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Abstract

Background: Previous intraindividual comparative studies evaluating gadobutrol and gadoteridol for contrast-
enhanced magnetic resonance imaging (MRI) of brain tumours have relied on subjective image assessment,
potentially leading to misleading conclusions. We used artificial intelligence algorithms to objectively compare the
enhancement achieved with these contrast agents in glioblastoma patients.

Methods: Twenty-seven patients from a prior study who received identical doses of 0.1 mmol/kg gadobutrol and
gadoteridol (with appropriate washout in between) were evaluated. Quantitative enhancement (QE) maps of the
normalised enhancement of voxels, derived from computations based on the comparison of contrast-enhanced T1-
weighted images relative to the harmonised intensity on unenhanced T1-weighted images, were compared. Bland-
Altman analysis, linear regression analysis and Pearson correlation coefficient (r) determination were performed to
compare net QE and per-region of interest (per-ROI) average QE (net QE divided by the number of voxels).

Results: No significant differences were observed for comparisons performed on net QE (mean difference -24.37 +
620.8, p = 0.840, r = 0.989) or per-ROI average QE (0.0043 + 0.0218, p = 0.313, r = 0.958). Bland-Altman analysis
revealed better per-ROI average QE for gadoteridol-enhanced MRI in 19/27 (70.4%) patients although the mean
difference (0.0043) was close to zero indicating high concordance and the absence of fixed bias.

Conclusions: The enhancement of glioblastoma achieved with gadoteridol and gadobutrol at 0.1 mmol/kg
bodyweight is similar indicating that these agents have similar contrast efficacy and can be used interchangeably,
confirming the results of a prior double-blind, randomised, intraindividual, crossover study.
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Key points

e Objective image assessment using artificial
intelligence algorithms revealed no significant
differences between gadoteridol and gadobutrol in
terms of contrast enhancement of glioblastoma.

e Differences in concentration and minimal
differences in relaxivity between gadoteridol and
gadobutrol did not impact enhancement and
visualisation of glioblastoma.

e The artificial intelligence software utilised helped to
overcome potential reader-dependent variations in
subjective image measurement and interpretation.

Background

Traditionally, studies comparing gadolinium-based con-
trast agents (GBCAs) for contrast-enhanced magnetic
resonance imaging (MRI) have relied on subjective quali-
tative assessment of images and the subjective placement
of discrete regions of interest (ROIs) for quantitative en-
hancement (QE) measurements. The design of the study
(intraindividual compared to interindividual) as well as
image randomisation and anonymisation may help to over-
come many potential issues related to subjective image as-
sessment; however, these strategies do not help to
overcome the underlying limitations of the human visual
system. Fundamentally, the human visual system is not de-
signed to easily identify differences between images when
compared side-by-side. Rather, the human visual system
works in abstractions, and consequently, it suppresses our
sensitivity to differences when images are displayed side-by-
side. The possibility to overcome these limitations with
technology has long been recognised [1-4].

When GBCA imaging performance is compared it is
necessary to compare not only the contrast-enhanced
images but also the unenhanced images acquired imme-
diately prior to GBCA administration since all that is
bright in a contrast-enhanced image is not necessarily
enhancing (e.g,, blood or fat). Conversely, a region could
be isointense or even hypointense compared, for in-
stance, with normal appearing white matter and still be
enhancing. Because these phenomena are very difficult
to perceive visually when images are displayed side-by-
side, computational difference-detecting technologies
have been developed to augment human capabilities
when assessing contrast enhancement [5].

The traditional quantitative approach to overcoming
challenges of the human visual system requires the man-
ual placement of ROIs followed by volume quantifica-
tion. Although this approach has advantages, there is
nevertheless still the possibility that subjective visual as-
sessment and/or subjective variations in the placement
of ROIs may affect the results obtained, potentially lead-
ing to incorrect and misleading conclusions. Perhaps
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more importantly, by resorting to subjective visual inter-
pretation in conjunction with discrete manual volume
quantification, such approaches fail to capture the nu-
anced nature of information available in modern medical
images. The use of an advanced QE analysis (QEA) tech-
nique may allow more precise measurements of contrast
enhancement, thereby permitting more accurate com-
parison of the enhancement achieved with different
GBCAs. The potential benefits of quantitative difference
analysis technology for identification, characterisation,
and quantification of visually subtle differences between
images have been described previously [6, 7]. Briefly,
QEA technology utilises multiple forms of artificial
intelligence to construct a QE map (QEM) for each ac-
quisition in which imaging features unrelated to contrast
enhancement are separated automatically from features
that enhance following GBCA administration. The QEM
is a three-dimensional volume showing voxel-by-voxel
what is enhancing, where, and by how much. QEA tech-
nology permits comparison of contrast enhancement be-
tween two acquisitions on a voxel-wise basis, permitting
quantitative comparison of the degree of enhancement
within a region between acquisitions.

