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Fixed T1 Value in Dynamic Contrast-Enhanced MR Imaging
for the Differentiation of True Progression from
Pseudoprogression in Glioblastoma Treated with Concurrent
Radiation Therapy and Temozolomide Chemotherapy

J.G. Nam, ““K.M. Kang, “"’S.H. Choi, "W H. Lim, "*R-E. Yoo, ““].-H. Kim, ““T. Yun, and ““C.-H. Sohn

ABSTRACT

BACKGROUND AND PURPOSE: Glioblastoma is the most common primary brain malignancy and differentiation of true progression from
pseudoprogression is clinically important. Our purpose was to compare the diagnostic performance of dynamic contrast-enhanced
pharmacokinetic parameters using the fixed T1 and measured T1 on differentiating true from pseudoprogression of glioblastoma after
chemoradiation with temozolomide.

MATERIALS AND METHODS: This retrospective study included 37 patients with histopathologically confirmed glioblastoma with new
enhancing lesions after temozolomide chemoradiation defined as true progression (n = 15) or pseudoprogression (n = 22). Dynamic
contrast-enhanced pharmacokinetic parameters, including the volume transfer constant, the rate transfer constant, the blood plasma
volume per unit volume, and the extravascular extracellular space per unit volume, were calculated by using both the fixed T1 of 1000 ms
and measured T1 by using the multiple flip-angle method. Intra- and interobserver reproducibility was assessed by using the intraclass
correlation coefficient. Dynamic contrast-enhanced pharmacokinetic parameters were compared between the 2 groups by using univar-
iate and multivariate analysis. The diagnostic performance was evaluated by receiver operating characteristic analysis and leave-one-out
cross validation.

RESULTS: The intraclass correlation coefficients of all the parameters from both TI values were fair to excellent (0.689-0.999). The
volume transfer constant and rate transfer constant from the fixed T1 were significantly higher in patients with true progression (P = .048
and .010, respectively). Multivariate analysis revealed that the rate transfer constant from the fixed Tl was the only independent variable
(OR, 1.77 X 10°) and showed substantial diagnostic power on receiver operating characteristic analysis (area under the curve, 0.752; P =
.002). The sensitivity and specificity on leave-one-out cross validation were 73.3% (11/15) and 59.1% (13/20), respectively.

CONCLUSIONS: The dynamic contrast-enhanced parameter of rate transfer constant from the fixed Tl acted as a preferable marker to
differentiate true progression from pseudoprogression.

ABBREVIATIONS: DCE = dynamic contrast-enhanced; Kep = rate transfer constant; K™ = volume transfer constant; TMZ = temozolomide; Vv, = the blood
plasma volume per unit volume of tissue; V., = the extravascular extracellular space per unit volume of tissue; AUC = area under the curve

lioblastoma is the most common primary brain malignancy,  appear in approximately 20% of patients after their first posttreat-

and concurrent chemoradiation with temozolomide (TMZ) ~ ment MR imaging.>’ This phenomenon is most conspicuous at

after surgical resection is the standardized treatment known to
exhibit the best survival for patients." For the TMZ chemoradia-
tion treatment, the well-known radiologic false progression
(so-called “pseudoprogression”) has been previously reported to
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12 weeks after chemoradiation therapy and is regarded to result
from the transient treatment-induced changes of the capillary and
cell membrane permeability, distortion of the BBB, and altera-
tions in cell metabolism.? Because TMZ is one of the few limited
treatment options for patients with glioblastoma, revised Re-
sponse Assessment in Neuro-Oncology criteria accept the radio-
logic decision of true progression only when the lesion increases
in the follow-up imaging after the completion of 6 cycles of adju-
vant chemotherapy.” However, in this clinical setting, patients
with true progression may suffer from the side effects of ineffec-
tive chemotherapy and be deprived of opportunities to pursue
alternative treatments such as bevacizumab chemotherapy.
Therefore, it is clinically important to distinguish true progres-
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Patients with pathologically confirmed
Glioblastoma between Jan 2011 and Mar 2017
with post-TMZ chemoradiation DCE MRI images (n=134)

diagnostic performance of the following
2 methods in calculating the baseline T1:
the T1 measurement when using the
multiple flip-angle method versus us-

| 86 patients were excluded
- No newly appeared
enhancing nodules (n=86)

ing the fixed T1 of 1000 ms.

