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Abstract 

Purpose: Differentiating brain metastasis recurrence from radiation necrosis (RN) can be challenging during 

MRI follow-up after stereotactic radiotherapy. 2-deoxy-2-[18F]fluoro-D-glucose ([18F]-FDG) is the most 

available PET tracer, but standard images performed 30-60 minutes post-injection provide insufficient accuracy. 

We compared the diagnostic performance and interobserver agreement of [18F]-FDG PET with delayed images 

(4-5h post-injection) to the ones provided by standard and dual-time-point imaging. 

Materials and Methods: Consecutive patients referred for brain [18F]-FDG PET after inconclusive MRI were 

retrospectively included between 2015 and 2020 in three centers. Two independent nuclear medicine physicians 

interpreted standard (visually), delayed (visually), and dual-time-point (semi-quantitatively) images, 

respectively. Adjudication was applied in case of discrepancy. The final diagnosis was confirmed histologically 

or after 6 months of MRI follow-up. Areas under receiver operating characteristics curves (AUC) were pairwise 

compared. 

Results: Forty-eight lesions from 46 patients were analyzed. Primary tumors were mostly located in the lungs 

(57%) and breast (23%). The median delay between radiotherapy and PET was 15.7 months. The final diagnosis 

was tumor recurrence in 24/48 (50%) lesions, with histological confirmation in 19/48 (40%) lesions. Delayed 

images provided a larger AUC (0.88, 95% CI[0.75, 0.95]) than both standard (0.69, 95% CI[0.54, 0.81], 

p=0.0014) and dual-time-point imaging (0.77, 95% CI[0.63, 0.88], p=0.045), respectively. Interobserver 

agreement was almost perfect with delayed images (𝚱=0.83), while moderate with both standard (𝚱=0.48) and 

dual-time-point images (𝚱=0.61). 

Conclusions: [18F]-FDG PET with delayed images is an accurate and reliable alternative to differentiate 

metastasis recurrence from RN in case of inconclusive MRI after brain stereotactic radiotherapy. 

 

 

Keywords 
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Full text  

Introduction 

Brain metastases are the most common cause of intracranial malignant tumors and can worsen the course of 

many types of cancers. Stereotactic radiotherapy (SRT) alone or after surgical resection is now a standard of care 

for patients with a limited number of secondary brain tumors.1 Radiation necrosis (RN) is one of the most 

frequent radiation therapy adverse events. It can occur from 3 months to several years after the end of 

radiotherapy. The incidence rate of RN has been reported between 15% and 50% depending on several factors 

such as the radiotherapy modality, the total dose, the intracranial pathology, and the imaging modality used for 

diagnosis.2 Differentiating RN from viable tumor tissue is of major importance since it impacts patient 

management and outcome. Surgery or SRT can be proposed for recurrent brain metastases, whereas RN 

management is symptomatic and commonly relies on steroids.1 

Conventional MRI is the imaging method of reference during follow-up of brain metastases. Nevertheless, 

differentiating tumor recurrence from RN can often be challenging. The Response Assessment in Neuro-

Oncology Brain Metastases (RANO-BM) stated that advanced imaging modalities such as perfusion-weighted 

imaging (PWI), MR spectroscopy, and PET are of interest to face this limitation.3 In this setting, the RANO/PET 

working group recommended amino acid PET tracers because of their good diagnostic performance despite their 

low availability in clinical practice.4 Conversely, 2-deoxy-2-[18F]fluoro-D-glucose ([18F]-FDG), which is the 

most widely used PET tracer in oncology, currently provides insufficient and variable diagnostic performance 

when used with standard protocols (brain images performed 30 to 60 minutes after tracer injection). The reported 

sensitivity of standard [18F]-FDG ranges from 40% to 83% and its specificity ranges between 50% and 94%.5-9 

This limited diagnostic performance can be explained by a low tumor-to-brain ratio (TBR) since normal gray 

matter shows an intense and early physiological [18F]-FDG uptake. To overcome this issue by maximizing the 

TBR, some authors performed additional delayed PET images 4 to 5 hours after [18F]-FDG injection. With such 

protocols, [18F]-FDG PET reached a sensitivity of 93%-95% and a specificity of 94%-100%.10-11 Nevertheless, 

the limited amount of evidence supporting these results and the time-consuming aspect of dual-time point 

protocols hinder its widespread use in clinical practice. We hypothesized that delayed [18F]-FDG PET images 

alone have a good diagnostic performance to differentiate recurrence of brain metastases from RN. 

