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ABSTRACT 

This Ph.D. thesis is aimed at addressing some of the challenges towards reliable 

computation and standardization of quantitative dynamic-contrast-enhanced magnetic resonance 

imaging (DCE-MRI) parameters for glioma grading in a routine clinical setting. The scope of the 

research work presented in this thesis resulted in developing the protocol for the DCE-MRI data 

acquisition and methods for data analysis, which can help clinicians in better diagnosis, prognosis, 

and treatment planning of glioma. 

The first chapter starts with a discussion of glioma, its molecular characteristics, 

epidemiology, and state of art prognostic measures. Next, a basic introduction about underlying 

physics and image formation in MRI is provided. Overview of different tissue relaxation and basic 

concepts behind image acquisition with different tissue contrasts and basic pulse sequences are 

discussed. Next, this chapter discusses about conventional MRI protocols used for brain tumor 

patients. A brief overview of advanced imaging techniques for the quantitative evaluation of 

glioma and its application to glioma grading, tissue segmentation, and follow-up studies are also 

included in this chapter. This chapter then highlights the advantages of DCE-MRI over other 

advanced MRI techniques for glioma characterization. A description of the pipeline of state-of-art 

methods for quantitative DCE-MRI analysis and the application of DCE-MRI for glioma 

characterization are also included in this section. Before identifying the research gap and forming 

the objectives, a literature review of currently available literature about different methods used for 

quantitation of DCE-MRI derived tracer-kinetic-parameters (TKPs), reliability and variability of 

TKPs estimation, and current challenges faced for the routine clinical application are included. 

The purpose of the study mentioned in chapter-2 was to determine an optimum scan 

acceleration factor (R) to accelerate DCE-MRI data acquisition while achieving full brain coverage 
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with an improved spatial resolution for the analysis of patients with glioma in a clinical setting. 

The performance of SENSE and Compressed-SENSE (CSENSE) based scan acceleration 

techniques have been evaluated. The quality of structural images (T1-W, T2-W) and computed 

precontrast T1 maps (T10) (at different CSENSE factors) were compared with SENSE acquisitions. 

Analysis was carried out on data from healthy volunteers and an in-house developed phantom to 

obtain an optimum acceleration factor for acquiring T1-W, T2-W, and 3D T1-W FFE images. Error 

propagation to T10 estimation was also evaluated. The efficacy of quantitative DCE-MRI 

parameters in differentiating LGG and HGG using the optimized protocol (protocol-2) was 

evaluated and compared with the conventional protocol (protocol-1) used at our Centre. 

Among the previously reported works of literature on the applications of Generalized-

tracer-kinetic-model (GTKM) parameters, the accuracy of differentiation and classification using 

TKPs exhibit large discrepancies and variations. Also, the magnitude scales of parameter values 

reported in these studies are not consistent due to multiple factors mentioned earlier. One of the 

major factors that affect the magnitude scale of these parameters is the variations in arterial input 

function (AIF), which is important for fitting GTKM to concentration-time curves. So, the study 

presented in the chapter-3 consisted of three sub-objectives; (i) to develop an optimized subject-

specific AIF estimation method, (ii) to comprehensively evaluate the sensitivity to noise and 

inter/intra-subject variability of TKPs in different tissue regions (contrast-enhancing (CE) tumor, 

non-enhancing tumor (NET), normal-appearing gray matter (GM) and white matter (WM) regions) 

of glioma patients mainly due to variations in AIF, and (iii) to evaluate the impact of different 

normalization techniques in mitigating the inter-subject variability of TKPs to corresponding 

values computed from healthy tissue regions. A reliable estimation of volume transfer constant 

(Ktrans) and blood plasma volume fraction (vp) are possible in normal-appearing and tumor tissue 
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regions. Normalization of Ktrans and vp in tumor regions to corresponding parameters in the normal-

appearing tissue regions have mitigated the inter-subject and intra-subject variability and has 

improved the accuracy of differentiation of HGG and LGG. 