MATERIALS AND METHODS

Adjuvant 6 cycle TMZ
Qr pathologic confirmatio

11 patients were excluded

- Lost to follow up (n=7)

- Patients with meningeal seeding (n=2)
- Suspicious RT induce sarcoma (n=2)

Patients

The institutional review board of Seoul
National University Hospital approved
this retrospective study, and the require-

| True progression (n=15) |

Pseudoprogression (n=22) |

FIG1. Flowchart of the inclusion and exclusion criteria of our study population.

sion from pseudoprogression after 12 weeks of chemoradiation
before the administration of adjuvant chemotherapy.

There have been continuous efforts to differentiate true
progression by using conventional MR imaging techniques with
contrast enhancement, DWI, or PWL> but achieving clinically
credible differentiation still remains challenging. Dynamic con-
trast-enhanced (DCE) MR imaging can noninvasively provide
pharmacokinetic parameters representing the microcirculation
of the tissue; these parameters include the volume transfer con-
stant (K™"), the rate transfer constant (K,p), the blood plasma
volume per unit volume of tissue (V,), and the extravascular ex-
tracellular space per unit volume of tissue (V). A few studies
reported that some parameters, such as K" and V., showed
significant differences between true progression and pseudopro-
gression'”'"; however, there has been a lack of studies that metic-
ulously explored the diagnostic performance of all DCE parame-
ters in accordance with the prebolus T1 acquisition methods.

To derive the pharmacokinetic parameters from the DCE MR
imaging, a prebolus T1 is required at the initial step to obtain a
concentration-time curve.'? Between 2 options of the precontrast
T1 value, the measured and the fixed T1, the baseline T1 measure-
ment is theoretically the more accurate method reflecting the na-
ture of the tissue. However, the fixed T1 method, less prone to
systematic errors resulting from scale factor miscalibration and
motion susceptibility, has been reported to be more reliable.'***
Among T1 measurement methods, because of the long acquisi-
tion time, standard inversion recovery is prone to systemic error
and also is less applicable in routine clinical practice. The multiple
flip-angle method is generally regarded as the clinically more ap-
plicable method compared with the inversion-recovery method
because of its reduced acquisition time and decreased motion
artifacts.">"¢

Therefore, the purpose of this study was to evaluate the value
of the pharmacokinetic parameters from DCE MR imaging in
differentiating true progression from pseudoprogression of glio-
blastoma after TMZ chemoradiation as well as to compare the
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ment for informed consent was waived.
Using a computerized search of the pa-
thology records at our institution and
reviewing the electronic medical re-
cords, we identified 134 consecutive pa-
tients pathologically diagnosed with gli-
oblastoma after either surgical resection
or biopsy between January 2011 to
March 2017 who met the following cri-
teria: 1) available baseline contrast-en-
hanced MR imaging performed within 2
days after surgery or biopsy and 2) underwent DCE MR imaging
with multiple flip-angle imaging within 2 months after TMZ
chemoradiation therapy. We excluded 86 patients who did not
show a newly manifested measurable enhanced area (larger than
10 mm bidimensionally on MR imaging) in the radiation field on
postchemoradiation MR imaging. In addition, 11 patients who
were lost to follow-up (n = 7), who had a decreased nodule size
but developed meningeal seeding during the follow-up (1 = 2), or
whose lesion was suspicious for radiation therapy—induced sar-
coma (n = 2) were excluded. Finally, 37 patients were included,
with a mean age = SD of 57.0 years = 12.8 years (Fig 1). Among
them, 5 patients were defined to have true progression (ie, the
patient’s status was not attributable to concurrent medication or
the patient’s comorbid conditions were apparent to declare pro-
gression on current treatment) according to pathologic confirma-
tion (n = 3) or obvious clinical deterioration (n = 2). The other
32 patients were classified as having either true progression (n =
10) or pseudoprogression (n = 22) radiologically according to the
Response Assessment in Neuro-Oncology criteria in consensus of
3 radiologists (J.G.N., KM.K,, and S.H.C.) with 2, 8, and 15 years
of experience, respectively. True progression was decided when
either there was new enhancement outside the radiation field or
the enhancing lesions showed an increase by =25% in the sum of
the products of the perpendicular diameters on the postadjuvant
TMZ chemotherapy scan; otherwise, pseudoprogression was
decided.

