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ORIGINAL RESEARCH
BRAIN

Utility of Intravoxel Incoherent Motion MR Imaging for
Distinguishing Recurrent Metastatic Tumor from Treatment
Effect following Gamma Knife Radiosurgery: Initial Experience

D.Y.Kim, H.S. Kim, M,J. Goh, C.G. Choi, and SJ. Kim
O

ABSTRACT

BACKGROUND AND PURPOSE: Intravoxel incoherent motion MR imaging can simultaneously measure the diffusion and perfusion
characteristics of brain tumors. Our aim was to determine the utility of intravoxel incoherent motion—derived perfusion and diffusion
parameters for assessing the treatment response of metastatic brain tumor following gamma knife radiosurgery.

MATERIALS AND METHODS: Ninety-one consecutive patients with metastatic brain tumor treated with gamma knife radiosurgery were
assessed by using intravoxel incoherent motion imaging. Two readers independently calculated the 90th percentile and the 10th percentile
histogram cutoffs for perfusion, normalized CBYV, diffusion, and ADC. Areas under the receiver operating characteristic curve and
interreader agreement were assessed.

RESULTS: With the combination of the 90th percentile histogram cutoff for perfusion and the 10th percentile histogram cutoff for
diffusion, the sensitivity and specificity for differentiating recurrent tumor and treatment were 79.5% and 92.3% for reader 1and 84.6% and
94.2% for reader 2, respectively. With the combination of the 90th percentile histogram cutoff for normalized CBV and the 10th percentile
histogram cutoff for ADC, the sensitivity and specificity for differentiating recurrent tumor and treatment were 69.2% and 100.0% for
reader 1 and 74.3% and 100.0% for reader 2, respectively. Compared with the combination of 90th percentile histogram cutoff for
normalized CBV and the 10th percentile histogram cutoff for ADC, adding intravoxel incoherent motion to 90th percentile histogram
cutoff for normalized CBV substantially improved the diagnostic accuracy for differentiating recurrent tumor and treatment from 86.8%
to 92.3% for reader 1and from 89.0% to 93.4% for reader 2, respectively. The intraclass correlation coefficients between readers were
higher for perfusion parameters (intraclass correlation coefficient range, 0.84—0.89) than for diffusion parameters (intraclass correlation
coefficient range, 0.68—0.79).

CONCLUSIONS: Following gamma knife radiosurgery, intravoxel incoherent motion MR imaging can be used as a noninvasive imaging
biomarker for differentiating recurrent tumor from treatment effect in patients with metastatic brain tumor.

ABBREVIATIONS: ADCIO = 10th percentile histogram cutoff for ADC; D = diffusion; D* = pseudodiffusion coefficient; D10 = 10th percentile histogram cutoff for
D; f = perfusion; f90 = 90th percentile histogram cutoff for f; GKRS = gamma knife radiosurgery; ICC = intraclass correlation coefficient; IVIM = intravoxel incoherent
motion; nCBV = normalized CBV; nCBV90 = 90th percentile histogram cutoff for nCBV

P erfusion MR imaging techniques have significantly advanced
and can now provide information regarding tumor physiol-
ogy. There are several reports suggesting the usefulness of dy-
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namic susceptibility contrast-enhanced perfusion MR imaging
for differentiating recurrent metastatic brain tumor from stereo-
tactic radiosurgery—induced radiation necrosis.'” However,
quantitative brain perfusion measurement remains a challenge
for currently available MR perfusion methods. DSC and dynamic
contrast-enhanced MR imaging are inhibited by their signal non-
linearity, and arterial spin-labeling exhibits, in addition to a low
signal-to-noise ratio, a strong dependence on the transit time.
Le Bihan et al* defined intravoxel incoherent motion (IVIM)
as the microscopic translational motion occurring in each image
voxel in MR imaging. In biologic tissue, this incoherent motion
includes molecular diffusion of water and microcirculation of
blood in the capillary network, referred to as “perfusion.” These 2
phenomena account for the biexponential decay of the signal in-



tensity on DWI when different diffusion b-values are applied.
With the IVIM theory, both true molecular diffusion and water
molecule motion in the capillary network can be estimated by
using a single diffusion imaging-acquisition technique. As op-
posed to DSC, dynamic contrast-enhanced imaging, and arterial
spin-labeling, IVIM has a unique capillary dependence that is not
sensitive to the coherent laminar flow of arteries and veins. The
measurement of IVIM is intrinsically local (ie, the encoding and
readout are performed at the same location).