In chapter-4, a tissue-specific hybrid two compartmental model (HTCM) for the blood-

brain barrier (BBB) permeability assessment in glioma patients is proposed. GTKM and Patlak 

model (PM) are the widely accepted models in clinics for glioma characterization. PM is generally 

preferred for shorter durations (data less than 1 minutes) and GTKM is optimum for longer 

duration data (~4-10 minutes) in tumor regions. However, in healthy tissue regions, for longer 

duration data, GTKM derived leakage volume fraction (ve) is not relevant since the BBB is intact. 

It was observed that the reliability and magnitude of ve don’t change in healthy tissue regions with 

data length. Hence, GTKM may over-fit the healthy tissue curves. On the other hand, PM leads to 

under-fitting since it assumes a unidirectional flow, which doesn’t hold for medium (1-3 min) or 

long-duration data. To address this problem, this chapter discusses an optimized tissue-specific 

model, which acts as both GTKM and PM depending on the contrast agent transients of the tissue 

representing voxel. The hybrid two compartmental model (HTCM) has shown significant 

improvement in computation time (~40%). The parameters computed from HTCM and GTKM in 

CE regions have exhibited a high correlation for DCE-MRI data less than 2 minutes. One of the 

major advantages while fitting the HTCM is that the maximum number of parameter estimation is 

always two. However, it is possible to differentiate between Ktrans depending on the underlying 

physiology of the representing voxel.  

Cerebral blood volume (CBV) and cerebral blood flow (CBF) computed from the first-pass 

analysis of DCE-MRI data have shown wide potential in clinical applications such as initial 

grading and tumor sub-class segmentation. However, the estimation of these parameters is 
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erroneous due to the leakage of the contrast agent in the tumor tissues with BBB breakdown. In 

CE tissues, a significant amount of leakage contribution is incorporated to CBV and CBF due to 

BBB leakage. However, in non-enhancing and healthy tissue regions, the contribution of leakage 

profile is due to multiple factors like elevated steady-state contrast agent (CA) concentration in the 

vasculature (AIF) after FP, and diffusion effect (shutter speed effect). Recently, CTUM has been 

proposed for the simultaneous computation of leakage corrected CBV and CBF (it is coined as vp 

and Fp in CTUM) from DCE-MRI. This model was proposed and evaluated for DCE-MRI data 

with data length less than 4 minutes. So, in chapter-5, a method for leakage correction was 

implemented for both CBV and CBF (from first-pass), and it was compared with CTUM and PM 

parameters. Also, the efficacy of leakage corrected CBV and CBF were evaluated on application 

to glioma grading. Comparing the hemodynamic maps computed using first-pass analysis and 

CTUM, both CBV and CBF (with and without leakage corrected) maps were smoother than vp and 

Fp maps. Even though absolute quantification of blood flow and blood volume were possible using 

both methods, leakage correction didn’t improve the glioma grading for the data presented in the 

current study. 

The research work presented in this thesis has been converted into a post-processing tool 

for quantitative DCE-MRI analysis of glioma. The author believes that the methods and post-

processing tool presented in this thesis can help clinicians to improve the diagnosis and treatment 

planning of glioma and will also benefit the patients who are suffering from glioma and humankind 

in general.  
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सार 

यह पीएच.डी. थीसिि का उद्दशे्य सियसित िैदासिक िेस िंग िें सलियोिा ग्रेसडिंग के सिए िात्रात्िक गसतशीि-सिपरीत-ििंिसधित च िंबकीय अि िाद 

इिेस िंग (डीिीई-एिआरआई) िापदिंडों की सिश्वििीय गणिा और िािकीकरण की सदशा िें क छ च िौसतयों का ििाधाि करिा ह।ै इि थीसिि िें प्रस्त त 

शोध कायि का दायरा डीिीई-एिआरआई डे ा असधग्रहण और डे ा सिशे्लषण के तरीकों के सिए प्रो ोकॉि सिकसित करिे िें पररणत हआु,  ो सचसकत्िकों 

को सलियोिा के बेहतर सिदाि, सिदाि और उपचार यो िा िें िदद कर िकता ह।ै  

 पहिा अध्याय सलियोिा, इिकी आणसिक सिशेषताओ िं, िहािारी सिज्ञाि और किा रोगसिरोधी उपायों की चचाि के िाथ श रू होता ह।ै इिके 