DCE MR Imaging Acquisition

All patients underwent follow-up DCE MR imaging studies after
the completion of concurrent TMZ chemoradiation with a 3T
imaging unit with a 32-channel head coil (Verio; Siemens, Erlan-
gen, Germany [#n = 33] and Ingenia; Philips Healthcare, Best, the
Netherlands [#n = 4, respectively]). The MR imaging included
sagittal TIWI and reconstructed transverse and coronal images
acquired before and after contrast enhancement with a 3D rapid



acquisition of gradient-echo sequence and a transverse FLAIR
sequence. For the gradient-echo sequence, the following MR pa-
rameters were used: TR, 1500 ms; TE, 1.9 ms; flip angle, 9% and
matrix, 256 X 232 with an FOV of 220 X 250, a section thickness
of 1 mm, and 1 acquired signal. For the T1 measurement analysis,
additional precontrast images were collected with multiple flip
angles of 2°, 8°, and 15° from the spoiled gradient-echo TIWL
Afterward, transverse T2WI with TSE was collected with the fol-
lowing MR parameters: TR, 5160 ms; TE, 91 ms; flip angle, 130°
and matrix, 640 X 510-580 with an FOV of 175-199 X 220,
section thickness of 5 mm, and 3 NEX. Axial FLAIR imaging was
performed with the following MR parameters: TR, 9000 ms; TE,
97 ms; flip angle, 130°% and matrix, 384 X 348 with an FOV of
199 X 220 and a section thickness of 5 mm. Contrast-enhanced
imaging was performed after intravenous administration of gad-
obutrol (Gadovist; Bayer Schering Pharma, Berlin, Germany) at a
dose of 0.1 mmol/L per kilogram of body weight.

DCE MR imaging was performed by using 3D gradient-echo
T1WI after intravenous administration of gadobutrol (0.1 mmol/
L/kg) by using a power injector (Spectris; MedRad, Indianola,
Pennsylvania) at a rate of 4 mL/s. A 30-mL bolus injection of
saline followed gadobutrol treatment at the same injection rate.
For each section, 40 images were acquired at intervals equal to the
TR. The following MR parameters were used: TR, 2.8 ms; TE, 1.0
ms; flip angle, 10° and matrix, 192 X 192 with a section thickness
of 3 mm, an FOV of 240 X 240 mm, a voxel size of 1.25 X 1.25 X
3 mm?, a pixel bandwidth of 789 Hz, and a total acquisition time
of 1 minute 30 seconds.

Image Analysis

T1Measurement from the Multiple Flip-Angle Method. DCE MR
images were processed by using the MR imaging perfusion anal-
ysis method (nordicICE; NordicNeuroLab, Bergen, Norway), and
the 3D gradient-echo T1-weighted images were used. After regis-
tering the precontrast acquisitions with the multiple flip-angle
images (by using 3 flip angles [2°, 8° and 15°] from the spoiled
gradient-echo T1-weighted images), the T1 measurement was au-
tomatically calculated by the following equation by using the soft-
ware (nordicICE):

sinc X (1 — E;) X E,

= X
S=M, 1 — E, X cos

where E, = exp(—TR/T)) and E, = exp(—TE/T;), (S = signal in-
tensity; M, = the equilibrium magnetization; T1 = longitudinal
relaxation; T2* = effective transverse relaxation; and a = flip
angle). As E, is usually ignored when TE << T), the equation can

be simplified to the following linear form."”""°

S
:EIXm‘i‘MOX(I_El)

sin &
Then, E, and finally T1 maps can be derived by solving multiple
equations generated by entering multiple flip angles (2°, 8°, and

150) 17-19

DCE Parameter Acquisition. For each patient, the arterial input
function was automatically detected from the software (nordicICE)
by analyzing all pixel-time curves in the dataset and applying cluster

analysis to select the time courses that most resembled the expected
arterial input function properties, satisfying large area under the
curve (AUC), low first moment, and high peak enhancement.?® The
VOI was plotted section by section by using the semiautomatic seg-
mentation method in the pixel analysis software (nordicICE), in-
cluding all newly developed enhancing areas and excluding vessels
and necrotic or liquefied regions. Then, the overall value for each
tumor was obtained automatically by the software by summing up all
values from each plane.

