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Detecting pseudo versus true progression of glioblastoma via
accurate quantitative DCE-MRI using point-of-care portable
perfusion phantoms: a pilot study
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Background: Currently, no definitive method reliably differentiates pseudoprogression from true
progression. Misclassification can either halt effective therapy or prolong ineffective treatment. We
hypothesized that the diagnostic accuracy could be improved using quantitative dynamic contrast-enhanced
magnetic resonance imaging (DCE-MRI) after error correction via point-of-care portable perfusion
phantoms (P4s). This study aimed to develop a P4 for quantitative DCE-MRI of the brain and enhance
accuracy in distinguishing between pseudo and true glioblastoma progression.

Methods: Tiwelve patients with potential glioblastoma progression after adjuvant chemoradiation therapy
were recruited. Each subject underwent two DCE-MRI exams within a week using a single 3T MRI scanner.
Quantitative DCE-MRI parameters were retrieved based on the extended Tofts model (ETM), Tofts model
(TM), and shutter speed model (SSM) before and after P4-based error correction. The consistency of the
pharmacokinetic (PK) parameter measurements was evaluated based on the within-subject coefficient of
variation (wCV) before and after P4-based error correction. Glioblastoma progression status was determined
using the Response Assessment in Neuro-Oncology (RANO) criteria about five months after DCE-MRI
exams.

Results: Among the participants, five had true progression, and seven had pseudoprogression. The wCVs
of the K" measurement based on TM, ETM, and SSM were 22%, 22%, and 24%, respectively, before
error correction but improved to 7%, 6%, and 8%, respectively, after correction. Similarly, their accuracies
in differentiating between pseudo and true progression were 0.88 regardless of the PK models before error
correction. However, those after error correction were improved to 100% in TM (or ETM) and 96% in
SSM.

Conclusions: Following P4-based error correction, a quantitative DCE-MRI parameter, K",

demonstrated 100% accuracy in discriminating between pseudo and true progression when TM or ETM
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Introduction

Glioblastoma remains the primary malignant brain tumor
in adults, necessitating a treatment regimen involving
surgical tumor resection along with chemoradiation
therapy (1,2). Despite these measures, patient prognosis
remains bleak, with a median survival period of only
15 months (3). A significant obstacle in managing
glioblastoma is accurately distinguishing between pseudo
and true progression, which complicates timely therapeutic
interventions (4). Pseudoprogression arises from localized
inflammation triggered by irradiation and worsened by
concurrent chemotherapy, causing a transient increase in
the blood-brain barrier permeability (5). It is challenging to
distinguish pseudoprogression from true progression using
contrast-enhanced brain magnetic resonance imaging (MRI)
because both often exhibit increased contrast enhancement (6).

Currently, no definitive methods exist to differentiate
between these appearances reliably. It is widely recognized
that pseudoprogression is often associated with more
favorable clinical outcomes (7). Therefore, misidentifying
pseudoprogression as true progression can prematurely halt
effective therapy (8), while mistaking true progression for
pseudoprogression may lead to the inadvertent continuation
of ineffective treatment and unnecessary adverse effects (9).

Dynamic contrast-enhanced magnetic resonance imaging
(DCE-MRI) holds promise in distinguishing between
pseudo and true progression in glioblastoma (10). True
progression typically displays higher perfusion levels than
pseudoprogression (11). The ability of DCE-MRI to assess
blood perfusion with minimal susceptibility artifacts (12)
helps ameliorate interpretative challenges associated with
post-surgical changes and highlights its potential in refining
glioblastoma diagnostics (13).

However, concerns persist regarding the intra/inter-
scanner variability of quantitative DCE-MRI measurements
due to the variations in hardware configurations, post-
image-processing schemes, reconstruction algorithms, and
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pulse sequences (14). One possible approach entails utilizing
an external phantom with a predetermined contrast-agent
concentration to identify and compensate for variations.
To tackle the challenges associated with quantitative
DCE-MRI, an initial proposal suggested a static phantom
consisting of multiple objects with different contrast-
agent concentrations (15). However, a static phantom is
suboptimal because it cannot mimic living tissues, where the
in vivo movement of the contrast agent leads to additional
MRI signal reduction (16). A portable perfusion phantom
(P4) designed to mimic human tissue contrast concentration
dynamics emerged as a superior reference for quantitative
DCE-MRI (16-19). However, the original P4 design was
unsuitable for brain scans due to its excessive size.

