The Role of Dynamic Contrast Enhanced MRI perfusion imaging in post treatment surveillance of patients with high grade gliomas
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Neuroimaging is a valuable diagnostic and surveillance tool for high-grade gliomas. Dynamic Contrast Enhanced Magnetic Resonance Imaging (DCE-MRI) is a perfusion imaging technique, which can quantitatively evaluate tumour biology, concentrating mostly on the microcirculation and the enhancement patterns in the surrounding tissue. This retrospective observational study consisted of 48 post-treatment patients having been diagnosed with high-grade glioma of the brain. Measurements were taken using DCE-MRI at baseline and at 3-month, 6-month, 9-month and 12-month follow-ups. Perfusion maps, BF, AUC, Ktrans, Kep, Ve and Vp, were generated and processed using commercially available software. Eight survival analysis models differentiated progression from stable disease and pseudo-progression from true progression, across the 6- and 12-month timepoints. Models 1 through 4 assessed disease progression based on the initial baseline scan, while models 5 through 8 assessed progression based on the baseline and the 3-month DCE-MRI scan. All survival analysis models were statistically significant with high sensitivity and specificity. The starting hypotheses were verified, (1) DCE-MRI proved an accurate and clinically useful tool in the surveillance of high-grade gliomas, by differentiating, clearly and accurately, between tumour growth and treatment related changes, such as pseudo-progression. (2) The addition of the secondary DCE-MRI assessment enhanced the survival analysis prediction and subsequently the accuracy of the prognosis.
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1.Introduction
[bookmark: _Toc82961577]1.1. High-grade gliomas and the role of neuroimaging
The most common malignant brain tumours are gliomas, which account for eighty percent of all malignant primary central nervous system tumours (Colman, 2020). The incidence rate of high-grade, aggressive brain tumours is steadily rising, with survival rates averaging approximately 1 year, indicating that there is a need for a more proactive response during treatment and prevention (Philips et al., 2018). 
Currently, the gold standard of imaging techniques for the surveillance and management of high-grade gliomas is T1-weighted magnetic resonance imaging (MRI) with contrast and T2 or FLAIR (Sharma, et al, 2017). However, this post-contrast method only indirectly reveals the biological activity of a tumour (Brandsma et al., 2009; Malara and Donato, 2019), being non-specific and unreliable in predicting subsequent tumour behaviour. The identification of disease progression can be confounded by pseudo-progression, which can be defined as a treatment related response seen in the tumour or the surrounding area. This response produces an increase of enhancement or oedema on an MRI scan indistinguishable from changes caused by true progression (Brandsma and van den Bent, 2009). True progression and pseudo-progression can currently only be differentiated with certainty after 6, 9 or 12 months, when a true progression would continue to increase in size whilst a pseudo-progression would decrease in size. As a result, the radiologic distinction is inherently retrospective based on serial MRI scans (Fink, et al, 2011).

[bookmark: _Toc82961579]1.2 The use of Dynamic contrast-enhanced MRI thus far
Dynamic contrast enhanced magnetic resonance imaging (DCE-MRI) has been established as a method to quantitatively evaluate tumour biology, concentrating mostly on the microcirculation and the enhancement patterns in the surrounding tissue.  The use of DCE-MRI neurovascular assessment could potentially distinguish between tumour growth and treatment related-changes, such as pseudo-progression (Nam et al., 2017). The ability to establish dissimilarities between true progressive disease and treatment related changes surrounding the disease was first determined by dynamic susceptibility contrast MRI (Barajas et al., 2008; Barajas et al., 2009; Young et al., 2013; van Dijken et al., 2019). 
Perfusion imaging, specifically DCE-MRI, has been established to differentiate progressive or recurrent disease from stable disease (Seeger et al., 2013). However, as most MR imaging modalities can detect this differentiation, a quintessential area of focus has been the differentiation of pseudo-progression and true progression. Some studies which evaluated the feasibility and validity of any differentiation between pseudo-progression and true progression, determined that DCE-MRI may indeed prove useful when determining disease status (Bisdas et al., 2011; Narang et al., 2011; Bisdas et al., 2014; Chung et al., 2013; Suh et al., 2013; Park et al., 2015; Thomas et al., 2015; Yun et al., 2015; van Dijken et al., 2017; Zakhari et al., 2019). 