The pharmacokinetic DCE parameters, including K", Kep
blood plasma volume per unit volume of tissue, and extravascular
extracellular space per unit volume of tissue, were calculated
based on the 2-compartment pharmacokinetics model proposed
by Tofts and Kermode.?' Each parameter was calculated by using
both the measured T1 derived from T1 mapping and the fixed T1
of 1000 ms. Each procedure, including arterial input function
selection and VOI plotting, was performed twice for both T1
methods by a radiologist (J.G.N.) at 2-week intervals and once by
another radiologist (W.H.L; 3 years of experience). The total im-
age processing for each patient required approximately 4—6 min-
utes and 8—10 minutes for the fixed T1 and measured T1 meth-
ods, respectively, for both observers.

Statistical Analysis

For comparison of clinical and demographic characteristics, the
Student ¢ test and x* test were used, as appropriate. The intra- and
interobserver reproducibility were assessed by using the intraclass
correlation coefficient. We adapted the following guidelines for
the intraclass correlation coefficient: excellent, higher than 0.75;
fair, 0.40—0.75; and poor, less than 0.40.2? The Kolmogorov-
Smirnov test was used to determine whether any noncategoric
data were normally distributed. The means of the variables were
compared between the true progression and pseudoprogression
groups by using the Student ¢ test when the data were normally
distributed, and the median and ranges of the variables were com-
pared by using the Mann-Whitney U test for variables not nor-
mally distributed. Significant variables from the univariate anal-
yses were applied to the multivariate logistic regression analysis.
The diagnostic performance was evaluated by receiver operating
characteristic analysis; the optimal criterion that maximizes sen-
sitivity and specificity corresponding with the Youden Index J was
selected by the software (MedCalc; MedCalc Software, Mari-

akerke, Belgium).23

To compare the diagnostic power of T1 mea-
surement and fixed T1 methods, a pair-wise comparison receiver
operating characteristic curve analysis was used.”* Leave-one-out
cross-validation was also performed to validate the diagnostic
performance.

Statistical analyses were performed by using MedCalc software
version 15.8 (MedCalc Software). For all tests, values of P < .05

were considered statistically significant.

RESULTS

As mentioned previously, among 37 patients, 15 were defined
as having true progression according to pathologic confirma-
tion (n = 3), apparent clinical deterioration (n = 2), or radio-
logic diagnosis following the Response Assessment in Neuro-
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Table 1: Clinical information of the enrolled patients

True Progression Pseudoprogression P
Variable (n=15) (n=22) Value®
Age, yr (mean = SD) 59.6 £11.9 56.7 = 13.7 .61
Gender 12
Male 9(60.0%) 17 (77.3%)
Female 6 (40.0%) 5(22.7%)
Surgery 24
Biopsy 4(26.7%) 2(9.1%)
Subtotal 6 (40.0%) 9 (40.9%)
Total 5(33.3%) 11(50.0%)
Time interval of end of TMZ-chemoradiation to DCE MR, 27.0 = 7.3[15-44] 287 * 6.0[17-44] 39
d (mean = SD [range])
End of adjuvant TMZ chemotherapy to follow-up MR, 312 +10.6 [20-53]° 26.2 = 87[16-54] 46
d (mean = SD [range])
Initial operation to the last follow-up, d (mean = SD 3914 +156.3[224-716] 657.3374.7 [274-1774] .002

[range])

2 P values are from either Student t test or the X test, as appropriate, for all variables.
® Four patients who underwent pathologic confirmation (n = 2) or developed obvious clinical deterioration before the termination of adjuvant TMZ chemotherapy (n = 2) were

excluded for this parameter.

Table 2: Comparison of the DCE pharmacokinetic parameters of patients with true progression versus pseudoprogression