To date, all intraindividual crossover studies that have
compared GBCAs for contrast-enhanced MRI of brain
tumours have used traditional approaches to image as-
sessment. Whereas these studies have unequivocally
shown that the enhancement achieved with the high r1-
relaxivity GBCA gadobenate dimeglumine (MultiHance,
Bracco Imaging, Milan, Italy) is significantly higher than
with all comparator GBCAs when administered at
equivalent dose under identical conditions [8—14], less
clear-cut findings have been reported for comparisons
amongst GBCAs that have roughly similar “standard”
rl-relaxivity. Thus, whereas some authors report signifi-
cantly better enhancement and imaging performance
with gadobutrol (Gadovist/Gadavist, Bayer Healthcare,
Berlin, Germany) compared to comparator agents [15—
17] others, comparing the same GBCAs under identical
conditions, report similar or non-inferior imaging per-
formance for the comparator GBCA compared to gado-
butrol [18, 19]. Studies reporting better imaging
performance with gadobutrol [15-17] invariably ascribe
the stated benefits to the twofold higher concentration
of the gadobutrol formulation and to higher rl-relaxivity
of the gadobutrol molecule [20-23].

Gadoteridol (ProHance, Bracco Imaging, Milan, Italy) is
a macrocyclic GBCA that differs from gadobutrol only in
that a hydroxypropyl group on the gadoteridol molecule is
replaced by a trihydroxybutyl group on the gadobutrol
molecule [18]. Despite this relatively minor variation in
molecular structure, two intraindividual crossover studies
[16, 17] have concluded that gadobutrol possesses super-
ior contrast enhancement characteristics for brain tumour
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imaging when compared to gadoteridol at the same dose
while only one study [18] has reported no differences be-
tween these two GBCAs. Notably, however, the current
prescribing information for gadobutrol based on the re-
sults of key pivotal phase 3 central nervous system studies
as reviewed by the United States Food and Drug Adminis-
tration (FDA) states that “performances of Gadavist and
gadoteridol for visualisation parameters were similar” [24].

We aimed to compare, in a nonsubjective, explorative
manner using QEA software, the enhancement achieved
with gadobutrol and gadoteridol in patients with histo-
logically confirmed glioblastoma to validate, or other-
wise, results obtained previously using subjective image
assessment [18].

Methods

This was a prospective assessment of MRI datasets from
a subset of patients with histologically confirmed glio-
blastoma enroled into a prior multicentre, multinational,
Health Insurance Portability and Accountability Act-
compliant study that compared gadobutrol and gadoteri-
dol at equimolar 0.1 mmol/kg bodyweight doses using a
rigorous double-blind, randomised, intraindividual,
crossover design [18]. Ethics Committee approval and
informed patient consent was provided for the original
study, as described previously [18]. The decision to pro-
spectively re-evaluate a subset of patients from a prior
study rather than enrol a new patient cohort in part
reflected the need to directly compare our findings ob-
tained using QEA techniques with findings obtained
using traditional techniques in the same patient popula-
tion, and in part ethical considerations over the adminis-
tration of two GBCA doses given recent concern over
potential risks associated with Gd retention, even though
no signs or symptoms associated with retained Gd in the
brain have yet been identified [25-28].

