.
The DIXON high-resolution brain sequence was
used, with a voxel size of 1.3x1.3x2.0 mm, an echo
time of 1.28/2.51 ms, and a repetition time of 414 ms.
A five-compartment segmentation (air, water, lung,
adipose tissue, and bone) was used. Various MRI
sequences were applied, including sagittal T1
three-dimensional, axial diffusion-weighted imaging
with bO and b1000, axial T2-weighted fluid-attenuated
inversion recovery with fat suppression, axial
susceptibility-weighted imaging, and coronal
T2-weighted images. An axial Tl-weighted volumetric
interpolated breath-hold examination was performed

before gadolinium enhancement. Contrast-enhanced
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MRI was performed with 10-15 mL (0.2 mL/kg) of
gadolinium at an injection rate of 2 mL/s. Clinicians
did not use gadolinium contrast in patients with
a history of gadolinium hypersensitivity or impaired
renal function (glomerular filtration rate <45 mL/
minute). This procedure was followed by an axial
T-1 weighted volumetric interpolated breath-hold
examination and sagittal T1 three-dimensional imaging
with fat suppression. PET data were reconstructed
using the following parameters: point spread function
of high-definition PET with 6 iterations and 21 subsets,
matrix size=512x512, zoom=2, and an all-pass filter.
The data were interpreted using the MM oncology
workflow of the Syngovia workstation (Siemens
Healthineers).

PET imaging was interpreted by at least two
nuclear medicine physicians. CT and MRI imaging
were interpreted by diagnostic radiologists. The
experience of the interpreters ranged from 3 to
more than 10 years. Pathological confirmation of
the brain lesions was not performed for ethical
reasons.

The detection rates of PET/CT compared with
PET/MRI were calculated in per-patient and per-lesion
analyses. PET and MRI parameters, such as lesion
size, specific uptake value (SUV), metabolic tumor
volume (MTV), total lesion glycolysis (TLG), and
apparent diffusion coefficient (ADC), were calculated
automatically from the same volume of interest
(VOI) using Syngovia software. The VOI was selected
according to the anatomical images from the MRI.

The maximum tumor-to-background ratio
(TBRmax) was calculated as the maximum SUV of
the tumor VOI divided by the mean background
activity in the normal contralateral hemisphere.
The mean TBR (TBRmean) was calculated as the
mean SUV of the tumor VOI divided by the mean
background activity in the normal contralateral
hemisphere. The standardized uptake value ratio
(SUVR) was calculated as the maximum SUV of the
tumor VOI divided by the mean background activity
in the normal contralateral cerebellum. Quantitative
PET and MRI parameters calculated from the same
VOI were compared between patients who were
positive and negative for brain metastasis on PET

imaging.

A logistic regression analysis was performed to
determine the associations between the parameters
and the positivity of the PET imaging. Receiver
operating characteristics (ROC) analysis was also
carried out. The degree of correlation between
these quantitative parameters was assessed using
Spearman’s rank correlation. P values <0.05 indicated
statistical significance.

Results

Eighty-nine patients were included in the study.
The patients’ ages ranged from 43 to 88 years, with
a median age of 66 years. Fifty-two (58%) patients
were men.

The indication for scanning was initial staging
in 76 (85%) patients. Some patients underwent
scans for restaging and workup because of disease
recurrence. In the group of patients sent for initial
staging, 47% had no extrathoracic metastasis.
However, 53% of the patients had extrathoracic
metastasis. Lymph nodes were the most common
site, followed by bones and the brain. Isolated
brain metastasis accounted for 6.6% of patients
sent for initial staging. Brain MRI was used as the
reference standard for the diagnosis of brain
metastasis. The detection rate was calculated
only for PET/CT because there were no false-negative
results for brain MRI.