This study aimed to compare the diagnostic performance of standard, delayed, and dual-time-point [18F]-FDG 

PET imaging to differentiate viable tumors from RN after radiotherapy of brain metastases, based on area under 

the receiver operator characteristic curves (AUC) and interobserver agreement. 
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Material and methods 

Patients 

In this retrospective multicentric study, a total of 59 consecutive patients (n = 61 lesions) referred for brain [18F]-

FDG PET to differentiate tumor progression from RN were retrospectively included between August 2015 and 

August 2020 in three French tertiary care centers. Inclusion criteria were as follows: having performed brain 

[18F]-FDG PET with standard and delayed images following an inconclusive MRI revealing new or increasing 

contrast enhancement at least 3 months after the end of radiation therapy, being at least 18 years old, having 

previously received brain SRT for one or more metastatic lesions. Non-inclusion criteria were: having a primary 

tumor of the brain and [18F]-FDG PET technically uninterpretable (corrupted data or missing delayed images). 

The exclusion criterion was the absence of reference standard available (defined below). For patients who 

underwent several brain [18F]-FDG PETs over time, only the first one was analyzed. This study was approved by 

institutional ethical committees for each center. All the patients included were informed and did not object to 

participating in this study. This study was conducted following the principles outlined in the declaration of 

Helsinki. This report was written in accordance with the STARD guidance.12  

  

[18F]-FDG PET/CT protocol 

Six hours of fasting and blood glucose level of less than 12 mM/L were required before intravenous injection of 

[18F]-FDG (200 MBq). Patients were asked to rest and fast during at least the first hour after injection. Standard 

brain PET images were acquired after 30 to 60 minutes of rest after intravenous [18F]-FDG injection. Delayed 

brain PET images started between 240 and 300 minutes post-injection (p.i.).10,11 Patients were allowed to eat 

between the standard and late phase scans. Unenhanced CT scans were used for attenuation correction. PET 

images were performed on several PET/CT integrated systems. PET acquisition protocols and PET systems are 

detailed in Supplementary Material. 

  

Reference standard  

A composite criterion was used as a reference standard for differentiating viable tumors (recurrence and/or 

residual tumor) from pure RN (without viable neoplastic cells). A lesion was classified as a viable tumor if 1) a 

pathological analysis of a biopsy and/or resection specimen revealed neoplastic cells in this area within 6 months 

after [18F]-FDG PET or 2) imaging follow-up revealed unequivocal progression within 6 months after [18F]-FDG 

PET (i.e. significant increase of the size of contrast enhancement and/or appearance of neoangiogenesis). On the 
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contrary, a lesion was classified as RN without viable tumor cells if 1) a pathological analysis of a biopsy and/or 

resection specimen performed within 6 months after [18F]-FDG PET revealed no neoplastic cells or 2) 

stabilization or shrinkage of contrast enhancement on MRI over a least 6 months without modification of anti-

tumor treatment (the introduction of steroids or antiangiogenic agents was accepted).13-15 Lesions were excluded 

from the analysis if they did not meet these criteria. 

  

Image analysis 

[18F]-FDG PET images were registered and fused with the last contrast-enhanced T1-weighted MRI (that 

reported new or increasing contrast enhancement) and then visually and semi-quantitatively analyzed by two 

independent certified nuclear medicine physicians. In case of discrepancy between both raters regarding the 

diagnostic conclusion for each method respectively, adjudication was provided by a third nuclear medicine 

physician. For visual analysis, lesions were regarded as viable tumors if the [18F]-FDG uptake intensity was 

higher than the contralateral normal gray matter on the same slice, respectively on standard and delayed 

images.11 Otherwise, lesions were regarded as pure RN. The semi-quantitative dual-time point analysis was 

performed using the index over time of tumor-to-brain maximal standardized uptake values (SUVmax) ratios 

(TBR = LesionSUVmax / Healthy_contralateral_gray_matterSUVmax), as published by Horky, et al [(TBRdelayed - 

TBRstandard)/(TBRstandard)]. Based on this publication, lesions were individually considered as viable tumors if this 

index was > 0.19, and as RN in the opposite case.10  

 

Statistical analysis 

The analysis was performed with MedCalc® version 12.5.0.0 (Medcalc Software bvba, Ostend, Belgium). 