MRI

Full details of the imaging protocol and findings of the
original multicentre study are provided elsewhere [18].
All patients underwent 1.5-T brain MRI, receiving gado-
butrol and gadoteridol at equivalent 0.1 mmol/kg body-
weight doses in two, otherwise identical MRI
examinations, separated by at least 48 h to avoid carry-
over effects but in all cases less than 12 days (4 days or
fewer in 15/27 patients, 5 to 10 days in 9/27 patients) to
minimise the chance of measurable lesion evolution.
The two examinations in each patient were performed
using identical sequences comprising T1-weighted spin-
echo (SE), T2-weighted fast spin-echo, and T2-weighted
FLAIR acquisitions before contrast injection and T1 SE
and three-dimensional T1-weighted high-resolution gra-
dient recalled-echo acquisitions after contrast injection.
Sequence parameters varied within predefined ranges
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necessitated by the use of different imaging systems at
different centres [18]. However, the same MRI scanner,
imaging planes, section prescriptions, and sequence pa-
rameters were used for both examinations in each pa-
tient. T1-weighted SE sequences were utilised in this
study to compare imaging performance. The sequence
parameters were as follows: repetition time 333-767 ms,
echo time 7.7-16 ms, excitations 1-3, section thickness
4-5 mm, investigated volume 17 x 22-28 x 28 cm [18].
Contrast administration was performed at a dose of 0.1
mmol/kg in a randomised manner according to a pro-
spectively scheduled patient randomisation scheme [18].

Image evaluation using dedicated artificial intelligence
software

All patients with histologically confirmed glioblastoma
from the original intraindividual crossover study [18]
who underwent both MRI examinations and had full-
image datasets available were included in this new ana-
lysis that used dedicated artificial intelligence software.
Images for this new analysis were evaluated in matched
study pairs and in fully blinded fashion by an experi-
enced neuroradiologist (M.J.K.; 33 years of experience)
and a software engineer (D.P.; 8 years of experience) in
consensus using dedicated artificial intelligence software
(“Change Detector”; A.IL. Analysis, Inc.) [6, 7].

At variance with traditional quantitative analysis which
relies on volumetric assessment of voxels in a region of
interest (ROI), i.e., by simply calculating the number of
voxels in the user-defined ROI, the QEA system used in
this study utilises multiple forms of artificial intelligence
(expert systems, fuzzy logic)/machine learning (genetic
algorithms) in concert to construct QEM in which im-
aging features unrelated to the actual phenomenon of
enhancement are separated from features that indicate
enhancement. The QEA system makes calculations of
enhancement in nuanced terms, rating the degree of en-
hancement within each voxel automatically and reprodu-
cibly on a fuzzy membership scale of 0.0 (nonenhancing)
to 1.0 (maximally enhancing), such that the per-ROI
sum of enhancement values provides not only an expres-
sion of the spatial extent of an enhancing region but also
the degree of enhancement within that region. The soft-
ware performs a pipeline of processing steps on the pre-
and contrast-enhanced T1-weighted images from each
paired data set corresponding to each patient (Fig. 1).
These steps include the following:

e Bias field correction using the standard bias field
correction algorithm N4

e Rigid registration using a ‘maximization of mutual
information’-based approach

e Interpolation, so that all images for a patient are
spatially aligned, with the same resolution
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Fig. 1 The quantitative enhancement (QE) analysis pipeline for comparing two GBCAs. T1-weighted unenhanced/T1-weighted contrast-enhanced
pairs are acquired for both contrast agents. Bias field correction using the N4 algorithm is performed on all images, after which images are
registered using an “all to one” approach. Subsequently, machine learning based intensity harmonisation is performed “all to one”. QE maps are
calculated for each GBCA, and the difference between the QE map for the two GBCAs is calculated

e Harmonisation of the intensity spectrums of the e Subtraction of the QEM for one agent from that of
images using a proprietary approach, based on the other to produce a map of the differences in
genetic algorithms enhancement between the two contrast agents

e Subtraction of each harmonised unenhanced T1-
weighted image from its corresponding contrast- Initially, all four images for each case (unenhanced
enhanced image, resulting in voxel-by-voxel en- and contrast-enhanced T1-weighted SE images from
hancement values, followed by fuzzification of the both examinations) are registered by means of maxi-
voxel values (mapping of the enhancement value to misation of mutual information. The users then place
the range 0.0 for no enhancement to 1.0 for max- the ROIs manually around the lesion of interest. Each
imal enhancement) resulting in a QEM for each ROI could include just a single lesion or multiple le-