In our clinical experience, the major advantage of IVIM MR
imaging is that because it allows the simultaneous acquisition of
diffusion and perfusion parameters, it can provide both measures
within corresponding solid lesions without the requirement for a
further coregistration processing step. In the current study, we
attempted to validate the IVIM-derived perfusion and diffusion
parameters by using the clinicoradiologic correlation in patients
with post-gamma knife radiosurgery (GKRS) metastatic brain tu-
mor. We also assessed the diagnostic accuracy and added value of
the IVIM method for differentiating recurrent tumor from treat-
ment effect, compared with the combination of DSC perfusion
MR imaging and DWI, which has commonly been used as a pa-
rameter for brain tumor imaging.

Our hypothesis was that the difference in vascularity between
recurrent tumor and the treatment effect can be assessed by using
an IVIM-derived perfusion fraction (f); and the combination of f
and the true diffusion parameter (D) would show diagnostic per-
formance comparable with the combination of normalized CBV
(nCBV) and the ADC. The purpose of this study was to determine
the utility of IVIM-derived perfusion and diffusion parameters
for assessing the treatment response of metastatic brain tumor
following GKRS.

MATERIALS AND METHODS

Study Population

A retrospective review of the data base of our medical institution
identified 571 consecutive patients treated with GKRS between
May 2010 and January 2014. Among these patients, 138 met the
following inclusion criteria: 1) They had pathologically con-
firmed primary systemic cancer, 2) had a metastatic intra-axial
tumor seen on brain MR imaging, 3) demonstrated enlarged re-
gions of contrast enhancement based on =2 consecutive MR im-
ages within the radiation field suggestive of recurrent tumor or
treatment effect, 4) underwent conventional MR imaging by us-
ing both IVIM and DSC perfusion MR imaging to evaluate the
enlarged contrast-enhancing lesion, 5) were on zero steroid dose
at the time of IVIM and DSC perfusion MR imaging, 6) had ade-
quate image acquisition and quality without patient motion and
significant susceptibility artifacts, and 7) underwent adequate
clinicoradiologic follow-up to definitively determine their diag-
nosis. Eight patients were initially excluded from this study be-
cause they underwent gross total resection of the contrast-en-
hancing mass for a presumptive diagnosis of glioblastoma.

The remaining 130 who did not undergo surgical resection for
presumed metastatic brain tumor before GKRS were subse-
quently followed by using both a clinical examination and an MR
imaging study every 3 months. According to the protocol of our
institution, the decision-making for treatment change or salvage

radiation therapy was based on both the clinical symptoms and
the findings of noninvasive advanced imaging studies by consen-
sus of a neuro-oncologist and a neuroradiologist. Therefore, ste-
reotactic biopsy only for the pathologic diagnosis of an enlarged
contrast-enhancing lesion has been rarely performed and was not
included in this study. A surgical resection was indicated only for
decompression to relieve significant patient symptoms. In this
study, we determined the final diagnosis between recurrent tumor
and treatment effect on the basis of adequate clinicoradiologic
follow-up. The diagnosis of treatment effect was made if an en-
larged contrast-enhancing lesion showed complete response, par-
tial response, or stable disease depending on the Response Evalu-
ation Criteria in Solid Tumor method on >2 subsequent
follow-up MR imaging studies for a minimum of 3 months. Com-
plete and partial responses were defined as the disappearance of
lesions or a decrease in tumor volume of >50% on MR imaging.
Recurrent metastatic tumor was also clinicoradiologically diag-
nosed if the contrast-enhancing lesion presented with a volume
increase on >2 subsequent follow-up MR imaging studies for a
minimum of 3 months, accompanied by neurologic deteriora-
tion. Thirty-nine patients with equivocal clinical and image find-
ings that did not meet the above final diagnostic criteria, such as
prolonged asymptomatic increases of a contrast-enhancing le-
sion, were excluded from this study. Finally, 91 patients were en-
rolled. The most common primary tumor was lung cancer (69 of
91 patients, 76%), followed by breast cancer (21 of 91 patients,
23%) and colon cancer (1 of 91 patients, 1%). According to our
inclusion criteria, hemorrhagic metastatic tumors, which can af-
fect the results of IVIM and DSC perfusion MR imaging, were
excluded from this study.