[bookmark: _Toc82961582]1.3 Study objectives
Currently, DCE-MRI is the standard approach for the observation of cancers in many body organs (Onishi et al., 2020; Song et al., 2020; Zhu et al., 2021). Its use has not yet been standardised for the surveillance of brain tumours, although this application has been proved feasible (Anzalone et al., 2018). This study’s objective is to examine the usefulness, accuracy, and diagnostic role of DCE-MRI in the surveillance of patients with high-grade gliomas and associate the imaging findings to the clinical data. Additionally, this study aims to evaluate the added predictive and diagnostic value of implementing a secondary DCE-MRI exam after three months from the baseline DCE-MRI. The added value of the second DCE-MRI scan will be measured regarding survival prediction and differentiation between true progression and pseudo-progression. The primary hypothesis of this study is that the DCE-MRI would prove to be an accurate and clinically useful tool in the surveillance of high-grade gliomas, by being able to depict the differences, clearly and accurately, between tumour growth and treatment related changes, such as pseudo-progression. A further hypothesis is that the addition of the secondary DCE-MRI assessment will enhance the survival analysis prediction and subsequently the accuracy of the prognosis. 

[bookmark: _Toc82961583]2. Methods and Materials
[bookmark: _Toc82961586]2.1 Patient selection and criteria
The study was approved by the National Hospital for Neurology and Neurosurgery and University College London institute of Neurology Joint Ethics Committee. Strict confidentiality and anonymity guidelines were adhered to. Patients were retrospectively selected from the University College London Hospitals Electronic Health Records in accordance to the following inclusion criteria: a) patients had undergone image-guided gross total tumour resection or tissue biopsy for histological examination of the mass b) histologically confirmed high-grade glioma (grade III or IV), in accordance with the World Health Classification (WHO) specifications, at the date of the first DCE-MRI; c) baseline measurement was obtained between the timeframe 2015 to 2020; d) patients underwent chemoradiation protocol in accordance with NICE guidelines and when clinically necessary adjuvant chemotherapy treatments (National Institute for Health and Care Excellence, 2018); e) patients subsequently developed a progressively contrast-enhanced enlarging region within the field of interest, identified in two or more consecutive MRI examinations; f) participants underwent, in addition to the baseline DCE-MRI scan, at least one additional DCE-MRI examination. 
48 patients with a mean age of 49.85  12.81 years met these inclusion criteria and were analysed within the time constraints of the study. Of the 48 patients, 28 were males and 20 were females. Baseline DCE-MR images were obtained from all patients. Additionally, follow-up DCE-MRI scans were obtained at the 3-month, 6-month, 9-month, and 12-month follow-ups. The median time to follow up after baseline for the individual timepoints were: 2.7, 3.7, 8.9, and 12.3 months respectively.   

[bookmark: _Toc82961588]2.2 Neuroimaging processing and analysis
MRI data were acquired on two types of scanners, a GE 1.5T and a Siemens 3T scanner, therefore the acquisition parameters, were slightly different. For DCE-MRI, 3D post-contrast T1-weighted images were acquired. 
The perfusion MR analysis was performed using commercially available software. Pre-processing was conducted in accordance with literature (Brix et al., 1991; Jansen et al., 2017). 
The generation of the perfusion maps is based on the extended Tofts model (Tofts et al., 1999). Six parametric perfusion maps were generated per scan: (1) the blood flow (BF) map, which establishes the volume of blood passing through a fixed amount of tissue per unit of given time (Bonekamp, Degaonkar and Barker, 2011), (2) the Ktrans map (a kinetic parameter), which is the volume transfer rate and determines blood flow of the tissue and vessel permeability, (3) the Ve map, which is the volume of the extravascular, extracellular space and is a marker of cell density, (4) the Kep map (a kinetic parameter), which is the transfer rate constant extracellular extravascular space to the plasma, (5) the Vp map, which is the fractional volume of the plasma space, and reflects the distribution of contrast agent within a tissue voxel (Bazyar et al., 2016; Jansen, 2016), and lastly (6) the AUC map, which is not dependent on model selection or AIF, reflects permeability and perfusion, which are both associated with prognosis (Choi et al., 2017). The region of interest (ROI) mask was defined manually, using the pixel editing tool on the resampled structural data.
 