contrast agent sions. By using linked cursors and flicker technology, the
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users see the location of the mouse pointer and ROI on all
four images throughout the definition process and can de-
fine the ROI accordingly. Thereafter, all subsequent steps
are fully automated. The QEA system constructs a QEM
volume (Fig. 2¢) from the paired unenhanced (Fig. 2a) and
contrast-enhanced (Fig. 2b) images. Regions that are not
enhancing are automatically assigned a QEM value of 0.0,
while regions that are maximally enhancing are assigned a
QEM value of 1.0. Levels of enhancement falling between
nonenhancing and maximally enhancing are assigned
QEM values between 0.0 and 1.0. By constructing a QEM
based on comparison of the unenhanced and contrast-
enhanced T1-weighted images, the system compensates
for the underlying T1 intensity of the voxel and can detect
and quantify enhancement that is imperceptible by visual
review of the contrast-enhanced image. Because the QEA
system considers both unenhanced and contrast-
enhanced images when calculating the QEM, the system
knows that regions that are bright in the contrast-
enhanced image are not enhancing if they are equivalently
bright in the unenhanced image (Fig. 3). By taking into
consideration both unenhanced and contrast-enhanced
images when calculating the QEM, the QEA system can
correctly quantify enhancement in regions that are much
darker than normal appearing white matter, by the fact
that they are brighter in harmonised intensity in the
contrast-enhanced image than in the unenhanced image
(Fig. 4). For example, a region of a contrast-enhanced T1
image could be hypointense compared with normal
appearing white matter but could be very slightly enhan-
cing if it is brighter in terms of harmonised intensity than
the corresponding region of the unenhanced T1 image.
The registration and intensity harmonisation process per-
mit construction of the QEM even when the unenhanced
and contrast-enhanced images are acquired using different
pulse sequences, resolutions, acquisition parameters, etc.
The QEA system permits direct quantitative comparison
of images acquired with two GBCAs by computing a “QE
change map” (Fig. 5). This permits clear visualisation of
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regions that are slightly more or slightly less enhancing
between the two QEMs. Scatter charts of contrast-
enhanced versus unenhanced voxel intensities within user-
defined ROIs are created for each image set permitting
direct comparison of two different MRI examinations in
terms of voxel enhancement. ROIs are defined using ROI
tools (pen, brush, and fill) built into the software to manu-
ally define the total extent of each tumour lesion in all
slices. The extent of a lesion is defined to include any
white matter region that is visibly abnormal (either hyper-
intense or hypointense) on contrast-enhanced T1-
weighted images, including regions internal to the tumour
that might not be hyperintense or hypointense. Quantita-
tive analysis is then performed based on all voxels within
the defined ROI. Nonenhancing voxels will cluster around
a long snake-like region crossing the scatter chart (which
will be linear when acquisition parameters are identical, or
when the images have been harmonised; and non-linear
otherwise), while enhancing voxels will deviate from this.
Using these scatter charts, the patterns of enhancement
can be visually compared between the two GBCAs. An en-
hancement scatter chart (QEM 1 versus QEM 2) can also
be displayed, to permit direct comparison of the enhance-
ment values for the voxels within each ROI for the two
GBCAs. Pairs of GBCAs that exhibit similar enhancement
characteristics generate points clustered around a line.
The volume, number of voxels, and maximum spatial
extent within each defined ROI is automatically calcu-
lated. The system also computes the sum of the QEM
values within each ROI, obtaining the per-ROI sum of
QE values, which provides an expression of the overall
degree of enhancement within the ROI, taking into con-
sideration both spatial extent of enhancing portions, and
degree of enhancement within each voxel. The differ-
ence between these per-ROI sum of QE values for the
two corresponding agents is calculated. The slope and
correlation coefficient of the QEM values for the two
agents are computed. The difference between the per-
ROI sum of QE values for the two GBCAs is calculated

enhancing voxels are ascribed a score between 0.0 and 1.0

Fig. 2 Paired and harmonised unenhanced (a) and contrast-enhanced (b) T1-weighted images are utilised to construct the quantitative
enhancement (QE) volume (c) with enhancement scores from 0.0 (voxel is nonenhancing) to 1.0 (voxel is maximally enhancing). Partially
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equivalently bright in the unenhanced image