For contrast-enhancing lesion volume measurement, the
maximal diameter of the lesion was measured in 3 orthogonal
planes. Lesion volume was calculated according to the following
formula: volume = length X width X height / 2.17. Each con-
trast-enhancing lesion volume on follow-up MR imaging was
then compared with that on a prior MR imaging study.”

Imaging Protocol

MR imaging was performed by using a 3T system (Achieva;
Philips Healthcare, Best, the Netherlands) with an 8-channel sen-
sitivity-encoding head coil. We acquired 16 different b-values (0,
10, 20, 40, 60, 80, 100, 120, 140, 160, 180, 200, 300, 500, 700, and
900 s/mm?) in 3 orthogonal directions, and the corresponding
trace was calculated before contrast injection. We used a large
number of lower b-values in our study to improve the accuracy of
the perfusion fraction. The images were oriented axially with a
section thickness of 5 mm, FOV of 240 mm, matrix of 136 X 138,
and TR/TE of 3000/72 ms. A correction of eddy current—induced
distortions was enabled by using gradient pre-emphasis. Parallel
imaging was done with an acceleration factor of 2, and the total
acquisition time was 4 minutes 21 seconds.

DSC MR perfusion imaging was performed by using a gradi-
ent-echo, echo-planar sequence during the administration of
contrast material (gadoterate meglumine, Dotarem; Guerbet,
Aulnay-sous-Bois, France) at a rate of 4 mL/s by using an MR
imaging—compatible power injector (Spectris MR injector;
MedRad, Indianola, Pennsylvania). The bolus of contrast mate-
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Image Processing

All imaging data were transferred from
the MR imaging scanner to an indepen-
dent personal computer for quantitative
IVIM and DSC MR perfusion analyses.
Contrast-enhancing lesion volumes were
segmented on 3D postcontrast TI-

FIG 1. Illustration for biexponential signal decay as a function of the 16 different diffusion
b-values in a given voxel of a recurrent tumor. The bold, solid line is the IVIM nonlinear regres-
sion fit providing D, D*, and f. The biexponential fit provides the fast decay associated with
perfusion (blue dotted circle), and the red dotted circle represents the slow decay of the
biexponential fit, thus indicating true diffusion. The blue dotted line shows the monoexponen-

tial fit providing the ADC.

rial was followed by a 20-mL bolus of saline administered at the
same injection rate. The image dataset was obtained during the
first pass of the contrast agent until 59 time points were obtained,
with a temporal resolution of 1.4 seconds and 5 baseline time
points. The detailed imaging parameters for the DSC study were
as follows: TR/TE, 1407/40 ms; flip angle, 35% FOV, 24 cm; ma-
trix, 128 X 128; and number of sections, 20. The total DSC MR
imaging acquisition time was 1 minute 30 seconds.

IVIM Fitting
The relationship between signal variation and b factors in an
IVIM-type sequence can be expressed by the following equation®:

1) %: (1 — f)efbD + fe—bD”
S

where S is the mean signal intensity; S, is the signal intensity
without diffusion; a pseudodiffusion coefficient D* can be de-
fined, which describes macroscopically the incoherent movement
of blood in the microvasculature compartment; a perfusion frac-
tion, f, describes the fraction of incoherent signal that arises from
the vascular compartment in each voxel over the total incoherent
signal; and D is the diffusion parameter representing true molec-
ular diffusion (the slow component of diffusion) (Fig 1).