In this study, we developed a new P4 designed to fit
inside a conventional brain coil during human subject scans.
We hypothesized that employing quantitative DCE-MRI
analysis with this phantom could reduce the measurement
variability in quantitative DCE-MRI and subsequently
improve the accuracy in differentiating between pseudo and
true glioblastoma progression regardless of pharmacokinetic
(PK) models. This manuscript presents the results of
validating the hypothesis through a pilot clinical study
conducted at a single center. We present this article in
accordance with the CLEAR reporting checklist (available
at https://qims.amegroups.com/article/view/10.21037/
qims-2024-2566/rc).

Methods

This study received approval from the institutional review
board of the University of Alabama at Birmingham (No.
300006446) and was conducted in accordance with the
Declaration of Helsinki and its subsequent amendments,
and the International Conference on Harmonization Good
Clinical Practice guidelines. All participants provided informed
consent to undergo imaging with the P4 during DCE-MRI.
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Table 1 Clinical data of twelve participants
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Time from Adjuvant chemoradiation Follow-u MGMT  Ade
Response Patients resection to P IDH status 9 Sex Race BW (kg)
DCE-MR| Radiation Chemotherapy therapy status  (years)
TP 1 6 months 60 Gy Temozolomide Temozolomide WT M 48 Male  White 85
(75 mg/m?) (150 mg/m?)
2 10 months 60 Gy Phase | trial:  Pembrolizumab WT UM 41  Female White 68
BAL101553 (200 mg)
3 15 months 60 Gy Temozolomide None WT UM 68 Male  White 64
(75 mg/m?)
4 7 months 40 Gy  Temozolomide Bevacizumab WT UM 76 Male  White 94
(75 mg/m?) (10 mg/kg)
5 24 months 60 Gy  Temozolomide Trametinib WT UM 64 Male  White 93
(75 mg/m?) (1.5 mg)
PP 6 15 months 60 Gy Temozolomide None WT UM 61 Male  White 95
(75 mg/m?)
7 5 months 60 Gy  Temozolomide Temozolomide WT M 58 Male  White 83
(75 mg/m?) (150 mg/m?)
8 15 months 60 Gy  Temozolomide Temozolomide IDH1 R132H M 42 Male  White 85
(75 mg/m?) (200 mg/m?) mutant
9 18 months 60 Gy  Temozolomide Temozolomide WT M 74 Male  White 86
(75 mg/m?) (200 mg/m?)
10 6 months 60 Gy  Temozolomide Temozolomide WT M 69 Male  White 75
(75 mg/m?) (200 mg/m?)
11 6 months 60 Gy  Temozolomide Temozolomide WT M 60 Male  White 98
(75 mg/m?) (200 mg/m?)
12 10 months 60 Gy  Temozolomide Temozolomide WT M 63 Male Hispanic 77

(75 mg/m?)

(200 mg/m?)

Clinical data of twelve participants with TP or PP when the therapy response was determined according to the RANO criteria about
five months after DCE-MRI. BW, body weight; DCE-MRI, dynamic contrast-enhanced magnetic resonance imaging; IDH, isocitrate
dehydrogenase; MGMT, Oﬁ—methylguanine—DNA—methyItransferase; M, methylated; UM, unmethylated; PP, pseudoprogression; RANO,
Response Assessment in Neuro-Oncology; TP, true progression; WT, wild type.

Patients

Prior to enrollment, all patients provided informed consent
and were thoroughly informed about the investigational
nature of the study. Compliance with Health Insurance
Portability and Accountability Act (HIPAA) regulations
was strictly upheld. This study followed the WHO 2016
classification of glioblastoma, encompassing both isocitrate
dehydrogenase (IDH) wild-type and mutant variants.
From March 28, 2022 to July 12, 2023, we prospectively
recruited twelve patients from the University of Alabama
at Birmingham who had contrast enhancement in a