Fig. 3 The quantitative enhancement (QE) analysis system considers both unenhanced (a) and contrast-enhanced (b) T1-weighted images when
calculating the QE map (c) and thus knows that regions that are bright on the contrast-enhanced image (arrow) are not enhancing if they are

and a statistical equivalence test performed to determine
whether the QEM values for voxels within the ROI are
statistically equivalent for the two GBCAs or not. An
“equivalence zone” for QEM values is defined as -0.2 to
+ 0.2; if the 90% confidence interval (CI) of the mean of
the differences between the QEM values lies entirely
within this “equivalence zone” the GBCA enhancement
is considered equivalent for the two GBCAs (Fig. 6).

Note that the QEM may show real enhancement out-
side of the tumour region. For example, scalp, sinuses,
blood vessels, and muscle also enhance after GBCA ad-
ministration and there can be differences in this en-
hancement from one examination to the next. The
“quantitative enhancement change map” will detect this.
These differences can result for several reasons; for ex-
ample, the patient may have gained or lost a bit of fat or
have a little more or a little less inflammation in one
exam relative to the other. This is the reason the user
manually defines the ROLI: to focus the analysis solely on
the lesion.

Statistical analysis

The number and percentage of patients were provided
for categorical data. Summary statistics (mean, standard
deviation, median, minimum, and maximum) were pro-
vided for continuous variables. The statistical tests were
two-sided at the 0.05 level of significance with 95% con-
fidence interval (CI).

Analysis was based on QEM intensity values obtained
for voxels within each ROI on pre- and contrast-
enhanced T1-weighted SE acquisitions for both GBCAs.
Considerable differences in glioblastoma size across pa-
tients resulted in a large range of lesion volumes and,
consequently, the number of voxels included in mea-
surements (from 1,322 to 81,797 voxels). Therefore, in
addition to the net QE value, a per-ROI average QE
value for each lesion was calculated as the Net QE value
divided by the number of voxels. Comparison of the Net
QE value and the per-ROI average QE value of lesions
after gadoteridol and gadobutrol administration was
measured and compared using a paired ¢-test.

Fig. 4 The quantitative enhancement (QE) analysis system analyses both unenhanced (a) and contrast-enhanced (b) T1-weighted images
allowing accurate quantification of enhancement in regions that are much darker than normal appearing white matter (arrow on the QE map in ¢
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Fig. 5 Comparison of quantitative enhancement (QE) maps for gadobutrol (a) and gadoteridol (b) reveals even very minor differences in contrast
enhancement. In this case, the QE change map (c) shows that enhancement of the lesion rim (arrow) is slightly different between the agents.
Purple indicates that enhancement is brighter after gadobutrol while yellow indicates that enhancement is brighter after gadoteridol

Gadobutrol Sl enhancement: pre vs. post-contrast intensity Gadoteridol S| enhancement: pre vs. post-contrast intensity Comparative contrast enhancement: gadobutrol vs. gadoteridol
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Fig. 6 User interface and output of the quantitative enhancement (QE) analysis software for comparison of GBCA enhancement. A manually
delineated region of interest (ROI) that includes the entire enhancing region for both GBCAs is placed on the spatially registered T1-weighted
unenhanced (a) and contrast-enhanced (b) images; the system then automatically calculates the per-ROI sum of QE values for each GBCA (QE
map is shown in c). ROI scatter charts (d, e) of voxel enhancement on T1-weighted contrast-enhanced versus T1-weighted unenhanced images
reveals the patterns of enhancement for each of the two GBCAs. A scatter chart of the voxel-by-voxel QE value of GBCA 1 versus GBCA 2 (f)
reveals differences, if any, between the enhancement achieved with each GBCA. Summary statistics (g) provide information on the volume,
number of voxels, and maximum extent of the lesion as well as details of the QE map voxel enhancement obtained, represented as “Sum/
Weighted Volume” for each GBCA and as the “Sum Difference” between GBCA 1 and GBCA 2. In this case, the volume of interest was 16.157 cm®
and 3506 voxels were measured. The per-ROI sum of QE values (enhancement x cm?) was + 101.09 for the first examination with gadobutrol and
+ 109.87 for the second examination with gadoteridol. The 90% confidence interval of the mean of the differences (0.0025) was within the
equivalence zone indicating that the enhancement achieved can be considered equivalent for the two GBCAs
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Bland-Altman analysis with 95% limits of agreement
was performed to evaluate the agreement between the
two contrast-enhanced MRI examinations in terms of
QE. The 95% limits of agreement were defined as + 2
standard deviations of the mean difference between the
two examinations. In addition, scatterplots of the distri-
bution of the two contrast-enhanced MRI examinations
on assessments of both net and per-ROI average QE
values were presented with linear regression fitted lines
and Pearson correlation coefficients.