बाद, एिआरआई िें अिंतसििसहत भौसतकी और छसि सििािण के बारे िें एक ब सियादी पररचय प्रदाि सकया गया ह।ै सिसभन्ि ऊतक छू ों का अििोकि और 

सिसभन्ि ऊतक सिरोधाभािों और ििू पल्ि अि क्रिों के िाथ छसि असधग्रहण के पीछे की ब सियादी अिधारणाओ िं पर चचाि की  ाती ह।ै इिके बाद, यह 

अध्याय ब्रेि  ्यिूर रोसगयों के सिए उपयोग सकए  ाि ेिाि ेपारिंपररक एिआरआई प्रो ोकॉि के बारे िें चचाि करता ह।ै सलियोिा के िात्रात्िक िलू्यािंकि 

के सिए उन्ित इिेस िंग तकिीकों का ििंसिप्त अििोकि और सलियोिा ग्रेसडिंग, ऊतक सिभा ि और अि िती अध्ययिों के सिए इिके अि प्रयोग को भी 

इि अध्याय िें शासिि सकया गया ह।ै यह अध्याय तब सलियोिा ििण िणिि के सिए अन्य उन्ित एिआरआई तकिीकों पर डीिीई-एिआरआई के िाभों 

पर प्रकाश डािता ह।ै िात्रात्िक डीिीई-एिआरआई सिशे्लषण के सिए अत्याध सिक सिसधयों की पाइपिाइि का सििरण और सलियोिा ििण िणिि के 

सिए डीिीई-एिआरआई के आिेदि को भी इि खिंड िें शासिि सकया गया ह।ै अि ििंधाि अिंतराि की पहचाि करि ेऔर उद्दशे्यों को बिाि ेिे पहिे, 

डीिीई-एिआरआई व्य त्पन्ि टे्रिर-काइिेस क-पैरािी र ( ीकेपी), सिश्वििीयता और  ीकेपी अि िाि की पररितििशीिता, और ितििाि च िौसतयों का 

िाििा करिे के सिए उपयोग की  ािे िािी सिसभन्ि सिसधयों के बारे िें ितििाि िें उपिब्ध िासहत्य की एक िासहत्य ििीिा। सियसित िैदासिक अि प्रयोग 

शासिि हैं। 

 अध्याय -2 िें उसल्िसखत अध्ययि का उद्दशे्य िैदासिक िसे िंग िें सलियोिा के रोसगयों के सिशे्लषण के सिए एक बेहतर स्थासिक ििंकल्प के 

िाथ पणूि िसस्तष्क किरे  प्राप्त करत ेहएु डीिीई-एिआरआई डे ा असधग्रहण िें ते ी िािे के सिए एक इष्टति स्कैि त्िरण कारक (आर) सिधािररत करिा 

था। SENSE और किं पे्रस्ड-िेंि (CSENSE) आधाररत स्कैि त्िरण तकिीकों के प्रदशिि का िलू्यािंकि सकया गया ह।ै ििंरचिात्िक छसियों की 

ग णित्ता (T1-W, T2-W) और किं प्य ेूड प्रीकॉन्ट्रास्  T1 िैप्ि (T10) (सिसभन्ि CSENSE कारकों पर) की त ििा SENSE असधग्रहण िे 
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की गई। T1-W, T2-W, और 3D T1-W FFE छसियों को प्राप्त करिे के सिए एक इष्टति त्िरण कारक प्राप्त करिे के सिए स्िस्थ स्ियिंिेिकों 

और एक इि-हाउि सिकसित प्रेत के डे ा पर सिशे्लषण सकया गया था। T10 अि िाि िें त्र स  प्रिार का भी िलू्यािंकि सकया गया था। अि कूसित प्रो ोकॉि 

(प्रो ोकॉि -2) का उपयोग करके एि ी ी और एच ी ी िें अिंतर करि ेिें िात्रात्िक डीिीई-एिआरआई िापदिंडों की प्रभािकाररता का िलू्यािंकि 

सकया गया और हिारे कें द्र िें उपयोग सकए  ािे िािे पारिंपररक प्रो ोकॉि (प्रो ोकॉि -1) के िाथ त ििा की गई। 