follow-up MRI scan, suspicious as the recurrence of
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glioblastoma, after adjuvant chemoradiation therapy. All
patients received radiation therapy (40-60 Gy) concurrently
with chemotherapy [temozolomide or an investigational
drug, BAL101553 (20)], followed by chemotherapy
(temozolomide; n=7), immunotherapy [pembrolizumab (21);
n=1], kinase inhibitor [trametinib (22); n=1], or anti-
angiogenic agent [bevacizumab (23); n=1]. Two patients did
not undergo follow-up treatment before our DCE-MRI
exams due to toxicity. Patients were excluded from recruitment
if they had safety contraindications for MRI, as identified
through standard clinical screening, or if they were undergoing
hemodialysis or had acute or chronic renal failure. The
clinical characteristics of the 12 participants are summarized
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Figure 1 Point-of-care portable perfusion phantom (P4) for brain MRI. (A) A photograph and a 3D exploded view of the P4. A penny is
included for scale reference. The P4 consists of two chambers, a top and a bottom, separated by a semi-permeable membrane. Deionized
water fills the phantom initially, which will later be displaced by the MRI contrast agent introduced through the inlet. Water is transferred
to the waste chamber as the contrast agent enters the top chamber. Subsequently, the MRI contrast agent diffuses through the membrane
from the top chamber into the bottom chamber. (B) A photograph and a 3D exploded view of the phantom cassette designed to hold two
phantoms. Sorbothane material is employed to minimize vibrations from the scanner. (C) The cassette’s top and bottom perspectives on a
brain coil. A bubble level ensures the phantoms are parallel to the ground. Additionally, to prevent leakage, the phantoms are wrapped in
water-resistant paper as a precaution. (D) Illustration and (E) T1-weighted image of the phantom placed with a patient inside a brain coil.

3D, 3-dimensional; MRI, magnetic resonance imaging.

in Table 1. One patient was an IDHI R132H mutant, while
the others were IDH wild type. Ten subjects were white
males, one subject was a Hispanic male, and one patient was
a white female (median age 62 years; age range 41-76 years).
The O°-methylguanine-DNA-methyltransferase (MGMT)

status of each tumor was included (M: methylated,

progression was determined according to the Response
Assessment in Neuro-Oncology (RANO) criteria about 5
months after DCE-MRI exams.

Perfusion phantom

UM: unmethylated). The boundaries of pseudo or true
progression on the fat-suppressed T'1-weighted MRI after
contrast agent (gadoteridol) injection were determined by
a neuroradiologist with more than 10 years of professional
experience. Two DCE-MRI scans were conducted within
1 week. The interquartile range for the time between tumor
resection and the first DCE-MRI scan was 6 to 15 months,
with a median of 10 months. Pseudo or true glioblastoma

© AME Publishing Company.

Figure 1A presents a photograph and an exploded
computer-aided design (CAD) view of the point-of-care
P4 specifically designed for brain DCE-MRI. The P4
was designed using CAD software, SolidWorks (Dassault
Systémes American Corp., Waltham, MA, USA), and 3D
printed with VeroClear material on a Stratasys Objet30 Pro
(Eden Prairie, MN, USA). It consists of top and bottom
chambers separated by a semi-permeable membrane
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with a pore size of 12-14 kD (SpectrumLabs, Rancho
Dominguez, CA, USA). Prior to use, both chambers
were filled with degassed and deionized water. At 30
seconds after the start of DCE-MRI, a contrast agent
(gadoteridol; 50 mM) was infused into the top chamber
(1 mm x 10 mm x 75 mm in height, width, and length) at
a constant rate of 0.16 mL/s (total volume: 1.3 mL) using
a syringe pump (NE-1600, New Era Pump Systems, Inc.,
Farmingdale, NY, USA), displacing the water within the
top chamber. The displaced water moves into the waste
chamber, while the contrast agent gradually diffuses from
the top chamber into the bottom chamber, which measures
7.5 mm x 10 mm x 75 mm in height, width, and length,
respectively. Independent measurements conducted using
liquid chromatography with tandem mass spectrometry
(LC-MS) verified a linear increase in contrast concentration
within the bottom chamber over 10 minutes at a rate of
0.11 mM per minute. Figure 1B showcases a photograph and
an exploded CAD view of the phantom cassette capable of
accommodating two P4s. Sorbothane material is employed
to mitigate vibrations transmitted from the scanner.
Figure 1C illustrates the cassette positioned beneath the
brain coil using a hanger, with a bubble level ensuring
parallel alignment with the ground. Each P4 is wrapped
in water-resistant paper to prevent potential leakage. The
inclusion of multiple phantom components improves the
signal-to-noise ratio and aids in identifying any functional
errors that may occur. Figure 1D illustrates the schematic
placement of a P4 above a patient, and Figure 1E shows the
T1-weighted image of a human subject with a P4.