Finally, comparison of findings for differences in QE
(gadoteridol minus gadobutrol) obtained using the
current QEA system with findings for the three blinded
readers in the original visual preference assessment [18]
were compared using Spearman rank correlation ana-
lysis. The correlation was based on the difference in QE
and the original score in the visual assessment where: 1
= gadoteridol better, 0 = equal, and -1 = gadobutrol bet-
ter. Based on this analysis, a large positive correlation in-
dicates a large difference in QE (gadoteridol better) and
a greater preference for gadoteridol in the original visual
assessment. Conversely, a negative correlation means the
larger the difference in QE (gadoteridol better) the
greater the preference for gadobutrol in the original vis-
ual assessment.

Results

Patients

Amongst 198 patients included in the original efficacy
analysis population [18], 32 (16 males, 16 females; aged
55.9 £ 13.1 years (mean + standard deviation); age range
19-73 years) had histologically confirmed glioblastoma
and were eligible for this study. Of these 32 patients, 5
were excluded because of the absence of lesion signal
enhancement on contrast-enhanced T1-weighted images
on the generated QEM. The remaining 27 patients (14
males, 13 females; aged 56.5 + 11.8 years; age range 30
-73 years) were included in the analysis. These patients
included 16 (8 males, 8 females) that received gadoteri-
dol for the first examination and gadobutrol for the sec-
ond, and 11 (6 males, 5 females) who received the two
GBCAs in the reverse order. Histological confirmation
of glioblastoma was determined from analysis of surgi-
cally excised tissue in 23 patients and biopsy sample in 4
patients.

Net quantitative enhancement

Values for net QE and per-ROI average QE for all 27 pa-
tients are shown in Table 1. No significant differences
between gadoteridol and gadobutrol were observed when
comparisons were performed of the net QE values (dif-
ference -24.37 + 620.8, mean + standard deviation, 95%
CI -269.9, 221.2; p = 0.840) or the per-ROI average QE
values (mean difference 0.0043 + 0.0218, 95% CI -
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-0.00431, 0.0218; p = 0.313). Pearson correlation coeffi-
cients of 0.989 and 0.958 were obtained for determina-
tions of net QE and per-ROI average QE, respectively
(Fig. 7).

Notwithstanding the good correlation between mea-
surements, better performance was obtained for
gadoteridol-enhanced MRI in 19/27 (70.4%) patients, as
demonstrated in Table 1 and shown by the Bland-
Altman comparison of per-ROI average QE values in
Fig. 8. However, the mean difference (0.0043) was close
to zero, indicating the absence of any fixed bias between
the two examinations. Likewise, the 95% limits of agree-
ment between two examinations were very narrow
(0.076), demonstrating high concordance between these
two GBCAs. The comparable enhancement achieved
with gadoteridol and gadobutrol, as highlighted by the
roughly symmetric voxel enhancement along the mean
line of the scatter chart and the correlation coefficients
for the QEM values, is demonstrated in Figs. 9 and 10.

Spearman rank correlation analysis of findings ob-
tained using the current QEA system with findings for
the three blinded readers in the original visual assess-
ment [18] revealed a significant correlation (r = 0.263; p
= 0.017), confirming the accuracy and robustness of the
QEA system.