The distribution of continuous variables was described by the median associated with the interquartile range 

(IQR). AUC was calculated as the mean of the estimated sensitivity and specificity (based on the diagnostic 

conclusion of the consensus of readers, after adjudication) and pairwise compared with the Delong test. 

Interobserver agreement (between diagnostic conclusions of each of the two first readers, before adjudication) 

was calculated with the linear weighted Kappa and classified categorically.16 The percentage of agreement was 

compared by using the Chi-squared test. TBR between standard and delayed images were compared with the 

Wilcoxon test. Two-tailed p values were considered statistically significant if < 0.05. 

 
Results 

Patients’ characteristics  
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Out of fifty-nine patients, thirteen were excluded since they did not meet the reference standard: 4 were lost to 

follow-up, 7 died of extracerebral progression before reaching the reference standard, and 2 had treatment 

modification after [18F]-FDG PET preventing reliable lesions classification (one received reirradiation, and the 

other one chemo- and targeted therapy, not allowing to categorize lesions as RN despite shrinking over time). 

Thus, 48 metastatic lesions of 46 patients (18 male and 28 female, median age 62y IQR[51, 67]) with various 

histologically-proven primary cancers were included in the final analysis (Fig. 1). Characteristics of patients and 

metastatic lesions included in the analysis are summarized in Table 1. The median time delay between MRI and 

PET was 25 days [IQR 17, 36]. All lesions were previously treated with SRT, either upfront in 35 lesions (73%) 

or after resection surgery in 13 lesions (27%). The median time delay between radiotherapy and PET was 15.7 

months [IQR 9.4, 24.0]. According to the reference standard, 24 of 48 lesions (50%) were tumor recurrence and 

24 (50%) were pure RN. The reference standard was based on pathological analysis in 19 (40%) of patients. 

 

Comparison of diagnostic performance 

Visual interpretation of delayed images only provided a significantly larger AUC (0.88, 95% CI [0.75, 0.95]) 

than both visual interpretation of standard images (0.69, 95% CI [0.54, 0.81], p = 0.0014) and semiquantitative 

analysis of dual-time-point imaging (0.77, 95% CI [0.63, 0.88], p = 0.045), respectively. Similarly, sensitivity 

was significantly higher with visual interpretation of delayed PET images (0.83, 95% CI [0.63, 0.95]) than with 

visual interpretation of standard images (0.46, 95% CI [0.26, 0.67], p = 0.001) and with semi-quantitative 

analysis of dual-time-point imaging (0.63, 95% CI [0.41, 0.81], p = 0.022). There was no statistically significant 

difference between AUC and sensitivity obtained with dual-time-point imaging and standard images (p = 0.24 

and p = 0.21, respectively). In contrast, specificity was identical with each of the three imaging strategies (0.92, 

95% CI [0.73, 0.99], p = 1.00 for each pairwise comparison). Details of diagnostic performance are presented in 

Table 2. Examples of standard and delayed [18F]-FDG PET images of tumor recurrences and RN are presented 

in Fig. 2.  

 

Interobserver agreement 

The interobserver agreement of visual interpretation of delayed [18F]-FDG PET images was almost perfect, with 

a Kappa coefficient of 0.83 (95% CI[0.68, 0.99]), while it was moderate with both standard images (0.48, 95% 

CI[0.23, 0.74]) and dual-time point semi-quantitative analysis (0.61, 95% CI[0.38, 0.84]). The percentage of 

concordance was significantly higher with delayed [18F]-FDG PET images (92%) compared to standard images 

(77%, p = 0.04). In contrast, there was no statistically significant difference of percentage of concordance 
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between dual-time point analysis (80%) and delayed images (p = 0.12), nor between dual-time point analysis and 

standard images (p = 0.63), respectively. 