Table 1: Models: This table identifies relevant information to the study.
	Model
	Disease status
	Time point
	Maps included in the model
	Model equation 
	Threshold
Sensitivity
Specificity
	p-value
	Median survival time, high perfusion (months)
	Median survival time, low perfusion (months)

	Model 1

	Stable/regression vs progression
	6 months
	Baseline: Ve, Vp
	model_1 = .07711* age_baseline+ .0090714 * Baseline_VeMap + .5687629 * Baseline_VpMap
	5.79
81%
68%
	<0.0001
	3.7
	6.2


	Model 2
	Stable/regression vs progression
	12 months
	Baseline: Ve, Vp
	model_2 = .0837632 * age_baseline + .0036835 * B_VeMap + .7076702 * B_VpMap
	6.24
74%
72%
	<0.0013
	3.1
	10.5



	[bookmark: _Toc82961592]Model 3
	True progression vs pseudo progression
	6 months
	Baseline: BF, Ktrans, Ve, Vp

	model_3 = .0771591 * age_baseline - .0129942 * B_Bfmap + 1.2373 * BP_K21map + .0040047 * B_VeMap + .1464732 * B_VpMap
	4.32
77%
65%
	<0.0027
	4.1
	6

	Model 4

	True progression vs pseudo progression
	12 months
	Baseline: Vp
	model_4 = .0421877 * age_baseline + .4490081 * B_VpMap
	3.07
85%
75%
	<0.003
	3.9
	7.8

	Model 5
	Stable/regression vs progression
	6 months
	Baseline: Ve, Vp
3-months: BF, Kep, Vp

	model_5 = .100202 * age_baseline + .0198866 * B_VeMap + .4017944 * B_VpMap + .0004573 * m3_Bfmap + .3613811 * m3_K21map + 3.02e-07 * m3_VpMap
	8.2
91%
78%
	<0.0071
	4.7
	6

	Model 6
	Stable/regression vs progression
	12 months
	Baseline: Ve, Vp
3-months: Kep, Vp
	model_6 = .1209808 * age_baseline + .0049757 * B_VeMap + .6778823 * B_VpMap + .3699599 * m3_K21map + .1394876 * m3_VpMap
	9.48
82%
81%
	<0.0001
	3.7
	>12

	Model 7
	True progression vs pseudo progression
	6 months
	Baseline: BF, Kep, Ve
3-months: Vp
	model_7 = .0670389 * age_baseline - .0132765 * B_Bfmap + .699975 * BP_K21map + .0048207 * B_VeMap + .1705033 * B_VpMap - .0509623 * m3_VpMap
	4.02
80%
76%
	<0.0001
	3.3
	6.4

	Model 8

	True progression vs pseudo progression
	12 months
	Baseline: Vp
3-months: Kep, Vp
	model_8 = 1.069261 * age_baseline + 1.363248 * B_VpMap + 1.3278 * m3_K21map + 1 * m3_VpMap
	66.51
50%
81%
	<0.0001
	3.4
	7.8


2.3 Assessment of the disease state
To assess the cases and categorise them into groups of stable or responding, progression and pseudo-progression, the percent change of the volume of the ROIs was evaluated using the equation: 100*(Vt2-Vt1)/Vt1 for each of the subsequent time points; t1 was determined as baseline, and t2 the second timepoint in which the percent change was to be evaluated. This percent change was used to assess if the disease was progressing, by having a percent change more than or equal to 25%, remaining stable, by holding a percent change between 0% and 25% or regressing by exhibiting a negative percentage change. Pseudo-progression was determined by presenting as regression after a period of progression. The survival analysis which was used classified the patients at 6 and 12 months in two ways: (1) stable/responding disease vs progressive disease; (2) true-progressive disease vs pseudo-progression. 

[bookmark: _Toc82961594]2.4 Statistical analysis
The data was tested objectively for normality, equality in disease status and for relevant correlations (Rebekić et al., 2015; Sheard, 2018). A survival analysis assessment was performed, to identify which baseline and 3 months information would predict progression and pseudo-progression at the 6- and 12-month time points. A threshold was established and divided the patients into two groups, patients with high perfusion values and patients with low perfusion values, where the median survival time could be established, and the cumulative progression based on the perfusion values could be graphed using the Kaplan-Meier survival analyses (Etikan, 2018). 
Eight models were generated, as detailed in Table 1. Models 1 to 4 only considered baseline DCE-MRI maps, whist models 5 to 8 included DCE-MRI maps at both baseline and 3-months. Models 1, 2, 5 and 6 differentiated stable/regression disease from pseudo-progression, whilst models 3, 4, 7 and 8 differentiated true progression from pseudo-progression. Models 1, 3, 5, and 7 assessed the survival at 6 months, whilst models 2, 4, 6, and 8 assessed the survival at 12 months. The DCE-MRI maps that were significant in the univariate Cox proportional hazard regression and were therefore included in the model, are detailed in Table 1. For all models the time of progression was set at the earliest time point with the outcome of progression for models 1, 2, 5, 6 and with the outcome of true progression for the models 3, 4, 7, 8. 