 िािान्यीकृत-टे्रिर-काइिेस क-िॉडि ( ी ीकेएि) िापदिंडों के अि प्रयोगों पर िासहत्य के पहिे ररपो ि सकए गए कायों िें,  ीकेपी का उपयोग 

करके भेदभाि और िगीकरण की ि ीकता बडी सिििंगसतयों और सिसिधताओ िं को प्रदसशित करती ह।ै इिके अिािा, इि अध्ययिों िें बताए गए पैरािी र 

िािों के पररिाण पिैािे पहि ेबताए गए कई कारकों के कारण ििंगत िहीं हैं। इि िापदिंडों के पररिाण पैिािे को प्रभासित करिे िािे प्रि ख कारकों िें िे 

एक धििी इिप   फिं क्शि (एआईएफ) िें सभन्िता ह,ै  ो  ी ीकेएि को एकाग्रता-ििय घ ता िें सफ  करिे के सिए िहत्िपणूि ह।ै तो, अध्याय -3 िें 

प्रस्त त अध्ययि िें तीि उप-उद्दशे्य शासिि थ;े (i) एक अि कूसित सिषय-सिसशष्ट एआईएफ आकिि पद्धसत सिकसित करि ेके सिए, (ii) शोर के प्रसत 

ििंिेदिशीिता और सिसभन्ि ऊतक िेत्रों (सिपरीत-बढाि े(िीई)  ्यिूर, गैर-बढािे िािे  ्यिूर िें  ीकेपी की अिंतर / अिंतर-सिषय पररितििशीिता का 

व्यापक िलू्यािंकि करिे के सिए) (एिई ी), िािान्य सदखिे िािा ग्रे िै र ( ीएि) और िफेद पदाथि (डब्ल्यएूि) िते्र) सलियोिा रोसगयों के ि ख्य रूप िे 

एआईएफ िें सभन्िता के कारण, और (iii) अिंतर-सिषय पररितििशीिता को कि करिे िें सिसभन्ि िािान्यीकरण तकिीकों के प्रभाि का िलू्यािंकि करि े

के सिए। स्िस्थ ऊतक िेत्रों िे गणिा सकए गए ििंबिंसधत िलू्यों के सिए  ीकेपी। िािान्य सदखिे िािे और  ्यिूर ऊतक िेत्रों िें िॉल्यिू ट्रािंिफर कॉन्स् ें  

(Ktrans) और रक्त प्िाज्िा िॉल्यिू अिंश (vp) का एक सिश्वििीय अि िाि ििंभि ह।ै  ्यिूर िेत्रों िें Ktrans और vp के िािान्य सदखिे िािे ऊतक 

िेत्रों िें ििंबिंसधत िापदिंडों के िािान्यीकरण िे अिंतर-सिषय और अिंतर-सिषय पररितििशीिता को कि कर सदया ह ैऔर HGG और LGG के भेदभाि 

की ि ीकता िें ि धार सकया ह।ै 

 अध्याय -4 िें, सलियोिा रोसगयों िें रक्त-िसस्तष्क बाधा (बीबीबी) पारगम्यता िलू्यािंकि के सिए एक ऊतक-सिसशष्ट हाइसब्रड दो किं पा ििें ि 

िॉडि (एच ीिीएि) प्रस्तासित ह।ै  ी ीकेएि और Patlak िॉडि (PM) सलियोिा ििण िणिि के सिए क्िीसिकों िें व्यापक रूप ि ेस्िीकृत िॉडि 

हैं। पीएि को आि तौर पर छो ी अिसध (1 सिि  ि ेकि डे ा) के सिए पििंद सकया  ाता ह ैऔर  ी ीकेएि  ्यिूर िेत्रों िें ििंबी अिसध के डे ा (~ 

4-10 सिि ) के सिए इष्टति ह।ै हािािंसक, स्िस्थ ऊतक िेत्रों िें, ििंबी अिसध के डे ा के सिए,  ी ीकेएि व्य त्पन्ि ररिाि िात्रा अिंश (ve) प्राििंसगक 