 

Evolution of TBR over time 

TBR of viable tumors was higher on delayed [18F]-FDG PET images (1.37 IQR[1.02, 1.84]) than on standard 

images (0.96 IQR[0.87, 1.18], p < 0.0001). In contrast, TBR of pure RN did not differ significantly between 

standard (0.60 IQR[0.48, 0.77]) and delayed images (0.64 IQR[0.47, 0.78], p = 0.94) (Fig. 3). The increase of 

the TBR value between standard and delayed images was significantly higher for viable tumors (0.37 IQR[0.13, 

0.69]) than for RN (0.02 IQR[-0.08, 0.09]). Only one lesion labeled positive on standard [18F]-FDG PET images 

was reclassified as negative based on delayed images. This latter was concluded to be RN according to follow-

up. 

 
Discussion 

Differentiating tumor recurrence from RN can be challenging during MRI follow-up of brain metastases treated 

with SRT. While histopathology remains the gold standard, accurate non-invasive diagnostic tools are needed to 

avoid the potential morbidity related to surgical biopsy or resection. PET is currently an imaging method of 

choice to complete inconclusive MRI in this indication.1 Standard [18F]-FDG PET (with images performed 30 to 

60 min p.i.) has shown insufficient diagnostic performance.4 In the present study from three different centers, 

optimized [18F]-FDG PET protocols with delayed images (4 to 5 hours p.i.) alone provided higher diagnostic 

performance than standard [18F]-FDG PET, with a better (almost perfect) interobserver agreement. 

 

The RANO-BM working group cited [18F]-FDG and/or radiolabeled amino acid PET as useful imaging methods 

to complement MRI in order to differentiate tumor recurrence from RN. Increased [18F]-FDG (radiolabeled 

glucose analog) uptake is commonly seen in proliferating tumor cells due to an increased expression of glucose 

transporters and the enzyme hexokinase.17 [18F]-FDG is currently the most widely available and one of the less 

expensive PET tracers, but its performance when performed 30-60 p.i. is weak and fickle. Reported sensitivity 

ranges between 40-83% and specificity between 50-94% (in series regarding metastases only, with at least 20% 

of histological confirmation).7-9,18 This limited diagnostic value is mainly due to the high and early physiological 

[18F]-FDG uptake of the normal gray matter, decreasing the detectability of lesions.19 In the present study, the 

median TBR of viable tumors was 0.96 on standard images. Moreover, inflammation related to RN can show a 

moderate early [18F]-FDG uptake that is difficult to distinguish from viable tumor tissue.  Because of this 

limitation, the RANO/PET working group as well as the joint guidelines from the European Association of 
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Neuro-Oncology (EANO) and the European Society for Medical Oncology- (ESMO) stated that PET with 

radiolabeled amino acids, such as [11C]-methyl-L-methionine (MET), O-(2-[18F]fluoroethyl)-L-tyrosine (FET), 

and 3,4-dihydroxy-6-[18F]-fluoro-L-phenylalanine (F-DOPA), should be preferred in this indication.4,20,21 These 

tracers' uptake is related to large amino acid transporters which are overexpressed in tumor tissue but show low 

uptake in the normal brain.22-24 Reported diagnostic performance of amino acids PET is high and reproducible 

with sensitivity ranging between 74%-90%, and specificity between 75%-100% (in series regarding metastases 

only, with at least 20% of histological confirmation).9,25-31 Nevertheless, radiolabeled amino acids are much more 

expensive than [18F]-FDG, and their availability is more restricted worldwide even in some areas of developed 

countries.32 Furthermore, amino acid PET tracers are not FDA approved for imaging brain metastases in several 

countries including the USA and France. To overcome these issues, optimized [18F]-FDG PET protocols 

including delayed images performed 4 to 5 hours after injection (alone or dual-time-point) are emerging in 

clinical practice. Such protocols enable maximization of the lesion-to-background ratio in tumor recurrence, 

since [18F]-FDG continuously increases in viable tumors over time while it washes out the normal brain and 

inflammatory tissue.19 To date, two studies investigating such delayed [18F]-FDG PET images have been 

published, revealing promising results with 93%-95% sensitivity and 94%-100% specificity.10,11 Our results are 

in the line with these data, with 83% sensitivity and 92% specificity provided by visual analysis of delayed [18F]-

FDG PET images alone, significantly higher than with respectively standard and dual-time-point [18F]-FDG 

PET. Such results can be explained by the significant increase of TBR over time for viable metastases but not for 

RN, which significantly enhanced the sensitivity without loss of specificity. Performance values obtained with 

delayed [18F]-FDG PET images are in the same range as those reported in the literature with amino acid PET.  