True Progression

Pseudoprogression

Intraclass Correlation

L (n=15) (n=22 Coefficient [95% Cl]
Pharmacokinetic TI P
Parameter Method Mean * SD Median [range] Mean =+ SD Median [range] Value® Intraobserver Interobserver
Kt min~! Fixed 0138 £ 0148  0.096[0.042-0.579] 0.068 = 0.043  0.064[0.0005-0.154] 05 0.893[0.792-0.945]  0.897[0.799-0.947]
Measured 0126 = 0139 0.069[0.025-0.499] 0.056 + 0.045  0.058[0.0001-0.194] 10 0.923[0.850-0.960]  0.943[0.888-0.970]
Kz min~" Fixed 0321+ 0.244  0.244[0.135-1.082] 0.179 = 0.103 0.179 [0.024-0.483] o1® 0.910[0.825-0.954]  0.929[0.862-0.963]
Measured  0.224 =008  0.202[0.035-0.396] 0.192 = 0.148 0.157 [0.009-0.494] 47 0.861[0.729-0.928]  0.882[0.771-0.939]
Vo % Fixed 3309 +4.429  1468[0.709-18298] 1998 * 1462 1.705[0.140-6.723] .60 0.872[0.752-0.934]  0.888[0.784-0.943]
Measured 2358 =+ 2.701 1.339[0.478-10.407] 1.521 +1.456 1134 [0.081-6.056] 27 0.800[0.605-0.895]  0.688[0.394-0.839]
Ve Fixed 0.536 = 0.330  0.446[0.168-1.050] 0.506 +0.284  0.482[0.114-1156] 77 0.761[0.537-0.877] 0718 [0.516-0.844]
Measured  0.550 = 0.5T1 0.377[0.121-1192] 0316 = 0265  0.270[0.041-1.297] .08 0.937[0.877-0.968]  0.936[0.875-0.967]

*P values are from Student t test when the variables satisfied normality (K., from measured T1and V., from fixed Tl) or from Mann-Whitney U tests otherwise, according to

Kolmogorov-Smirnov test.
b Significant P value for each test.

Oncology criteria (n = 10).* The other 22 patients were
defined as having pseudoprogression.

Among the patients, 73.3% (11/15) of the true progression
patients and 90.9% (20/22) of the pseudoprogression patients
underwent radical surgery, whereas the others underwent ste-
reotactic biopsy. The immediate postoperative MR imaging
showed that total resection was achieved for 45.5% (5/11) and
55.0% (11/20) of surgical cases in the true progression and
pseudoprogression groups, respectively. Detailed demograph-
ics are listed in Table 1.

Intraobserver and Interobserver Reproducibility of DCE
Pharmacokinetic Parameters

The intraclass correlation coefficients for intra- and interob-
server agreement for each DCE pharmacokinetic parameter
were deemed mostly excellent, or at least fair, ranging from
0.689-0.943,% for both the fixed T1 and measured T1 meth-
ods (Table 2).

Compatrison of DCE Pharmacokinetic Parameters: True
Progression versus Pseudoprogression

Among the 4 DCE pharmacokinetic parameters calculated from
the 2 different precontrast T1 values, the mean value was com-
pared for the 2 parameters that satisfied normality based on the
Kolmogorov-Smirnov test: K., from the measured T1 and V.
from the fixed T1. The median and ranges for the other 6 param-
eters were compared. Only 2 parameters showed a significant dif-
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ference between the true progression and pseudoprogression
groups: K" evaluated from the fixed T1 (median [range] value
of true progression versus pseudoprogression, 0.096 minutes '
[0.042—0.580] versus 0.064 minutes ' [0.0005—0.154]; P = .048)
and K, calculated from the fixed T1 (median [range], 0.244 min-
utes” ' [0.135-1.082] versus 0.179 minutes ' [0.024—0.483]; P =
.010). No parameters obtained from the measured T1 showed
significant difference between the 2 groups (Table 2). The repre-
sentative cases are presented in Figs 2 and 3.

The multivariate logistic regression analysis with the backward
method was conducted for 3 variables, including significant vari-
ables on the univariate analysis (K" and K, evaluated from the
fixed T1) and V., calculated from the fixed T1 method, which was
shown to exhibit significant difference in the previous study.'® As
a result, K., from the fixed T1 method was the only significant
parameter (OR [95% CI], 1.77 X 10° [4.27-7.32 X 10°]; P =
.007).

Diagnostic Performance of DCE Pharmacokinetic
Parameters: Comparison of the Fixed T1and T1
Measurement Methods

In the receiver operating characteristic analysis, K™ and K,
from the fixed T1 showed significant diagnostic power in distin-
guishing true progression from pseudoprogression (AUC, 0.694
and 0.752; P = .03 and .002, respectively). The 2 parameters did
not demonstrate a significant difference based on a comparison of



C Ktrans (0.405) Kep (0.898)

/- 'v‘?'
/’_ln’ - \

/ j L
|

V, (14.42%) V, (47.93%)

T

V, (1.74%)

FIG2. A 68-year-old female patient with surgically proved glioblastoma presented A, a newly appeared enhancing nodule on DCE-MR imaging
taken 1 month after temozolomide chemoradiation. The lesion was not identified on the postoperative MR imaging. B, The lesion was markedly
increased after 6 cycles of temozolomide chemotherapy, implying that the lesion was true progression according to the Response Assessment
in Neuro-Oncology criteria. The pharmacokinetic DCE maps, especially those for K" and Kep showed a bright signal from both the C, fixed T

and D, measured T1 methods.

the receiver operating characteristic analysis (P = .29). No pa-
rameters obtained from the measured T1 method showed a
proper diagnostic performance (all Ps > .05).