Clinical MRI protocol

This study utilized a single 3T MRI scanner (GE Signa)
equipped with a dual-channel transmit RF coil. Prior to
imaging, B0/B1 shimming was conducted, followed by Bl
mapping using the manufacturer’s software (24). DCE-
MRI was performed using a 3D fast spoiled gradient echo
(SPGE) sequence. Preceding DCE-MRI, conventional
MRI examinations, including 3D T1-weighted (T1W)
imaging and T2-weighted (T2W) fluid-attenuated
inversion recovery (FLAIR) imaging, were conducted. For
T1 mapping, T1W images with varying flip angles (2°, 15°,
and 30°) were acquired (25). The imaging parameters for
DCE-MRI were as follows: field of view (FOV) =260 mm
x 260 mm, phase/frequency encoding =154/192, number
of slices =12, matrix size =256x256, slice thickness/gap
=5/0 mm, flip angle =30°, repetition time (TR)/echo time
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(TE) =6.1/2.1 ms, number of excitations =1, SENSE
factor =2, and temporal resolution =4.82 s. Gadoteridol
(0.1 mmol/kg) was injected intravenously into each subject
30 seconds after the start of DCE-MRI, followed by a
saline injection (20 mL) at a constant rate of 2 mL/s,
using Medrad Spectris Solaris EP injector (Bayer USA,
Whippany, NJ, USA). DCE-MRI acquisition lasted for

9 minutes.

Image processing

Image processing was conducted through a series of eight
sequential procedures. Initially, DCE-MRI images were co-
registered using the expiration-phase B-spline method (26).
Subsequently, the assessment of local flip-angle (FA)
variation was executed via Bl mapping (24). Following
this, T1 maps were derived utilizing the various flip angle
(VFA) technique (25). Contrast maps were then generated
employing the method proposed by Bokacheva er al. (27).
Throughout the processes of T'1 and contrast mapping,
adjustments were made for FA variation across the FOV
using B1 maps. A lookup table was created to correlate the
reference contrast enhancement curve (CEC) obtained
through LC-MS with the curves measured via MRI. The
population-based arterial input function (AIF) (28) was
utilized to deduce the plasma input function [PIF = AIF/(1
- HCT)], with HCT representing the hematocrit measured
prior to the DCE-MRI examination. Corrections were
applied to the contrast maps using the aforementioned
lookup table. A non-linear curve, m=0(1-exp(-pr)), was
created to best fit the look-up table. In this equation,
m represents the contrast agent concentration measured
via MRI, 7 is the contrast concentration determined using
the LC-MS method, and o and B are constants specific to
each look-up table. These constants are determined during
the fitting process. Using this curve, the contrast agent
concentration corrected for MRI scanner-dependent errors
was calculated using the equation, r=-(1/B)in(1-(m/a))
[refer to Appendix B of a prior manuscript for detailed
elucidation (16)]. Finally, a total of eleven PK maps were
extracted using the Tofts model (TM) (K", k,,, and v,) (29),
extended Tofts model (ETM) (K™, k,, v,, and v,) (30),
and shutter speed model (SSM) (K™, k,, v,, and 1) (31),
where t; is mean intracellular water lifetime, v, is fractional
plasma volume, v, is extravascular extracellular space, &,,
is flux rate constant, and K™ is volume transfer constant.
Due to the extended time required for calculating SSM
PK maps compared to TM and ETM, SSM PK maps were
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Figure 2 DCE-MRI of a patient with P4 phantoms. (A) T1-weighted image before, 3, and 8 minutes after contrast agent injection. (B)

Contrast enhancement in two phantoms together with the mean value, where CAC and ICC stand for contrast-agent concentration and

intra-class correlation coefficient, respectively. CAC, contrast agent concentration; DCE-MRI, dynamic contrast-enhanced magnetic

resonance imaging; ICC, intra-class correlation coefficient.