 

In our study, delayed [18F]-FDG PET images alone provided higher diagnostic performance than both standard 

and dual-time-point images, with a simple visual interpretation and an almost perfect interobserver agreement. 

Thus, we suggest that a delayed brain PET images only protocol could be used in this setting as it would be 

time-saving and facilitate applicability in clinical routine. In the specific case when an extracranial evaluation is 

required by a whole-body PET at 60 min p.i., if standard brain images performed concomitantly reveal increased 

lesion [18F]-FDG uptake, then delayed brain PET images can be considered unnecessary since standard images 

alone have a similarly high specificity (92%). 

 

A direct comparison between delayed [18F]-FDG PET images and multi-parametric MRI in this setting would be 

of interest as MRI is the cornerstone imaging modality for brain metastasis diagnosis and monitoring. PWI is the 
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most commonly advanced MRI technique used in clinical practice to distinguish tumor recurrence from RN. 

Relative cerebral blood volume is generally increased in viable tumor tissue due to neoangiogenesis but optimal 

cut-off levels are difficult to determine and diagnostic performance varies considerably.20,33 In a recent meta-

analysis, pooled sensitivity and specificity of dynamic susceptibility contrast PWI were 82% (95% CI[71%, 

89%]) and 81% (95% CI[64%, 91%]), respectively, with heterogeneous interpretation criteria.34 A few studies 

suggested that MR spectroscopy might be of interest to differentiate brain metastasis recurrence from RN, but 

poor sensitivity of approximately 33% (particularly for small lesions) and heterogeneous interpretation criteria 

hamper its widespread use.33,35,36  

 

The present study had some limitations. The retrospective design is the first of them. Second, as for most of the 

studies published in the field, the final diagnosis was based on histology for less than a half (40%) of patients.7-

10,25-30 Finally, in this study in a real-life setting, thirteen patients had to be excluded because they did not meet 

the strict reference standard. Thus, patients included in the final analysis had a reliable final diagnosis. 

 

Conclusion 

[18F]-FDG PET with delayed images alone provides very good diagnostic performances, better than those 

obtained with both standard and dual-time-point [18F]-FDG PET, with an almost perfect inter-rater agreement. 

This technique requires only one PET acquisition and relies on the most widely available and one of the least 

expensive PET tracers. Thus, [18F]-FDG PET with delayed images alone should be considered in everyday 

practice to complete inconclusive morphological MRI to differentiate brain metastasis recurrence from 

radionecrosis. Head-to-head analyses are still to be performed to confirm the non-inferiority of delayed [18F]-

FDG PET compared to amino acid PET and PWI. 
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Legends for illustrations: 

FIGURE 1.  

Flow of participants through the study 

Notes: TP, true positive; TN, true negative; FP, false positive; FN, false negative 

FIGURE 2.  

Three different patients with initially uncharacterized lesions according to contrast-enhanced T1-weighted MRI. 

Patient (A) was treated by stereotaxic radiotherapy 45 months earlier for a right parietal metastasis of pulmonary 

carcinoma. Neither standard nor delayed [18F]-FDG PET images showed uptake higher than normal gray matter 

(Horky’s index 0.05). The absence of tumor viability was confirmed by follow-up. Patient (B) had a right 

occipital metastasis of a head-and-neck carcinoma treated by surgery and stereotaxic radiotherapy 9 months 

earlier. Whereas the intensity of the lesion was similar to the normal brain on standard [18F]-FDG PET images, 

delayed images highlighted a focal increased uptake (Horky’s index 0.20). Tumor recurrence was proven 21 

days later by pathological analysis of resection samples. For the patient (C) who had a right frontal metastasis of 

breast carcinoma treated with radiation therapy 20 months earlier, standard and delayed [18F]-FDG PET images 

revealed intense uptake (Horky’s index 0.78) and tumor recurrence was confirmed by pathological analysis of 

resection specimen 47 days after PET. 

FIGURE 3.  