3. Results
3.1 Patient characteristics
As demonstrated in table 1 48 patients met the inclusion criteria and were analysed within the time constraints of the study. The mean age of the patients was 49.85  12.81 years, with a range of 24-76, with 58% of patients being male and 42% being female. Seven of the 48 patients presented with grade III tumours, one patient was ungradable, and the remaining patients presented with grade IV. 

[bookmark: _Toc82961597]3.2 Pseudo-progression vs Progression
This study aside from differentiating between progression and stable disease also distinguished true progression from pseudo-progression. At the 6-month follow up there were 15 patients with enhancing lesions on their follow-up scans. 47% of those cases were determined to be pseudo-progressive. Furthermore, at the 12-month follow-up out of the 13 patients remaining 46% of the progressive cases were deemed to be pseudo-progression. 

[bookmark: _Toc82961598]3.3 Significance of perfusion maps
The two-sample Wilcoxon rank-sum (Mann-Witney) test, for not normally distributed data, was insignificant, which signifies that the individual maps cannot distinguish between progression and stable disease or true progression and pseudo-progression. The correlations between BF and AUC, Ktrans and BF, Ktrans and AUC, Ve and BF, Ve and AUC, Ve and Ktrans, in addition to Ve and Kep are significant (P < 0.005), however the relationships between the remaining maps were not significantly correlated.  

[bookmark: _Toc82961599]3.4 Survival analysis models
The Wilcoxon–Breslow–Gehan test conveyed that the probability for all models were statistically significant (table 1). The Kaplan-Meier survival curve for each model can be visualised in figures 1 to 8. Models 1, 2, 5, and 6 evaluated the difference between stable or regressing disease and progression, while models 3, 4, 7, and 8 differentiated between true progression and pseudo-progression. The sensitivity and specificity can be appreciated in Table 1.
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Figure 1: Kaplan-Meier survival estimates 0=progression, 1=stable disease or regression. The analyses time is in months. The blue line indicates the group of patients with high perfusion values and the red line indicates the group of patients with low perfusion values. 
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Figure 2: Kaplan-Meier survival estimates 0=true progression, 1=pseudo-progression or stable disease. The analyses time is in months. The blue line indicates the group of patients with high perfusion values and the red line indicates the group of patients with low perfusion values. 

The comparison of Model 1 and Model 5 suggests the use of the baseline and 3-month DCE-MRI assessments combined provides a more accurate measurement of progression (higher sensitivity and specificity in Model 5, Table 1). Although both models evaluated identical patients during the same timeframe, the time to progression for patients with high perfusion values was 1.1-month later in Model 5 when compared to Model 1. The findings of Model 6 are similar to the findings of Model 2, which did not incorporate the perfusion maps of the 3-month measurement during the survival analysis, thus suggesting that the differentiation of stable disease and disease change or progression at 12 months is not dependant on a second assessment with DCE-MRI. The two models predict a different median survival time for the patients with low perfusion: 10.5 months for Model 2 and more than 12 months for Model 6. 
Moreover, models 5 and 6 had a higher sensitivity and specificity than models 1 and 2, suggesting a more accurate prediction of progression (differentiating it from stable/regressing disease) at both 6 months and 12 months when 3-months measurements are included in the models. Model 7 also had higher sensitivity and specificity than Model 3, however, Model 8, when compared to Model 4, produced a lower sensitivity, but a higher specificity. This indicates that the incorporation of the 3-month follow-up for the prediction of true progression (differentiating form pseudo-progression) was beneficial at 6 months, but it was not beneficial at 12 months. 