The IVIM signal equation was fitted on a voxel-by-voxel basis
by using an in-house program with Matlab2010b (MathWorks,
Natick, Massachusetts). Two different approaches were imple-
mented to generate IVIM parametric images (D, D*, and f): first,
full biexponential fit, and second, initial estimation of D by using
a reduced set of b-values of >200 s/mm?. In the second method,
because D* contribution can be neglected at high b-values (b =
200 s/mm?), D was extracted by using high b-values and a mono-
exponential fit. Subsequently, with the resulting D as a fix param-
eter, the curve was fitted for f and D* with a nonlinear regres-
sion.>® Previous reports found that the second approach
delivered the most robust and signal-to-noise-enhanced results;
therefore, IVIM parameters were calculated by using the second
approach in all patients.”® In addition, an ADC measurement was
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weighted images by using a semiauto-
800 900 g ges by g

b-value mated adaptive thresholding technique so
that all the pixels above the threshold
value were selected. Therefore, significant
regions of macroscopic necrosis, cystic ar-
eas, and CSF-filled ventricles and sulci
were excluded. The resulting entire en-
hancing tumor volumes were verified by
2 experienced neuroradiologists (H.S.K.,
with 9 years of clinical experience in neuro-oncologic imaging,
and M.J.G., with 2 years of clinical experience in neuro-oncologic
imaging) who were blinded to pathologic and other imaging find-
ings. A rigid coregistration between IVIM and anatomic MR im-
ages was performed. Each parametric value was calculated on a
voxel-by-voxel basis for the segmented contrast-enhancing vol-
ume and was used for the histogram analysis (Fig 2).

The DSC perfusion parametric map was obtained by using a
commercial software package (nordicICE; NordicNeuroLab, Ber-
gen, Norway). For DSC MR perfusion imaging, after eliminating
recirculation of the contrast agent by using y-variate curve fitting
and contrast agent leakage correction, the relative CBV was com-
puted by using numeric integration of the curve. On a pixel-by-
pixel basis, the nCBV maps were calculated by dividing each rel-
ative CBV value by an unaffected, white-matter relative CBV
value defined by 2 readers (H.S.K. and M.].G.).

Imaging Analysis

For the cumulative histogram parameters, the 90th percentile for
f (f90) and nCBV (nCBV90) and the 10th percentile for D (D10)
and ADC (ADC10) were derived (the nth percentile is the point at
which 1% of the voxel values that form the histogram are found to
theleft). This choice was made because the 10th percentile param-
eter is analogous to and statistically more reliable than the min-
imum value that has been commonly used with the “hot-spot”
method. The 90th percentile cutoffs are analogous to and sta-
tistically more reliable than the maximum value, which has
commonly been used with the hot-spot method. Moreover,
this type of histogram parameter is more effective than the
mean value for identifying areas where tumorous lesions inter-
mix with treatment-related change, and it is less influenced by
random statistical fluctuations than are the maximum and

mean values.

Statistical Analysis
The Student ¢ test was used to identify significant differences in
the independent variables between the 2 groups. Receiver operat-



Post:G K&S% Menths

. .
1N, os® eY data
< 4‘ . leBihan
“ Stepwise
09 . — IVIM
.
.
.
08 > “ 4
.
07 B
06 4
051 H =
1 1 1 L 1 1 1 1 1 1
0 100 200 300 400 500 600 700 800 900

FIG 2. A 61-year-old woman with treatment effect following GKRS. Axial contrast-enhanced Tl-weighted images, obtained 3 (A) and 6
months (B) after GKRS, show a progressively enlarging necrotic contrast-enhancing lesion in the left parietal lobe. C, The necrotic
contrast-enhancing lesion is stabilized on a subsequent follow-up image obtained 9 months after GKRS, thus indicating treatment effect.
The ADC (D) and nCBV (E) maps show no visual decrease of the ADC and no visual increase of the nCBV in the corresponding area of the
contrast-enhancing lesion in B, respectively. The D (F) and f (G) maps show no visual decrease of the D value and no visual increase of the
f value in the corresponding area of the contrast-enhancing lesion in B, respectively. H, The signal decay curve, plotted as a function of

the diffusion b-values, is monoexponential.

ing characteristic curve analysis was performed to assess the opti-
mum cutoff of the independent variables for differentiating re-
current tumor-versus-treatment effect.

A leave-one-out cross-validation was used to evaluate the per-
formance of the independent variables (f90, nCBV90, D10, and
ADCI10). In each round of the leave-one-out validation, 1 par-
ticipant was selected as a testing sample. The remaining partic-
ipants were used as training samples to construct the classifier.
The testing sample was then classified with the trained classi-
fier. Such a procedure was repeated until each participant was
tested 1 time.