Discussion

Our study found no significant differences between
gadoteridol and gadobutrol in terms of quantitative en-
hancement in patients with confirmed glioblastoma.
Specifically, our objective analysis using dedicated QEA
software found no significant differences between these
two GBCAs when comparisons were made of net QE
(mean difference -24.37 + 620.8, p = 0.840) or per-ROI
average QE (mean difference 0.0043 + 0.0218, p =
0.313). Pearson correlation coefficients of 0.989 and
0.958 for determinations of net QE and per-ROI average
QE, respectively, indicated near identical imaging per-
formance for gadoteridol and gadobutrol for the en-
hancement of glioblastoma. This conclusion was
strengthened by the results of Bland-Altman analysis
which confirmed the absence of fixed bias between the
two examinations.

In demonstrating similar imaging performance for
gadoteridol- and gadobutrol-enhanced MRI, our findings
confirm the results of the original TRUTH study [18]
which compared these two GBCAs intraindividually in
229 patients with suspected or known brain tumours
and found no differences in qualitative or quantitative
enhancement based on subjective assessment by three
fully blinded readers [18]. This was confirmed by the
Spearman rank correlation analysis performed in our
study which found significant correlation (p = 0.017) be-
tween our findings obtained using QEA software and
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Table 1 Net quantitative enhancement and per-region of interest (per-ROI) average quantitative enhancement for 27 patients with

histologically confirmed glioblastoma from the TRUTH study [18]

Patient Net quantitative enhancement Per-ROI average quantitative enhancement
Gadoteridol Gadobutrol Difference Gadoteridol Gadobutrol Difference
1 2,660.6 23555 305.1 0.096 0.085 001
2 2253 196.1 29.1 0.040 0.034 0.005
3 74215 6,814.4 607.1 0.139 0.128 0.011
4 1,829.6 15330 296.6 0.113 0.095 0018
5 736.3 949.3 -2130 0.163 0210 - 0.047
6 1,836.3 1,635.1 201.1 0211 0.188 0.023
7 2,306.0 2,816.1 -510.1 0.130 0.159 - 0029
8 711.3 695.5 15.8 0.176 0.172 0.004
9 24459 2,2255 2204 0.093 0.084 0.008
10 3,755.9 3,356.3 3996 0380 0339 0.040
" 9,759.5 9,814.0 -54.5 0.217 0218 - 0.001
12 596.4 534.8 61.6 0.089 0.079 0.009
13 23269 2,505.6 -1787 0.184 0.198 - 0014
14 308.1 317.2 9.1 0.065 0.067 - 0.002
15 1,255.6 1,082.3 1733 0.102 0.088 0.014
16 280.5 2269 536 0.039 0.031 0.007
17 2,3539 2,640.1 -286.2 0.182 0.205 - 0.022
18 2773 248.1 292 0.187 0.167 0.020
19 364.5 304.8 59.8 0.072 0.060 0.012
20 13,009.7 1,5861.3 -2851.6 0.159 0.194 - 0.035
21 142.0 1299 12.1 0.107 0.098 0.009
22 12472 8732 3740 0.172 0.120 0.052
23 21195 2,103.0 16.6 0.190 0.189 0.001
24 230.1 164.5 65.6 0.041 0.029 0.012
25 1,3399 1,539.6 -199.7 0.148 0.170 - 0022
26 14535 1,402.2 51.3 0.060 0.058 0.002
27 1,307.5 634.4 673.1 0.057 0.028 0.029
Mean + SD 23074 +3,0454 23318 + 34454 -244 + 6208 0.134 + 0.074 0.129 + 0.076 0.004 + 0.022
p-value* 0.840 0313

Positive difference values for individual patients indicate greater enhancement for gadoteridol; negative values indicate greater enhancement for gadobutrol. *p-

value is from paired t-test for difference (gadoteridol minus gadobutrol)

those of the three blinded readers in the original visual
assessment [18].