[bookmark: _Toc82961609]
4. Discussion
This study utilises DCE-MRI for not only the baseline measurement, but all the implemented follow-ups. At the time of research, no other studies of this kind had been published.  Previously conducted studies used DCE-MRI to evaluate the tumour at baseline for diagnostic purposes or at a follow-up timepoint for surveillance purposes to distinguish between progression and pseudo-progression (Bisdas et al., 2011; Narang et al., 2011; Larsen et al., 2012; Choi et al., 2013; Suh et al., 2013; Hamilton et al., 2014; Shin et al., 2014; Alcaide-Leon et al., 2015; Arevalo-Perez et al., 2015; Yun et al., 2015; Thomas et al., 2015; Abbasi et al., 2017; Zhang et al., 2017; Rowe et al., 2018; van Dijken et al., 2019; Zakhari et al., 2019; Filice, Ortenzia and Crisi, 2021).
This study found that all models were statistically significant, thus showing that perfusion parameters can accurately and consistently distinguish tumour progression from stable disease and true progression from pseudo-progression. This supports the first hypothesis stating that the DCE-MRI is an accurate and clinically useful tool in the surveillance of high-grade gliomas, by being able to depict the differences, clearly and accurately, between tumour growth and treatment related changes, such as pseudo-progression. 
Furthermore, another finding was that the models using the 3-month DCE-MRI measurement in addition to the baseline measurements were statistically significant and had higher sensitivity and specificity, when compared to the models which only utilised the baseline DCE-MRI scan. This was true for the prediction of progression vs stable/regressing disease at both 6 months and 12 months and for the prediction of true progression vs pseudo-progression at 6 months. Thereby, supporting the second hypothesis that the use of the measurements from the secondary DCE-MRI scan will enhance diagnostic accuracy and subsequently more reliable results. Higher specificity but lower sensitivity was observed including the 3 months maps for the prediction of true vs pseudo-progression at 12 months, suggesting that the inclusion of the 3 months follow-up is more relevant for short term prediction than for long term predictions. 
This study highlights and demonstrates the importance and relevance of longitudinal perfusion timepoints during the surveillance of high-grade gliomas. Furthermore, as reported in the results, models 5, 6, and 7 had a higher sensitivity and specificity than models 1, 2, and 3. However, interestingly, model 8 reported a lower sensitivity than model 4, which connoted that the use of the baseline measurement alone is sufficient when establishing true progression with the use of DCE-MRI. Additionally, it is important to bring light to the result of specificity in model 8, as this was higher when compared to model 4. This finding is momentous, as it indicates that the consecutive use of DCE-MRI and the incorporation of the 3-month measurement can accurately differentiate between true progression and pseudo-progression during the 12-month post-treatment surveillance of patients with high-grade gliomas. 
[bookmark: _Toc82961611][bookmark: _Toc82961612]
4.1 Clinical application of DCE-MRI
DCE-MRI is not a widely used method of MRI for the management of high-grade gliomas. The use of conventional MRI is preferred when diagnosing and observing the tumour, with advanced imaging techniques, such as MR perfusion and MR spectroscopy, being considered for uncharacteristic outcomes of the conventional MRI (Stupp et al., 2014; NICE guideline, 2021). 
However, DCE-MRI can more accurately determine microvascular permeability and quantitatively assess the blood brain barrier in comparison to the more widely available DSC-MRI. Furthermore, the higher spatial resolution provided by DCE-MRI allows for differentiation of artefacts, such as air, bone, and blood interfaces (Dongas et al., 2018). Moreover, previous research (Narang et al., (2011), Larsen et al., (2012), Bisdas et al., (2014), Suh et al., (2013), Hamilton et al., (2014), Yun et al., (2015), Thomas et al., (2015), Filice, Ortenzia and Crisi, (2021)) as well as this current study suggest that DCE-MRI has the potential or ability to differentiate pseudo-progression from true progression or recurring disease. This distinguishment is highly important, as clinical decisions regarding the continuations of treatment or disease status can be affected. 

4.2 Limitations
Despite these interesting and optimistic results, some difficulties arise during the clinical application of DCE-MRI, as there are variations across institutions that cannot be accounted for in the realm of theoretical research. Some of these disparities can be seen relating to (i) MR scanners, (ii) imaging acquisition protocols, (iii) contrast administration, (iv) method of post-processing, (Zhang et al., 2017). Additionally, the lack if standardisation when post-processing and quantifying the images presents a disadvantage, as the optimal pharmacokinetic model is not known, leading to disparities in the measurements of the perfusion maps. This has already been determined for the Ktrans map (Sourbron and Buckley, 2013). The limitations relating to methodology of this study include the single-arm design, which had a smaller than desired sample size. 

[bookmark: _Toc82961613]4.3 Future direction 
This study adds to the existing literature and previous research, which have evaluated the effectiveness of DCE-MRI for the surveillance of high-grade gliomas, the diagnostic accuracy for progressive disease and the differentiation of pseudo-progression from true progression. 
In future studies, it would be interesting to determine the prevalence of patients with pseudo-progression, as determined by the DCE-MRI assessments, who also underwent immunotherapy. This could verify the results seen in previous studies that evaluated the cause of pseudo-progression and the diagnostic accuracy of DCE-MRI, such as the meta-analysis conducted by Zhang et al., (2022). Additionally, further studies must be conducted, not only assessing the effectiveness of DCE-MRI for the observation and management of high-grade gliomas, but also into the model analysis in order to provide solid solutions and standardisation to overcome the challenges that DCE-MRI faces in a clinical setting. 
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