Box plots showing TBR in radiation necrosis and viable tumors, respectively on standard and delayed [18F]-FDG 

PET images. 

TABLE 1.  

Patients’ characteristics 

TABLE 2.  

Diagnostic performance of each method 

Supplementary Material.  

Positron-emission tomography with computed tomography (PET/CT) systems and protocols used in the three 

participating centers 
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Table 1. Patients’ characteristics 

 

 n (%), median [Q1, Q3] 

PATIENTS’ CHARACTERISTICS (n) 46 

 Age at time of PET (years) 62 [51, 67] 

Sex (male / female) 18/28 

LESIONS’ CHARACTERISTICS (n) 48 

Primary tumor:   

Lung 27 (57%) 

adenocarcinoma 23 (49%) 

squamous cells carcinoma 2 (4%) 

small cells carcinoma 2 (4%) 

Breast 11 (23%) 

invasive carcinoma of no special type 9 (19%) 

invasive lobular carcinoma 2 (4%) 

Digestive 4 (8%) 

colon/rectum, adenocarcinoma 3 (6%) 

esophagus, adenocarcinoma 1 (2%) 

Skin 3 (6%) 

melanoma 2 (4%) 

squamous cells carcinoma 1 (2%) 

Other 3 (6%) 

ovary, serous adenocarcinoma 1 (2%) 

kidney, clear cell renal cell carcinoma 1 (2%) 

head & neck, squamous cells carcinoma 1 (2%) 

Laterality: left / right / median 19 (40%) / 28 (58%) /1 (2%) 

Location:  

frontal 20 (42%) 

parietal 8 (17%) 

temporal 7 (14%) 

occipital 2 (4%) 

cerebellum 11 (23%) 

Time delay between MRI and PET (days) 25 [17, 36] 

Time delay between radiotherapy and PET (months) 15.7 [9.4, 24.0]  

Radiation dose (Gy) 30 [24, 33]  

PET: Activity administered (MBq) 201 [197, 229] 

PET: injection - acquisition delay (min)  

between injection and standard acquisition (min) 57 [38, 66] 

between injection and delayed acquisition (min) 252 [240, 285] 

Reference standard:  

pathological analysis 19 (40%) 

       viable tumor  16 (34%) 

       radiation necrosis 3 (6%) 

imaging and clinical follow-up 29 (60%) 

       viable tumor  8 (17%) 

       radiation necrosis  21 (43%) 

 

Table 1
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Table 2. Diagnostic performance of each method 

 

 
AUC Sensitivity Specificity LR+ LR- PPV NPV Accuracy 

Cohen’s 

Kappa 

Delayed [18F]-FDG PET images  
(visual analysis: > healthy gray matter) 

0.88  
[0.75, 0.95] 

0.83 
[0.63, 0.95] 

0.92 
[0.73, 0.99] 

10  
[2.6, 38.1] 

0.18  
[0.07, 0.40] 

0.91      

[0.72, 0.97] 
0.84 
[0. 69, 0.93] 

0.88 
[0.75, 0.95] 

0.83 
[0.68, 0.99] 

Standard [18F]-FDG PET images 
(visual analysis: > healthy gray matter) 

0.69  
[0.54, 0.81] 

0.46  
[0.26, 0.67] 

0.92 
[0.73, 0.99] 

5.5  
[1.4, 22.2] 

0.59 
[0.40, 0.90] 

0.84  
[0.58, 0.96] 

0.63  
[0.53, 0.71] 

0.69 
[0.54, 0.81] 

0.48 
[0.23, 0.74] 

Dual-time point 

(Horky’s index: > 0.19) 
0.77  
[0.63, 0.88] 

0.63 
[0.41, 0.81] 

0.92 
[0.73, 0.99] 

7.5 
[1.9, 29.3] 

0.41 
[0.20, 0.70] 

0.88 
[0.66, 0.97] 

0.71  
[0.59, 0.81] 

0.77  
[0.63, 0.88] 

0.61 
[0.38, 0.84] 

 

Notes: Values are presented with their 95% confidence interval. AUC, area under receiver operating characteristics curve; PPV, Positive Predictive Value; NPV, Negative 

Predictive Value; LR+, Positive Likelihood Ratio; LR-, Negative Likelihood Ratio 

Table 2
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