Interreader agreement was assessed by using the ICC with
95% confidence intervals and applying a 2-way ICC with ran-
dom raters’ assumption reproducibility. A P value < .05 was
considered a significant difference. Statistical analyses were

performed by using the Statistical Package for the Social Sci-
ences software (Version 19.0; IBM, Armonk, New York).

RESULTS

Of the 91 study patients, 39 (42.9%) were subsequently classified
as having recurrent tumors, and 52 (57.1%), as having treatment
effects. Descriptive statistics regarding the demographic data ob-
tained in both the recurrent tumor and the treatment effect pa-
tients are summarized in Table 1.

Visual Analysis of Imaging Parameters

Among the 91 study patients, analysis of all of the patients with
recurrent tumor and 9 patients with treatment effect showed that
the signal decay curve, plotted as a function of the diffusion b-val-
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ues, was biexponential and ranged from 0 to 900 s/mm®. The
recurrent tumor group showed more rapid signal decay than the
treatment effect group in the range of lower b-values (b < 200
s/mm?) (Fig 3). In the remaining 43 patients with treatment ef-
fect, the signal decay curve was similar to the monoexponential
pattern (Fig 2). The f, nCBV, D, and ADC maps of representative

Table 1: Comparison of study patient demographic data

cases of recurrent tumor and treatment effect are shown in Figs 2
and 3.

Diagnostic Accuracy of Imaging Parameters

The mean = SD of f90, D10, nCBV90, and ADCI10 in both the
recurrent tumor and treatment effect groups are shown in Table
2. The mean f90 showed statistically sig-
nificant differences between recurrent tu-

) EETES WSS mor and treatment effect, with the recur-
Variables Tumor Effect P Value . .

- rent tumor group showing a higher 90

No. of male patients 19(53.3%) 27(619%) 272 ¢ p 4
No. of female patients 20 (46.7%)  25(38.1%) (mean of 0.079 versus 0.048 for reader 1
Age (yr)f 474+ 67 515+85 395 and 0.081 versus 0.046 for reader 2; P <
Mean gamma knife dose (Gy)? 75+07 173*05 .872 .001 for each). The mean D10 was signif-
Target volume (mL)* 6.52+701 597 %519 312 icantly lower in the recurrent tumor
Time int?rval between GKRS -and dgtectionaof anewor 347*154 379+173 159 group (mean 0f0.970 [10>mm?s "] and

enlarging, contrast-enhancing lesion (wk) 0.967 f ders 1 and 2 vel

Time interval between GKRS and the last follow-up (wk)® 851221 89.2+*272 576 ’ or readers 1 and 2, respectively)

Data are means.

than in the treatment effect group (mean

T
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FIG3. A 54-year-old man with recurrent tumor following GKRS. Axial contrast-enhanced T1-weighted images, obtained 3 (A), 6 (B), and 9 months
(C) after GKRS, show a progressively enlarging necrotic contrast-enhancing lesion in the right parietal lobe. The ADC (D) and nCBV (E) maps show
a visual decrease of the ADC and a visual increase of the nCBV in the corresponding area of the contrast-enhancing lesion in B, respectively. The
D (F) and f (G) maps show a visual decrease of the D value and a visual increase of the f value in the corresponding area of the contrast-enhancing
lesion in B, respectively. H, The signal-decay curve, plotted as a function of the diffusion b-values, is biexponential.
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Table 2: Differences in the imaging parameters in patients with recurrent tumor and those with treatment effect