exclusively obtained near the region of interest (ROI).
Within the ROI, the values of each PK parameter were
averaged, and the k,, was computed using the equation
k,=K""/v.. The image processing procedures were
carried out using a custom software package developed in
LabVIEW v17.0, with the sub-function for SSM-based PK
mapping programmed in MATLAB v2020a (Mathworks,
Natick, MA, USA). Validation of T'1 mapping and TM/
ETM-based PK mapping was performed using digital
reference objects (DROs) created by Dr. Barboriak’s group
(Duke University, Durham, NC, USA) and the Quantitative
Imaging Biomarker Alliance. The SSM-based PK mapping
was validated using the DROs developed by Dr. Yankeelov’s
group (University of Texas, Austin, TX, USA).

Statistical analysis

The data consistency of the P4 CEC was assessed using the
intra-class correlation coefficient (ICC). The within-subject
coefficient of variation (wCV) was calculated to evaluate
the consistency of the PK parameter measurements before
and after P4-based error correction. Two measurements
from each patient were treated as individual data points to
demonstrate the classification inaccuracy caused by intra-
scanner variability. The sensitivity, specificity, and accuracy
of each PK parameter in distinguishing between pseudo
and true progression were determined through receiver-
operation characteristic curve analysis (32), with the optimal
thresholds identified based on the Youden index (33). A one-
way ANOVA was conducted to compare PK parameters in
glioblastoma with pseudo and true progression. A P value
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less than 0.05 was regarded as statistically significant. All
statistical analyses were conducted using SAS, version 9.4

(SAS Institute Inc., Cary, NC, USA).

Results

Figure 24 exhibits DCE-MRI images of a representative
subject with recurrent glioblastoma alongside two P4s
(P1 and P2) before (baseline) and at 3 and 8 minutes after
contrast injection, presented in an arbitrary scale. Figure 2B
displays the CECs in millimoles per liter (mM) of the two
P4s depicted in Figure 24, along with their mean. The ICC
represents the concordance of the two CECs.

Employing P4-based error correction yielded
enhancements in the repeatability of K™ measurements.
Table 2 summarizes the wCV for each PK parameter before
and after P4-based error correction. The wCV of K™
measurement displayed approximately 20% variability
across PK models before error correction, which was
markedly reduced by approximately threefold post-P4-based
error correction. Notably, the wCV of k,, measurement
exhibited the lowest variability among all PK parameters
pre-correction and experienced minimal alteration post-
correction. Conversely, the wCV of v, measurement
demonstrated the highest variability, attributed presumably
to low signal-to-noise ratio, consistent with previous
literature (17), and remained unaffected by P4-based error
correction. The wCV of 1; was modestly reduced following
error correction.

P4-based error correction improved accuracy in
distinguishing between pseudo and true glioblastoma
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Table 2 Repeatability of pharmacokinetic parameter measurement
P4-based error . ETM ™ SSM
correction Repeatablllty trans trans trans
Ve Kep A K Ve Kep K Ve Kep T
After correction wCV 7% 12% 10% 104% 6% 16% 15% 8% 17% 17% 58%
Before correction wCV 22% 20% 11% 97% 22% 20% 16% 24% 16% 17% 67%

Repeatability is assessed by the wCV of each pharmacokinetic parameter, such as K™*, v,, Keps Vp, @and 7, when ETM, TM, and SSM were
employed. k., flux rate constant; K™™, volume transfer constant; v,, extravascular extracellular space; v,, fractional vascular space; z,
mean intracellular water lifetime. ETM, extended Tofts model; SSM, shutter speed model; TM, Tofts model; wCV, within-subject coefficient

of variation.
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Figure 3 Representative MRI images of pseudo and true glioblastoma progression. (A,B) T2-weighted FLAIR, T1-weighted SPGE before

contrast agent injection, T1-weighted FS SPGE MRI images about 9 minutes after contrast agent injection, and ADC map together with

ETM based K™ and v, maps and SSM based t; map of two representative patients with (A) true and (B) pseudoprogression. K", volume

transfer constant; v,, extravascular extracellular space; 7, mean intracellular water lifetime. ADC, apparent diffusion coefficient; ETM,

extended Tofts model; FLAIR, fluid-attenuated inversion recovery; FS, fat-suppressed; MRI, magnetic resonance imaging; SPGE, spoiled

gradient echo; SSM, shutter speed model.