िहीं ह ैक्योंसक बीबीबी बरकरार ह।ै यह दखेा गया सक डे ा ििंबाई के िाथ स्िस्थ ऊतक िेत्रों िें ve की सिश्वििीयता और पररिाण िहीं बदिता ह।ै 
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इिसिए,  ी ीकेएि स्िस्थ ऊतक िक्रों को असधक सफ  कर िकता ह।ै दिूरी ओर, पीएि अिंडर-सफस िंग की ओर  ाता ह ैक्योंसक यह एक यसूिडायरेक्शिि 

प्रिाह िािता ह,ै  ो िध्यि (1-3 सिि ) या ििंबी अिसध के डे ा के सिए िहीं ह।ै इि ििस्या को हि करिे के सिए, यह अध्याय एक अि कूसित 

ऊतक-सिसशष्ट िॉडि पर चचाि करता ह,ै  ो  ी ीकेएि और पीएि दोिों के रूप िें कायि करता ह,ै  ो सक स्िर का प्रसतसिसधत्ि करि ेिािे ऊतक के 

किं ट्रास्  ए ें  ट्रािंस़िएिं  पर सिभिर करता ह।ै हाइसब्रड  ू किं पा ििें ि िॉडि (एच ीिीएि) िे गणिा ििय (~ 40%) िें िहत्िपणूि ि धार सदखाया ह।ै िीई 

िेत्रों िें एच ीिीएि और  ी ीकेएि ि ेगणिा सकए गए िापदिंडों िे डीिीई-एिआरआई डे ा के सिए 2 सिि  िे कि ििय के सिए उच्च िहििंबिंध 

प्रदसशित सकया ह।ै एच ीिीएि को सफ  करत ेििय एक प्रि ख िाभ यह ह ैसक पैरािी र अि िाि की असधकति ििंख्या हिेशा दो होती ह।ै हािािंसक, 

प्रसतसिसधत्ि करि ेिाि ेस्िर के अिंतसििसहत शरीर सक्रया सिज्ञाि के आधार पर Ktrans के बीच अिंतर करिा ििंभि ह।ै 

 डीिीई-एिआरआई डे ा के पहिे-पाि सिशे्लषण िे गणिा की गई िेरेब्रि रक्त िात्रा (िीबीिी) और िसस्तष्क रक्त प्रिाह (िीबीएफ) िे 

प्रारिंसभक ग्रेसडिंग और  ्यिूर उप-िगि सिभा ि  ैिे िैदासिक अि प्रयोगों िें व्यापक ििता सदखाई ह।ै हािािंसक, बीबीबी  ू िे के िाथ  ्यिूर के ऊतकों िें 

किं ट्रास्  ए ें  के ररिाि के कारण इि िापदिंडों का अि िाि गित ह।ै िीई ऊतकों िें, बीबीबी ररिाि के कारण िीबीिी और िीबीएफ िें ररिाि योगदाि 

की एक िहत्िपणूि िात्रा शासिि ह।ै हािािंसक, गैर-बढािे िािे और स्िस्थ ऊतक िेत्रों िें, ररिाि प्रोफाइि का योगदाि एफपी के बाद िास्क िचर 

(एआईएफ) िें ऊिं चा सस्थर-राज्य सिपरीत ए ें  (िीए) एकाग्रता और प्रिार प्रभाि (श र गसत प्रभाि)  ैिे कई कारकों के कारण होता ह।ै हाि ही िें, 

डीिीई-एिआरआई िे िीके  ि धारे गए िीबीिी और िीबीएफ (इि ेिी ीयएूि िें िीपी और एफपी के रूप िें गढा गया ह)ै की एक िाथ गणिा के सिए 

िी ीयएूि का प्रस्ताि सकया गया ह।ै इि िॉडि को 4 सिि  िे कि डे ा ििंबाई िािे डीिीई-एिआरआई डे ा के सिए प्रस्तासित और िलू्यािंकि सकया 

गया था। इिसिए, अध्याय -5 िें, िीबीिी और िीबीएफ (प्रथि-पाि ि)े दोिों के सिए ररिाि ि धार के सिए एक सिसध िाग ूकी गई थी, और इिकी 

त ििा िी ीयएूि और पीएि िापदिंडों के िाथ की गई थी। इिके अिािा, सलियोिा ग्रेसडिंग के सिए आिेदि पर िीके  ि धारे गए िीबीिी और िीबीएफ 