The diagnostic accuracy of K™*™ and K, from the fixed T1
was 73.0% (27/37) and 70.3% (26/37), respectively. Whereas
K" from the fixed T1 exhibited high specificity (86.4%; [19/
22]) but suboptimal sensitivity (53.3% [8/15]), K., from the fixed
T1 showed relatively reliable sensitivity and specificity (80.0%
[12/15] and 63.6% [14/22], respectively), along with fair positive
predictive value (60.0%, [12/20]) and reliable negative predictive
value (82.4% [14/17]) (Table 3). The leave-one-out cross-valida-
tion for K, from the fixed T1 method demonstrated similar re-
sults: sensitivity, specificity, accuracy, and positive and negative
predictive values 0f 73.3% (11/15), 59.1% (13/22), 64.9% (24/37),
55.0% (11/20), and 76.5% (13/17), respectively (Table 4).

DISCUSSION
In our study, some pharmacokinetic parameters of the fixed T1
method derived from post—-TMZ chemoradiation DCE MR imag-
ing showed a significant difference between the true progression
and pseudoprogression groups: K™ and K, from the fixed T1
were significantly larger in the true progression group than in the
pseudoprogression group. No parameters calculated from the
measured T1 method demonstrated a significant difference be-
tween the 2 groups. In the multivariate analysis, K, from the fixed
T1 method was the only significant variable. It exhibited a fair
diagnostic performance with acceptable intra- and interobserver
reproducibility, especially in terms of sensitivity and negative pre-
dictive value, in both the AUC analysis and leave-one-out
cross-validation.

Although the baseline T1 measurement provides the tissue
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FIG3. A 57-year-old female patient with surgically proved glioblastoma presented A, a newly appeared enhancing nodule on DCE-MR imaging
taken 1 month after temozolomide chemoradiation. B, The lesion had disappeared after 6 cycles of temozolomide chemotherapy, defining the
lesion as a pseudoprogression according to the Response Assessment in Neuro-Oncology criteria. The pharmacokinetic DCE maps, especially
those for K™ and Keps showed less intense signals from both C, the fixed Tl and D, measured T1 methods.

Table 3: Diagnostic performance of the DCE pharmacokinetic parameters in detecting true progression

Optimal
Pharmacokinetic T Median Threshold P
Parameter Method AUC Value Sensitivity [%] Specificity [%] Value®
KT min~! Fixed 0.694 0.093 533 86.4 03°
Measured 0.664 0.059 .08
Kep, min ! Fixed 0.752 0.184 80.0 63.6 .002°
Measured 0.603 0.159 28
Vp, % Fixed 0.552 3423 .62
Measured 0.609 0.597 .25
V. Fixed 0.518 0.349 .86
Measured 0.606 0.546 .30

Note:—V, indicates extravascular extracellular space per unit volume; V,,, blood plasma volume per unit volume.
2P values are from the receiver operating characteristics analysis.
b Significant P value for each test.

property, it has the problem of weak reliability and reproducibil-  artifacts are known to be particularly important in the overall
ity because of major systematic errors resulting from scale factor ~ errors of DCE MR imaging among other tissue- or acquisition-
miscalibration and susceptibility to motion.'** Because signal ~ related parameters,'” the fixed T1, simple and reproducible, has

6 Nam @ 2017 www.ajnr.org



Table 4: Diagnostic performance of K., from the fixed T1 and results from the leave-one-out cross-validation

Optimal Positive Negative
Median AUC Threshold Value Sensitivity Specificity Accuracy Predictive Value Predictive Value
0752 0184 80.0% (12/15)  63.6%(14/22)  70.3% (26/37) 60.0% (12/20) 82.4% (14/17)
Leave-one-out 73.3% (11/15) 59.1% (13/22) 64.9% (24/37) 55.0% (11/20) 76.5% (13/17)

cross-validation

its strength. In this situation, it is necessary to compare the diag-
nostic performance of DCE parameters from the fixed T1 with
measured T1 methods to verify the better processing method. Our
study demonstrated that the fixed T1 method more reliably pre-
dicts true progression from pseudoprogression. Clinically, our
results can provide evidence to eliminate the T1 measurement
process in DCE MR interpretation, possibly resulting in the re-
duction of both imaging acquisition time and postprocessing
time.