progression. Among the participants, five exhibited true
progression, while seven displayed pseudoprogression.
Figure 3 presents conventional MR images alongside
ETM-based K™ and v, maps, as well as SSM-based T,
maps of two representative patients with pseudo and true
progression, respectively, after P4-based error correction.
All participants’” K" and 1, maps before and after P4-
based error correction are in Figures S1-S8. Figure 4
presents box plots illustrating all eleven PK parameters of
pseudo and true progression, with corresponding accuracy
in differentiation for each PK parameter. Notably, TM
or ETM-based K" and SSM-based 1, demonstrated
100% accuracy after P4-based error correction. Tuble 3
summarizes the sensitivity, specificity, and accuracy of each
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PK parameter in discerning pseudo and true progression,
with optimal thresholds established based on the Youden
index (33).

Discussion

We demonstrated that the P4 can be effectively employed
within a brain coil during human subject studies to
minimize scanner-dependent errors in quantitative DCE-
MRI measurements. This led to enhanced accuracy in
distinguishing between pseudo and true glioblastoma
progression and holds significant clinical benefits, as
clinicians can make more informed decisions regarding
treatment strategies. The earlier diagnosis of true
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Figure 4 K", v,, k,, and 7, of pseudo and true glioblastoma progression. (A,E) K", (B,F) v, (C,G) k,, and (D,H) 7; of TP and PP of
glioblastoma before or after P4-based error correction based on ETM, TM, and SSM. The Acc for distinguishing between TP and PP,
along with the P value indicating statistical significance, is displayed in each sub-figure. k,,, flux rate constant; K™, volume transfer constant;
v,, extravascular extracellular space; 7, mean intracellular water lifetime. Acc, accuracy; ETM, extended Tofts model; PP, pseudoprogression;

SSM, shutter speed model; TM, Tofts model; TP, true progression.

Table 3 Prognostic accuracy of pharmacokinetic parameters

P4-based ETM ™ SSM

Performance
eror metrics rans rans rans
correction K’ Ve kep v, K Ve Kep K Ve Kep T
After Threshold 0.018 0.168 0.115 <0.0001 0.018 0.200 0.087 0.013 0.189 0.077 0.156
correction

Sensitivity ~ 100%  80%  100%  100%  100%  70%  100%  100% 100% 100%  100%
Specificity ~ 100%  57%  79% 7%  100%  43%  71%  93%  64%  79%  100%
Accuracy  100%  67%  88%  46%  100%  66%  79%  96%  71%  88%  100%
Before Threshold ~ 0.031  0.258 0133 <0.0001 0028 0315 0115 0025 0289 0.098  0.081
corection oo nsitivity  100%  80%  100% 100%  100%  60%  90%  100%  70%  100%  80%
Specificity ~ 79%  36%  86%  29%  79%  50%  86%  79%  79%  79%  100%

Accuracy 88% 54% 92% 58% 88% 54% 88% 88% 75% 83% 91%

The sensitivity, specificity, and accuracy of each pharmacokinetic parameter in differentiating between pseudo and true progression
before and after P4-based error correction. The pharmacokinetic parameters include K™, v,, Kep Vo, @and 7; when ETM, TM, and SSM were
employed. The optimal thresholds identified based on the Youden index are included, where the unit for K" and Kep is min™ and that for
7, is second. The v, is unitless. k., flux rate constant; K™ volume transfer constant; v, extravascular extracellular space; v, fractional
vascular space; 7, mean intracellular water lifetime. ETM, extended Tofts model; SSM, shutter speed model; TM, Tofts model.
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progression would be helpful by allowing patients to be
treated when the tumor burden is smaller and patients are
healthier and better at tolerating experimental treatments.
We enrolled patients, irrespective of the specific follow-
up therapy employed, but further investigation would
be required to evaluate the changes in PK parameters
associated with each therapeutic mechanism in an expanded
patient cohort. In addition, on average, about one-third
of glioblastoma patients exhibit pseudoprogression, while
two-thirds show true progression (34). However, the
patients in this study displayed approximately the opposite
pattern. Our recruitment criteria included patients who
exhibited contrast enhancement in follow-up MRI scans
and were suspected of glioblastoma recurrence. As no
recruitment bias should have been introduced, we believe
this discrepancy is likely due to the small sample size.