की प्रभािकाररता का िलू्यािंकि सकया गया था। प्रथि-पाि सिशे्लषण और िी ीयएूि का उपयोग करके गणिा सकए गए हिेोडायिासिक िािसचत्रों की 

त ििा िें, िीबीिी और िीबीएफ (िीक ि धार के िाथ और सबिा) दोिों िक्श ेिीपी और एफपी िािसचत्रों की त ििा िें सचकिे थे। भिे ही दोिों सिसधयों 

का उपयोग करके रक्त प्रिाह और रक्त की िात्रा की पणूि िात्रा का ठहराि ििंभि हो, िेसकि ररिाि ि धार ि ेितििाि अध्ययि िें प्रस्त त आिंकडों के सिए 

सलियोिा ग्रेसडिंग िें ि धार िहीं सकया। 
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 इि थीसिि िें प्रस्त त शोध कायि को सलियोिा के िात्रात्िक डीिीई-एिआरआई सिशे्लषण के सिए पोस् -प्रोिेसििंग  ूि िें बदि सदया गया ह।ै 

िेखक का िाििा ह ैसक इि थीसिि िें प्रस्त त तरीके और पोस् -प्रोिेसििंग  ूि सचसकत्िकों को सलियोिा के सिदाि और उपचार यो िा िें ि धार करिे िें 

िदद कर िकते हैं और िािान्य रूप िे सलियोिा और िािि  ासत ि ेपीसडत रोसगयों को भी िाभासन्ित करेंगे। 
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astrocytoma acquired using protocol-2. (a)-(b): FLAIR and post-contrast T1-W (c) CBV 

map, (d) CBF map, (e)Ktrans map (min-1), (f) ve map, and (g) the concentration-time curve 

corresponding to the tumor ROI shown in (b). 
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Figure 2.11: Simulation results of CSENSE acquisition at R = 1 (without any scan 

acceleration) and R = 4 of a 61 years old male patient diagnosed with Glioblastoma 
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acquired using protocol-1. Figure shows mean concentration-time curves corresponding 

to (a) contralesional gray matter and (b) white matter area, (c) tumor area computed at R 

= 1 and 4. Residual curve represents the difference between C(t) obtained at R = 1 and 

R = 4. (d) shows T2-W image of the representative slice, (e) segmented GM and WM 

area (f)-(i) Ktrans, ve, CBV and CBF computed from R = 1, (j)-(m) Ktrans, ve, CBV and 

CBF computed from R = 4. 

Figure-2.12: (a) Post-contrast T1-weighted (W) image of a 61-year-old male patient 

diagnosed with Glioblastoma acquired using protocol-1. (b) Post-contrast T1-W image 

of a 54-year-old male patient diagnosed with Glioblastoma acquired using protocol-2. 

(c) Mean concentration-time curve computed at the contralateral gray matter ROI shown 

in 4(a). (d) Mean concentration-time curve computed at the contralateral gray matter 

ROI shown in 4(b). Red regions on (c) and (d) indicate the reduced variations in mean 

concentration-curve computed from DCE-MRI data acquired using protocol-2 
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Figure-2.13: ROC analysis to differentiate between low-grade and high-grade glioma. 

(a) ROC plots of different individual pharmacokinetic parameters for protocol-1. (b) 

ROC plots combining hemodynamic parameters, tracer kinetic parameters, and all 

pharmacokinetic parameters using protocol-1 (c) ROC plots of different individual 

pharmacokinetic parameters for protocol-2. (d) ROC plots combining hemodynamic 

parameters, tracer kinetic parameters, and all pharmacokinetic parameters using 

protocol-2 (combined_hemo corresponds to the ROC of combined information from 

CBF and CBV, combined_TK corresponds to the ROC of combined information from 

Ktrans and ve and combined_all corresponds to the ROC of combining all 4 parameters) 
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Figure-3.1: Shows the finally selected AIF candidates before averaging using approach-

1 and (b) using approach-2. Plots in (c) show C(t) curves which were discarded using 

approach-2. 

102 

Figure-3.2: Show the mean AIFs computed across multiple slices of an HGG subject. 

(a) Mean AIFs computed using approach-1, (b) Mean AIFs computed using approach-2. 