Reader 1 Reader 2
Parameters Recurrent Tumor Treatment Effect P Value Recurrent Tumor Treatment Effect P Value
f90° 0.079 = 0.019 0.048 = 0.009 <.001 0.081 *+ 0.017 0.046 = 0.012 <.001
D*90° (10 >mm’s ) 391212 164 £126 .009 324*225 19.5 1.6 024
D10 (10 *mm?s ) 0.970 + 0.082 1.043 = 0.062 <.001 0.967 *+ 0.071 1.045 *+ 0.055 <.001
nCBV90? 4.457 +=1.301 2.674 = 0.348 <.001 4782 1122 2.551+ 0.416 <.001
ADCI0? (1073mm257‘) 0.986 * 0.079 1.052 = 0.059 <.001 0.991 = 0.092 1.055 * 0.072 <.001
Note:—D*90 indicates the 90th percentile histogram cutoff of D*.
“Data are means.
01 F 011 E guishing recurrent tumor from treatment
i B aio . Rt effect when all 91 patients were regarded
L sl = as a training set. With the combination of
oosl aual. " 90 and D10 used as a discriminative in-
g oorl § i : dex, the sensitivity and specificity for dif-
o5l sk 3 1 ferentiation were 79.5% and 92.3% for
) 0, 0,
oosh ] “ ] reader 1 alnd 84.6@ and 94.2% .for Teader
oosl N | ]| 2, respectively. With the combination of
- J - i nCBV90 and ADCI0 used as a discrimi-
e —— ' Trostment ect Recaret Tumor native index, the sensitivity and specificity
Final Diagnosis inal Diagnosis
* S— were 69.2% and 100.0% for reader 1 and
"2 Reader 1 * "2 Reader 2 ° 74.3% and 100.0% for reader 2, respec-
tively. Compared with the combination of
“r i DSC perfusion MR imaging and DWI,
adding IVIM to DSC perfusion MR imag-
a 1o a o ing improved the diagnostic accuracy
from 86.8% to 92.3% for reader 1 and
oarE 08 from 89.0% to 93.4% for reader 2, respec-
tively (Table 4).
0.8 | 1 N 0.8 1 1
Treatment Effect Recwurrent Tumor Treatment Effect Recwrent Tumor
Final Diagnosis Final Diagnosis ’nterreader Agreement

FIG 4. Box-and-whisker plots for the IVIM-derived f and D values between recurrent tumor and

treatment effect for both readers.

Table 3: ROC analysis of MR imaging methods and their combination

Table 5 summarizes the interreader agree-
ment by using the corresponding ICCs. In-
terreader agreement was highest for mea-
surement of f90 (ICC, 0.89) and was lowest

VRl e e Reader 1 Reader 2 for measurement of the 90th percentile his-
Comparison AUC  95%Cl  PValue AUC  95%Cl PValue togram cutoff of D* (ICC, 0.42). The ICCs
MR imaging method between readers were higher for calcula-
IVIM 0.939 0.868-0.978 0.947 0.879-0.983 tions of the perfusion parameters including
DSC + DWI 0911 0.832-0.960 0.933 0.861-0.975 90 and nCBV90 (ICC range, 0.84-0.89)
DSC + IVIM 0.982 0.928-0.998 0.987 0.938-1.000 than for calculations of the diffusion pa-
Cc]clii:‘r\iogs C + DWI 3762 5897 rameters including D10 and ADC10 (ICC
IVIM vs DSC + IVIM 0471 0951 range, 0.68-0.79).
DSC + DWI vs DSC + IVIM .0312 .0455

Note:—ROC indicates receiver operating characteristic analysis; AUC, area under the ROC curve.

of 1.043 and 1.045 for readers 1 and 2, respectively) (P < .001 for
each). Figure 4 shows a number of patients in the recurrent tumor
group within an overlap zone where misclassifications can occur
(10 of 39 patients for reader 1; 12 of 39 patients for reader 2).
The combination of DSC perfusion MR imaging with IVIM
showed a significantly larger area under the receiver operating
characteristic curve than the combination of DSC perfusion MR
imaging with DWI (area under the receiver operating character-
istic curve of 0.911 versus 0.982 for reader 1, P = .0312; area under
the receiver operating characteristic curve of 0.933 versus 0.987
for reader 2, P = .0455) (Table 3 and Fig 5). Table 4 shows the
sensitivities and specificities of the imaging parameters for distin-

DISCUSSION

Our study findings demonstrate that
IVIM-derived perfusion and diffusion parameters can be used to
distinguish recurrent tumor from treatment effect in patients
with post-GKRS metastatic tumor. We found that the combina-
tion of 90 and D10, compared with the combination of nCBV90
and ADCI0, provided better diagnostic performance of the MR
imaging protocol for differentiating recurrent tumor versus treat-
ment effect. Furthermore, the diagnostic model that added IVIM-
derived parameters to DSC perfusion MR imaging performed
better than the DSC perfusion MR imaging before the IVIM-
derived parameters were added. We found that the highest
interreader agreement in the detection of recurrent tumor after
GKRS was achieved with f90 measurement. However, the D*

AINR Am J Neuroradiol 35:2082-90 Nov 2014  www.ajnr.org 2087
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FIG 5. The graph shows the comparison between the receiver operating characteristic curve for the combination of DSC MR imaging and IVIM
and for the combination of DSC MR imaging and DWI. The combination of DSC MR imaging and IVIM resulted in a significantly higher area under
the receiver operating characteristic curve than the combination of DSC MR imaging and DW!I for both readers, thus indicating improved

diagnostic performance.