In the per-patient analysis, there were 14 patients
with brain metastases, all of whom showed positive
lesions on the brain MRI. However, PET/CT enabled
the detection of brain metastases in only nine (64%)
of these patients. The other five (36%) patients
showed negative results. An example of a positive
case is shown in Figure 1.
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Figure 1 Images of a 63-year-old woman with lung cancer who was sent for restaging after lobectomy and
chemotherapy in 2019. (A) Axial Tl-weighted image with gadolinium enhancement shows multiple enhancing
nodules scattered over the bilateral cerebral hemispheres. (B) and (C) Attenuation-corrected axial ®F-FDG
PET and fused axial ®F-FDG PET images of the same plane show no abnormal hypermetabolic uptake beyond
that of the normal brain parenchyma.

In the per-lesion analysis, 81 brain metastatic lesions were detected on brain MRI, of which only 14 (17.3%)
were detected on PET. The remaining 67 lesions were undetected. The quantitative PET parameters calculated
from PET/MRI images in patients who showed positive and negative results for brain metastasis on PET
imaging are shown in Table 1.

Table 1 Comparison of quantitative parameters of metastatic lesions detected on PET and those not
detected on PET.

Parameter Lesions that were positive on PET | Lesions that were negative on PET
(n=14) (n=67)
Lesion size (cm) Mean 145 0.45
Max/Min 3.6/03 14/0.16
Median 13 0.4
IQR 0.93-1.42 0.3-0.5
SUVmax Mean 15.04 1111
Max/Min 30.12/8.43 17.08/6.66
Median 14.35 10.88
IQR 10.92-16.79 8.97-12.84
SUVmean Mean 9.49 81
Max/Min 20.21/4.5 12.37/4.66
Median 9.32 8.21
IQR 6.6-10.74 6.81-8.78
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SUVpeak Mean 8.14 7.84
Max/Min 16.2/3.31 11.51/5.2
Median 816 7.84
IQR 6.97-8.69 6.59-8.78
TLG Mean 20.66 2.25
Max/Min 171.55/1.39 14.9/0.18
Median 8.16 136
IQR 4.28-13.33 0.98-2.53
MTV Mean 21 0.28
Max/Min 12.18/0.08 2.23/0.02
Median 0.87 0.1r
IQR 0.5-1.63 0.12-0.29
TBRmax Mean 267 15
Max/Min 5/1.63 3.4/1.08
Median 2.35 14
IQR 198-3.0 13-16
TBRmean Mean 267 15
Max/Min 5/1.63 3.4/1.08
Median 2.35 14
QR 198-3.0 1.3-16
TBRmean Mean 166 11
Max/Min 3.36/1.06 2.8/0.84
Median 14 11
IQR 1.23-19 0.96-115
SUVR Mean 273 1.62
Max/Min 5.45/1.09 2.3/0.98
Median 237 164
IQR 197-3.38 1.37-1.87
Mean ADC Mean 998.35 839.48
Max/Min 1285.04/698 1088/589.5
Median 909.5 817.8
IQR 831.73-1224.5 759.5-9311

The detection rate of the per-lesion analysis was 0.17. IQR, interquartile range; SUV, standardized uptake
value; TLG, total lesion glycolysis; MTV, metabolic tumor volume; TBR, tumor-to-background ratio; SUVR,
standardized uptake value ratio; ADC, apparent diffusion coefficient.

The logistic regression and ROC analyses of quantitative parameters from the 81 detected brain metastatic
lesions that could affect the positivity of the PET component of PET/MRI are shown in Table 2. A multivariate
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logistic regression analysis could not be performed because of the inadequate number of positive lesions
(only 14 lesions). Therefore, only crude odds ratio values from the univariate analysis were reported.
Multicollinearity between the parameters was also found, which resulted in a wide range of 95% confidence
intervals.

In the ROC analysis, TBRmax and lesion size were the parameters with the highest area under the curve
(AUC) for differentiating negative and positive lesions on PET imaging. The optimum TBRmax cutoff with
the highest AUC for PET positivity was 1.83.