AIFs computed from approach-2 exhibited less partial volume effect and were smoother 

compared to AIF computed using approach-1.  
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Figure-3.3: Ktrans, ve, and vp maps generated using mean AIFs computed using approach-

1 (a-e) and approach-2 (f-j) 
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Figure-3.4: Show (a) representative FLAIR image of a 70-year-old male patient 

histologically confirmed with GBM (ROI shows contrast-enhancing (CE) tumor region), 

(b) segmented contralateral gray matter (green color) and white matter (pink color) 

regions, (c) coefficient-of-determination (R2) map quantifying the accuracy of GTKM 

fitting (highlighted area contains CE tumor (black boundary) and non-enhancing tumor 

(NET) regions (white boundary). Maps of tracer-kinetic-parameters (Ktrans, ve and vp) are 

shown by (d), (e) and (f), respectively vp maps.  
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Figure-3.5: Mean gray matter C(t) (GM-C(t)) and white matter C(t) (WM-C(t)) curves 

of a representative subject and their model fitting curves ((a) GTKM and (b) PM) 
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Figure-3.6: vp, Ktrans and R2 maps of a tumor containing slice computed using (a-c) PM 

and (d-f) GTKM 
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Figure-3.7: Results of simulation study to analyze the noise sensitivity of tracer-kinetic-

parameters (Ktrans, ve and vp) in different brain tissue regions at different data lengths (2 

107 



xxxiii 
 

minute to 6 minute). The bar graph shows CoV of Ktrans, ve, and vp under 5% noise 

(Gaussian) in CE, GM, and WM 

Figure-3.8: (a-e) shows 5 different slices of a patient with segmented arterial voxels 

(segmented voxels are represented in red), (f-j) mean AIF computed from respective 

slices.  

110 

Figure-3.9: (a) Error-bar of arterial input functions (AIFs) and (c) gray matter C(t) (GM-

C(t)) estimated across the cohort. (b) and (d) show bar graphs that demonstrate the CoV 

of AUC, peak-value, and FWHM of AIF and GM-C(t), respectively.  

111 

Figure-3.10:  Column-1 shows T2-W images of a 40-year-old female patient, with 

histologically confirmed Glioblastoma, acquired at pre-surgery (a) and post-surgery(21 

(e), 56 (i) days) respectively. Column-2 (b, f, j) show Ktrans maps, Column-3 (c,g,h) show 

ve maps, Column-4 (d,h,l) show vp maps computed at respective follow-ups. (m) Shows 

the subject-specific AIFs computed from all 3 acquisitions. 
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Figure-3.11: Results of the simulation study show the variation of tracer-kinetic-

parameters (Ktrans, ve and vp) to relative change in the amplitude of AIF (amplitude of 

AIF was varied from -30% to 30% relative to true AIF). (a) shows different AIFs, (b)-

(e) show relative percentage error (RPE) of Ktrans, ve and vp before and after 

normalization. (Abbreviations NAGM and NAWM corresponds to normal appearing 

gray matter and normal appearing white matter) 
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Figure-3.12: Ktrans maps of 4 different subjects before and after normalizations. 

(Abbreviations: NAGM and NAWM represent normalizations with respect to normal 

appearing gray matter and normal appearing white matter, respectively).  
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Figure-3.13: Bar graphs of co-efficient-of-variation (CoV) in contrast-enhancing (CE) 

tumor before and after normalizations of tracer-kinetic-parameters (Ktrans, ve, vp) in HGG 

patients.  
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Figure-3.14: Box-Whisker plots to differentiate low-grade glioma (LGG (red box)) and 

high-grade glioma (HGG (black box)) of tracer-kinetic-parameters (Ktrans, ve and vp) 

before and after normalization. p values shown above each Box-Whisker plots represent 

the level of significance of values between 2 classes obtained using the Student’s t-test. 

(Abbreviations: NAGM and NAWM represent normalizations with respect to normal 

appearing gray matter and normal appearing white matter, respectively)  

118 

Figure-4.1: Compartmentalization of PM (red box) and GTKM (black box). HTCM is 

the combination of these 2 models depending on the contrast uptake in respective tissues 

130 

Figure-4.2: Flow chart of HTCM. In contrast enhancing regions (CE), GTKM (full 

length (FL)) is fitted to C(t) by fixing vp computed from the first pass (FP) using PM. In 

non-enhancing regions, it utilizes PM in the FP.  