Table 4: Diagnostic performance of MR imaging methods and
their combination

Reader and MR

Imaging Method Sensitivity Specificity Accuracy
Reader1
IVIM 79.5% 92.3% 86.8%
DSC + DWI 69.2% 100.0% 86.8%
DSC + IVIM 89.7% 94.2% 92.3%
Reader 2
IVIM 84.6% 94.2% 90.1%
DSC + DWI 74.3% 100.0% 89.0%
DSC + IVIM 92.3% 94.2% 93.4%

Table 5: Interreader ICC for measurements of imaging
parameters

Parameters Interreader ICC?
£90 0.89 (0.81-0.94)
D*90 0.42(0.25-0.54)
D10 0.79 (0.67-0.89)
nCBV90 0.84(0.73-0.91)
ADCIO 0.68(0.52-0.82)

Note:—D*90 indicates 90th percentile histogram cutoff of D*.
#Numbers in parentheses are the 95% confidence intervals.

value was poorly reproducible, presumably due to its high sensi-
tivity to capillary blood flow and any partial volume effect with
CSEF-filled or necrotic spaces. This finding is consistent with the
results of a previous study.” Therefore, we did not use the D* in
the evaluation of the diagnostic performance of IVIM.
Previously published reports have suggested that DSC perfu-
sion MR imaging based on the measurement of the first-pass T2*
effect of a bolus of paramagnetic exogenous contrast material has

2088 Kim Nov 2014 www.ajnr.org

the potential to distinguish tumor recurrence from treatment ef-
fect by using relative CBV maps.'®'" IVIM has a unique capillary
dependence, which is not sensitive to the coherent laminar flow of
arteries and veins. The measurement of IVIM is intrinsically local
(ie, the encoding and readout are done at the same location).*
Although the IVIM parameters estimated from the biexponential
model could be sensitive to noise and to the initial values used for
data fitting, IVIM MR imaging using spin-echo-based DWI can
be less sensitive to the T2* susceptibility artifacts than DSC MR
imaging. Moreover, in our clinical experience, IVIM MR imaging
allowed both diffusion and perfusion measures within corre-
sponding solid lesions. The significant difference in f90 between
the recurrent tumor and the treatment effect groups is consistent
with previous reports in which tumor recurrence had a higher
relative CBV than treatment-related effect."'® Remarkably, in our
study, we identified the better diagnostic performance of IVIM-
derived perfusion and diffusion parameters for differentiating re-
current tumor from treatment effect, compared with the combi-
nation of DSC perfusion MR imaging with DWI.

Le Bihan et al® suggested that the f-value measures the frac-
tional volume of capillary blood flowing in each voxel. Recurrent
tumors are usually higher grade tumors with increased neoangio-
genesis, which leads to increased microvascular attenuation and
increased permeability surface area product. In our study, we did
not find any visual discordance between the nCBVs and IVIM-
derived perfusion parameters for differentiating recurrent tumor
from treatment effect. However, these 2 perfusion parameters
represent different aspects of tumor vessels. CBV primarily mea-
sures microvascular attenuation, and f measures microscopic
translational motion associated with microcirculation of the



blood. Moreover, spin-echo-based IVIM imaging has a substan-
tially different vessel-size sensitivity profile from that of gradient-
echo-based DSC MR imaging. The relation between the IVIM-
derived perfusion parameters and the contrast-enhanced
perfusion parameters has been studied theoretically,'* but clinical
validation is still lacking. Although our prior study indicated that
90 showed a significant correlation with the nCBV90 in patients
with posttreatment glioblastomas,'” further studies that correlate
the IVIM-derived perfusion fraction with various MR perfusion
parameters, including cerebral blood flow and the permeability
parameter, will be needed to understand the exact meaning of the
IVIM-derived perfusion parameter.