Table 2 Univariate logistic regression analysis and area under the ROC curve for each quantitative PET

parameter.
Parameter Univariate analysis Area under the ROC
Crude OR (95% Cl) P value curve (95% Cl)
TBRmax 69.3 (6.8-708.4) <0.001 0.96 (0.92-1.00)
Lesion size 100.7 (11.9-848.2) <0.001 0.92 (0.83-1.00)
TLG 14 (1.2-17) <0.001 0.89 (0.80-0.98)
TBRmean 299 (29-309.8) 0.004 0.87 (0.76—0.97)
MTV 10.7 (2.5-459) 0.001 0.83 (0.69-0.98)
SUVR 18.1 (29-110.2) 0.002 0.81 (0.63-0.99)
SUVmax 1.34 (1.09-1.65) 0.006 0.73 (0.56-0.89)
Mean ADC 1.01 (1.00-1.01) 0.002 0.72 (0.55-0.88)
SUVmean 1.25 (0.98-1.59) 0.068 -
SUVpeak 1.09 (0.81-1.47) 0.579 -

TBRmax and the size of the lesion had the highest crude ORs and AUCs. P<0.05 indicates statistical
significance.

Only significant parameters from the logistic regression analysis underwent Spearman’s correlation
analysis. Lesion size showed a strong significant correlation with TLG and MTV and a weak-to-moderate
correlation with SUVmax, SUVR, TBRmax, and the mean ADC value. There was a strong correlation between
TBRmax and TBRmean (Table 3).

Spearman’s Size SuUv TLG MTV TBR TBR SUVR Mean
rho max max mean ADC
(P value) value
Lesion size 10
SUVmax 0.28 10
(0.01)
TLG 0.75 0.51 10
(<0.001) (<0.001)
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MTV 0.75 0.23 093 1.0
(<0.001) (0.04) (<0.001)
TBRmax 0.4 0.33 0.44 0.4 1.0
(<0.001) (0.003) (<0.001) (<0.001)
TBRmean 01 017 0.18 0.15 0.83 1.0
(0.4) (0.13) (0.13) (0.2) (<0.001)
SUVR 0.35 0.85 0.56 0.32 0.44 0.26 1.0
(0.001) (<0.001) (<0.001) (0.003) (<0.001) (0.02)
Mean ADC 0.36 0.34 0.33 0.26 011 -0.07 0.32 1.0
value
(0.001) (0.002) (0.003) (0.2) (0.34) (0.5) (0.004)

P <0.05 indicates statistical significance.

Discussion

Additional detection of brain metastasis by dedicated brain PET/MRI

In the patient-based analysis, the detection of brain metastasis by PET/CT alone had a ratio of 0.64

per patient compared with MRI as the reference standard, which is higher than that reported in previous

studies®?. A comparison of the sensitivity of PET/CT for detecting brain metastasis in our study and in

previous studies is shown in Table 4.

Table 4 Sensitivity for the diagnosis of brain metastasis on PET/CT compared with dedicated brain MRI or

PET/MRI in previous studies.

Study Origin Study type No. of No. of Contrast MRI | PET/CT Brain MRI
patients | patients -enhanced sensitivity [ sensitivity
positive CT (%) (%)a
for brain
metastasis
Kruger et al. | Germany | Prospective 104 22 Yes 15T | 27.3% -
(6/22)
Lee et al. Korea Prospective 447 50 No 3T |24% 88
(12/50)
Ho et al. Taiwan Retrospective | 805 79 No 3T |[27% -
(21/79)
This study | Thailand | Retrospective | 89 14 No 3T |64% (9/14) | -

aBrain MRI sensitivity was not available for some studies because MRI was used as the reference standard.
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In the per-lesion analysis, the detection rate of PET/CT was relatively low (0.17). The reason for this
finding may be that some patients had both positive and negative PET brain metastasis. Small lesions may
not have been detected, although these patients were still considered positive cases in the per-patient
analysis. This fact, along with other potential differences, such as fewer patients with brain metastases and
different scanners, might have resulted in more positive cases in our per-patient analysis than in other
previous studies. The improved brain metastasis detection rate achieved with dedicated brain PET/MRI

appears to be necessary to supplement standard PET/CT for detecting brain metastasis.