113 

Figure-4.3: A representative tumor containing slice (FLAIR image), mean curves 

computed from gray matter (GM-C(t)), white matter (WM-C(t)), and contrast enhancing 

(CE-C(t)) regions fitted to GTKM and PM in FL (a-c) and FP (g-i) data. Overlaid brown, 

green and blue regions are GM, WM, and CE respectively.  

138 

Figure-4.4: Bar diagrams show the results of Monte-Carlo simulation for noise 

sensitivity of PM (FP), GTKM (FL), and HTCM (FL) parameters in CE, GM, and WM.  

139 

Figure-4.5 Bar diagram showing the Ktrans and vp computed across the cohort using 

GTKM (FL) and PM (FP) in gray matter (GM) and white matter (WM) tissues. 
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Figure-4.6: (a) Representative tumor containing FLAIR image of a patient histologically 

confirmed with GBM. (b-c) ve map computed using GTKM and HTCM, (d-f) Ktrans 

maps, (g-i) vp maps, and (j-l) R2 maps computed using PM, GTKM, and HTCM 

respectively 
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Figure-4.7: Bar diagrams (a) mean R2 computed at gray matter (GM), white matter 

(WM), and contrast enhancing (CE) regions using GTKM and HTCM, (b) time for 

model computation for GTKM and HTCM. (TS represents the tissue specific initial 

guess approach) 
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Figure-4.8: Histogram of ve (from CE region) computed using GTKM (with global 

initial guess and tissue specific (TS) initial guess). 
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Figure-4.9: Scatter plot showing the correlation of (a) vp, (b) Ktrans and (c) ve computed 

using HTCM and GTKM (CC = correlation coefficient and Y denotes the straight line 

fitting the data) 
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Figure-4.10: Box-whisker plot for the quantitative comparison of vp, Ktrans and ve values 

computed from GTKM and HTCM in contrast enhancing regions.  
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Figure-5.1: Flow chart representing the leakage correction of CBV and CBF derived 

from first-pass (FP) analysis. CIPS(t) represents C(t) corresponding to IPS compartment, 

and  CPM(t) represents the PM fit to the FP C(t) of the tissue 

158 

Figure-5.2: Shows FLAIR image (a) and various parameter maps computed using FP 

analysis, CTUM and PM (b-j).  ((b) CBV (mL/100g), (c) CBV_Corr (mL/100g), (d) vp 

(PM), (e) vp (CTUM), (f) CBF (mL/100g/min), (g) CBF_Corr (mL/100g/min), (h) 

Fp(min-1), (i) λtrans (min-1) and (j) Ktrans(min-1) 
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Figure-5.3: Error-bars represents the mean C(t) curves (with SD) computed from (a) 

CE, (b) GM and (c) WM regions along with the leakage profile (CLS(t)) and plasma 

profile (CIPS(t)).  

163 

Figure-5.4: Results of Monte-Carlo simulations at 5% noise level. Plot represents co-

efficient of variation (CoV) of (a) CBF, CBF_Corr, Fp, (b) CBV, CBV_Corr, vp,(c)  λtrans 

and Ktrans in CE, GM and WM regions under the noise conditions for multiple iterations 

(500)  
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Figure-5.5: Box-Whisker plots of mean (a) CBF and CBF_Corr, (b) Fp, (c) CBV and 

CBV_Corr, (d) vp (PM) values computed across the cohort from GM and WM area 
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Figure-5.6: Results of ROC analysis for the differentiation of glioma grades using (a) 

rCBF, rCBF_Corr and rFp, (b) rCBV, rCBV_Corr and rvp (PM), and (c) logistic 

regression based combination of normalized Fp and Ktrans, and normalized CBF_Corr and 

λtrans 
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Figure-6.1: GUI of the developed DCE-MRI tool 182 

Figure-6.2: GUI with data input options 183 

Figure-6.3: Selection of AIF candidates for the compartmental model fitting 184 

Figure-6.4: Final message box after saving the results  
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