The use of DCE MR imaging in differentiating true progres-
sion from pseudoprogression is in its infancy, and few studies
have been performed. Yun et al'° reported that the mean K™
from the fixed T1 method is the most convincing parameter in
differentiating true progression, but K., was not evaluated. Our
study agrees with a previous study reporting that the mean K"
from the fixed T1 method was significantly different between true
progression and pseudoprogression with similar sensitivity and

specificity.'®

However, the multivariate analysis in our study re-
vealed that K., was the only independently differentiable param-
eter. To the best of our knowledge, there are no studies that have
reported the difference of K., between the 2 groups.

Although both pseudoprogression and true progression ap-
pear as new enhancing lesions on the post-TMZ chemoradiation
therapy MR imaging, the pathologies are markedly dissimilar. It
has been well known that pseudoprogression histopathologically
resembles radiation necrosis.”*° Radiation-induced endothelial
injury is understood to be the major cause of radiation injury,
including pseudoprogression, resulting in destruction of the BBB
concomitant with vasogenic edema and tissue ischemia.”**” Be-
cause angiogenesis in addition to breakdown of the BBB occurs
for true progression, vascularity-related parameters, including
K" and K,,,, are likely to be higher in true progression than in
pseudoprogression.*®>°

The exchange rate constant K, is a composite parameter of
K"#™/V_ and represents the transit between the extravascular and
the intravascular compartments. K., is known to reflect the vessel
permeability and the surface area,’’ both of which are known to
be increased in true progression. There have been other reports in
other organs that indicated K, as a potential parameter for pre-
dicting tumor angiogenesis: K., showed a significant correlation
with the microvessel attenuation calculated from immunohisto-

chemistry in prostate cancer,’**’

whereas other parameters, in-
cluding K, V,, and V,, did not demonstrate a significant cor-
relation.” A similar study of multiple myeloma also reported that
K., was significantly higher in tumors with a high vessel attenua-
tion.>* Other reports showed that K., was the only significant
DCE parameter (along with K"* and V,) that was correlated
with the histologic grade in rectal cancer and correlated with poor
response in malignant pleural mesothelioma.’®*® In agreement

with the previous explanation,” because it is a composite of 2

parameters, the compounding effects of these parameters might
subside and allow K, to present a better correlation with the
nature of the lesion.

Our study has some limitations. First, because of its retrospec-
tive nature, patients had variable time intervals between treat-
ment and imaging. We selected patients who satisfied Response
Assessment in Neuro-Oncology criteria to define the nature of the
lesion; thus, some patients with true progression of an aggressive
nature might have not been selected because they could not sur-
vive 6 cycles of adjuvant chemotherapy. However, because DCE
MR imaging was routinely performed at our hospital for patients
with glioblastoma with TMZ chemoradiation, our cohort might
work as a potentially representative selection. Second, our sample
size was small, and the number of tumor types was disproportion-
ate (15 true progression patients and 22 pseudoprogression pa-
tients). Third, we did not compare our arterial input function
acquisition method with other patient-specific methods or pop-
ulation-based arterial input function, which can reduce both im-
age processing and postprocessing time. Because DCE parameters
can also be affected by various arterial input function calculations,
further study is recommended for robust arterial input function
calculation. In addition, despite previous studies suggesting the
reliability of the multiple flip-angle method, further validation of
the method compared with the inversion-recovery method
should be needed. Finally, we did not compare the diagnostic
power of our values with other MR imaging modalities that are
reported to be able to differentiate true progression from pseudo-
progression, such as ADC or dynamic susceptibility contrast-en-
hanced MR imaging.>

CONCLUSIONS

The semiquantitative DCE-derived parameter K., based on the
fixed T1 value is a preferable marker to differentiate true progres-
sion from pseudoprogression versus other parameters derived
from tissue T1 measurement.
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