The accuracy of TM-based K" was 88% in
differentiating pseudo and true progression even before
error correction, surpassing the findings of Yun er 4.
by 12% (11). Moreover, our study identified an optimal
threshold value for TM-based K", approximately
0.03 min"', which was substantially lower than the threshold
reported by Yun et al. (11). This discrepancy could be
attributed to differences in methodology, specifically in
the AIF measurement. While Yun ez 4/. relied on semi-
automatic AIF measurements from intracranial tumor-
supplying arteries proximal to the tumor (11), we opted for
a population-based AIF (28). The utilization of intracranial
arteries, which are approximately 1 mm in size for AIF
measurement, may introduce partial volume effects, thereby
potentially diminishing AIF magnitude and subsequently
overestimating K™". Besides, Shalom et 4l. presented the
higher reproducibility of glioblastoma K™ quantified
using population-based AIF compared to those quantified
with measured AIF (35). This possibly explains the higher
accuracy of K" observed in our findings than that reported
by Yun ez al. (11).

The true progression showed lower 1, than the
pseudoprogression even before P4-based error correction,
suggesting T; could be a useful imaging biomarker for
differentiating pseudo and true glioblastoma progression.
The 1, is an SSM-exclusive parameter accounting for trans-
cell membrane water exchange kinetics in PK modeling
of DCE-MRI. Recent studies have demonstrated that T,
is an imaging biomarker for cellular metabolic activity,
exhibiting an inverse relationship with the Na™K"-ATPase
(NKA) pumping. This pumping is activated by a phosphate
produced through the ATP cycle and plays a crucial role
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in maintaining the K" and Na” gradient iz vivo (36-38).
Our findings support the hypothesis that recurring
glioblastoma (i.e., true progression) consumes more ATP
than inflammation (i.e., pseudoprogression), increasing
NKA pumping and reducing t,. Tudorica et 4l. showed in
a DCE-MRI study that changes in tumor 1, provided an
accurate prediction of breast cancer response to neoadjuvant
chemotherapy after only the first cycle of chemotherapy, with
more significant increases of 1, in responding patients (39).
Chawla er al. also demonstrated that pre-treatment T; of
head and neck cancer was an independent predictor of
overall survival following chemoradiotherapy, with higher 1,
corresponding to more prolonged survival (40).

Before P4-based error correction, the wCV of &,
measurement was lower than that of K", consistent with
findings reported by Huang er al. (41,42). This is likely
because k,, is the contrast-agent intravasation rate constant,
mainly determined by the wash-out phase where the range
of contrast-agent concentration changes is relatively small.
Conversely, K™ is the contrast-agent extravasation rate
constant, predominantly characterized by the uptake phase
where the range of contrast-agent concentration changes
is more extensive, leading to a larger error in quantitating
contrast-agent concentration, particularly in a high-field
MRI scanner. The P4-based error correction mitigated
this variability, enhancing the measurement repeatability
of K™

In this study, the patient’s discomfort with the P4s remains
a concern. While all twelve participants were successfully
fitted with P4s within the brain coil, instances occurred
where the P4s inadvertently made contact with the face of
the participant. Consequently, the cushion positioned at the
base of the coil had to be removed sometimes, leading to
discomfort among the participants. The dimensions of the
P4 bottom chamber were initially 10 mm x 7.5 mm (width x
height), but this could be reduced to 4 mm x 4 mm without
inducing a partial volume effect, given the spatial image
resolution of 1 mm. Additionally, considerations were made
to place two P4s on the left and right sides of the brain coil,
allowing a human subject to see the outside of the MRI
bore via a mirror and potentially alleviate claustrophobia if
it occurs.

Conclusions

Quantitative DCE-MRI accurately differentiated pseudo
and true progression, achieving 100% accuracy with P4-
based error correction. However, multi-institutional
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validation is necessary to confirm its robustness across
diverse clinical settings. Additionally, due to variations in
brain coil designs among vendors, developing a universal
P4 hanger adaptable to different coil shapes is essential for
broader clinical implementation.
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