Quantitative parameters associated with positivity of PET and correlations between parameters.

Following univariate logistic regression and ROC analysis, quantitative PET parameters which affected
the positivity of lesions on the PET imaging with an AUC of >0.8 were TBRmax, size, TLG, TBRmean, MTV,
and SUVR. The high AUCs reflected their potential to differentiate between negative and positive lesions
on PET imaging When a lesion was large and the uptake of FDG was high compared with relatively high
background activity in the brain, the lesion was more visible. However, the TBRmean might not be an ideal
parameter for differentiating between the positivity and negativity of lesions. The reason for this could be
because some lesions had low central FDG uptake and TBRmean values, even though the lesions were
clearly visible (Figure 2).

Figure 2 Images of a 62-year-old man with lung cancer who was sent for initial staging: (A) Axial T1-weighted
image with gadolinium enhancement shows a 3-cm ring-enhancing lesion in the left frontoparietal region.
(B) and (C) Attenuation-corrected axial ®F-FDG PET image and fused axial 18F-FDG PET image of the same
plane with increased ®F-FDG uptake at the periphery of the lesion and low central 18F-FDG uptake, resulting
in a low TBRmean value.

The most important findings related to the quantitative parameters involved TBRmax and lesion size.
The lesion size was related to the positivity of the PET images, which is similar to the results of a study
conducted by Deuschl et al. in 2017 In 2019, Ho et al.” reported that the minimum and mean sizes of
positive PET lesions were 0.6 cm and 1.8+1.2 cm, respectively. These sizes are slightly different from our
results of 0.3 cm and 1.45 cm, respectively. Regarding TBRmax, Ho et al. reported that the mean and minimum
TBRmax values of lesions positive on PET were 2.6+0.8 and 1.6, respectively. In our study, no lesions with a
TBRmax <1.6 were positive on PET. Additionally, we found that the TBRmax cut-off point at which all PET
scans should be positive was 1.83, which had optimum sensitivity and specificity, as shown by the ROC
analysis.

However, 4 of the 17 lesions with a TBRmax >1.83 were negative on PET. This finding may be explained
by the small size of some lesions, causing difficulty in selecting the region of interest. Additionally, the lesion

sites were near the cortex of the brain, where the TBRmax values may have been exaggerated.
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The correlation analysis between the quantitative
parameters showed a strong correlation between
lesion size and TLG and MTYV, which is consistent
with the fact that lesion size can directly affect
TLG and MTV values in the formulas. However,
there was a poor correlation between the ADC
values and the FDG PET parameters. This finding
suggests that the cellularity of brain metastasis
from lung cancer has no association with tumor
glucose metabolism.

In summary, PET/MRI provided improved detection
of brain metastasis compared to PET/CT alone, and
the MRI was the main component of this result.
Besides controllable factors, such as blood glucose,
the detection of brain metastasis in PET imaging
is hindered by high physiological background activity.
Currently, this problem has no definite solution.
An adequate tumor-to-background ratio and size
were required to visually detect the lesions. If a
lesion is detected, positive FDG uptake of the
lesion could reflect useful information on tumor
biology. PET/CT showed false-negative results for
brain metastasis of up to 33% in the per-patient
analysis and up to 83% in the per-lesion analysis.
Therefore, dedicated brain MRI or PET/MRI should
still be considered in high-risk patients, depending
on local availability. The limitations of this study
include the small sample size and the lack of a
long-term follow-up. A longer follow-up may vyield
information on the effects of these investigations

on patient outcomes, such as the survival benefit.

Conclusion

PET/CT alone showed relatively high false-negative
results for brain metastasis compared with PET/MRI.
Therefore, dedicated brain MRI or PET/MRI in addition
to the standard PET/CT protocol should be considered
in high-risk patients with negative PET/CT findings.
The most important parameters in differentiating
between negative and positive lesions on PET imaging
are TBRmax and lesion size.
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