The ADC has shown the potential to distinguish tumor re-
growth from radiation injury. Several previous studies have
shown that the ADC value derived from a monoexponential
model can help differentiate tumor recurrence from treatment-
related change.'®'> Most interesting, our study showed that D10
differed more significantly between the recurrent tumor and the
treatment effect groups than did ADC10. Although the exact
pathophysiologic mechanism for determining the difference be-
tween the ADC10 and D10 results is unclear, the significant per-
fusion difference between the recurrent tumor and the treatment
effect groups may contribute to the ADC-D difference. Similarly,

Yamada et al'®

reported lower IVIM-derived D values compared
with ADC seen in enhancing lesions of the liver, thus confirming
that the ADC is contaminated by perfusion.

Our study has several limitations. The primary limitation of
this initial-experience study was the bias introduced by only in-
cluding patients clinically suspected of having recurrent tumor or
treatment effect. Therefore, some patients with equivocal clinical
and image findings that did not meet our clinicoradiologic diag-
nostic criteria, such as prolonged asymptomatic increases of a
contrast-enhancing lesion, were excluded from this study. This
exclusion did not allow us to accurately assess sensitivities and
specificities for random, consecutive patients. However, this
group of patients was the most clinically relevant for accurate
noninvasive assessment of post-GKRS metastatic tumors, to min-
imize unnecessary, additional diagnostic procedures. Second, the
number of study patients was relatively small; this size can reduce
the statistical power for the superiority of IVIM imaging over
other MR imaging techniques. Further prospective analyses with
a larger number of patients will be needed to validate our results.
Third, because there was no case with histopathologically diag-
nosed recurrent tumor or radiation necrosis in this study, we
would caution against overinterpretation of our study results. A
direct image-guided histopathologic correlation for recurrent tu-
mor and radiation necrosis is needed for further validation of
IVIM-derived parameters. Such a study may confirm the efficacy
of the techniques described in this article.

Fourth, the set of b-values used in our study was not opti-
mized. The number of b-values may affect a robust curve fitting
for diffusion signal decay, especially in the lower range of b-val-
ues. Moreover, the b-values might be further optimized in a sep-
arate study as a function of the available IVIM parameter values in
the brain, to achieve a shorter examination time without sacrific-
ing the precision of the techniques. Fifth, the quantitative assess-
ment of IVIM-parameters in the brain is even more complicated
due to its anisotropic diffusion. The deconvolution of multiexpo-

nential processes like water diffusion in living tissue is a strongly
ill-posed problem, and a large number of signal points and signal-
to-noise ratio are necessary for a reliable separation of >1 expo-
nential time constant.'” The evaluation of current fitting modal-
ities for IVIM data and investigation of their limitations in relation to
SNR and the number of b-values are, therefore, prudent.

Last, if the IVIM techniques merely “diagnose” tumor re-
sponse or progression, one labor-intensive analysis by using IVIM
is more accurate than another labor-intensive analysis by using
DSC perfusion MR imaging; however, conventional MR imaging
studies are the reference standard for diagnosis. Nevertheless, the
rationale for our study can be summarized as follows: First, new
advanced MR imaging techniques are more accurate and could
avoid a stereotactic biopsy for histologic assessment, the only re-
liable but invasive method; second, in this field, the results of
advanced imaging studies suggest encouraging results, but com-
parative studies are needed to investigate the relationship, diag-
nostic performance, and complementary character of advanced
MR imaging techniques. Last, an increased size of contrast-en-
hancing lesions on follow-up MR imaging study not only creates
management dilemmas but is also anxiety-provoking for patients
and clinicians.

CONCLUSIONS

IVIM imaging may be helpful in making a more accurate diagno-
sis of recurrent tumor and can be used as a potential, noninvasive
imaging biomarker for monitoring the treatment response in pa-
tients with post-GKRS metastatic tumor. Moreover, adding IVIM
imaging to an MR imaging protocol improves the diagnosis of
recurrent tumor beyond that achieved by using the combination
of DSC perfusion MR imaging and DWIL.
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