Conversely, the results of our study in patients with
glioblastoma and those of the original TRUTH study in
patients with both malignant and benign brain lesions
[18] contrast with those of another large intraindividual
crossover study performed in patients with both malig-
nant and benign brain lesions which reported greater
contrast enhancement and improved sensitivity and ac-
curacy for the detection of malignant central nervous
system disease with gadobutrol [17]. While this report
should be viewed with caution as the results were pre-
sented as the averaged findings of three readers rather

than as individual reader findings (as presented to the
Food and Drug Administration for the USA approval of
Gadavist [29]), they highlight the limitations and poten-
tial for bias when subjective image assessment alone is
used to compare GBCA efficacy. The results of our ob-
jective analysis of a subset of patients with histologically
confirmed glioblastoma from the TRUTH study [18]
confirm the original subjective findings of the three
blinded readers and validate the study conclusion that
gadoteridol and gadobutrol at 0.1 mmol/kg bodyweight
provide similar qualitative and quantitative imaging per-
formance for the visualisation and diagnosis of these
lesions.
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The specific benefit of the dedicated algorithm used in
this study is that it eliminates the inherent deficiencies
of the human visual system to consistently identify dif-
ferences between two similar images (for example, the
contrast-enhanced images for GBCA 1 versus GBCA 2,
the unenhanced versus contrast-enhanced images for
each of GBCA 1 and GBCA 2, or the QEMs for GBCA 1
versus GBCA 2), when these images are displayed side-
by-side. The need to repeatedly look back and forth to
intentionally and explicitly compare each aspect of each
subregion is both time-consuming and prone to error.

The value of our quantitative and objective approach is
that it accurately directs the viewer’s attention to the re-
gions that are different between two images, thus mak-
ing such differences highly conspicuous.

Our results confirm that any differences between
gadoteridol and gadobutrol in terms of formulation con-
centration or rl-relaxivity have no clinical impact when
imaging patients with glioblastoma. The ability of
GBCAs to increase the signal intensity of the body tis-
sues into which they distribute depends on the tissue
concentration of the GBCA in question and on its
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Fig. 8 Bland-Altman plot for agreement of normalised net quantitative enhancement

specific r1 and r2 relaxivity values [14]. Given that the
tissue GBCA concentration will be identical for equiva-
lent GBCA doses (i.e., 0.1 mmol/kg bodyweight in this
case), any difference in signal enhancement on T1-
weighted images will thus reflect differences in rl-
relaxivity, assuming otherwise identical imaging condi-
tions (i.e., magnet field strength, sequence parameters,
image acquisition timing, etc.). The similar imaging per-
formances of gadoteridol and gadobutrol confirmed in
our study indicate that the higher r1-relaxivity values re-
ported for gadobutrol [20-23] are of insufficient magni-
tude to influence signal intensity enhancement.
Numerous studies aimed at assessing the imaging per-
formance of gadobutrol have referred to this GBCA as a
“high relaxivity” agent [15, 17]. The results of our ana-
lysis confirm that gadobutrol does not deliver increased
clinical utility as measured by clinically relevant in-
creases in signal enhancement or lesion extent compared
with gadoteridol and thus does not meet the criterion
for a “high relaxivity” agent as defined by Kanal et al.
[14].

The similar imaging performance of gadoteridol and
gadobutrol at equivalent dose likely may extend to other
MRI techniques such as dynamic or perfusion imaging.
While studies comparing gadoteridol and gadobutrol at

equivalent dose for perfusion MRI have still to be per-
formed, a recent intraindividual comparison of gadobu-
trol and another half-molar GBCA, gadoterate
meglumine (Dotarem, Guerbet, Aulnay-sous-Bois,
France), at identical dose and delivery rate revealed no
differences between these two GBCAs for dynamic
contrast-enhanced T1-weighted perfusion MRI in pa-
tients with posttreatment glioma, leading the authors to
conclude that these GBCAs are interchangeable in clin-
ical routine [30]. Given the similar relaxivity values of
all these GBCAs [20-23], it is to be expected that these
agents would perform similarly across both dynamic and
conventional contrast-enhanced delayed MRI techniques
when injected at equivalent dose and delivery rate.

The choice of which GBCA to use in routine practice
reflects not only an assessment of their respective risk-
benefit ratios, but also consideration of various nonra-
diological factors such as price, availability, etc. Given
the similar imaging performances of gadoteridol and
gadobutrol and assuming similar commercial practical-
ity, the choice of which GBCA to choose comes down to
an evaluation of potential safety issues. Whereas pro-
spective multicentre studies of gadobutrol and gadoteri-
dol reveal no differences in terms of immediate contrast
reactions [31-34], animal studies of gadolinium (Gd)
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enhancement between the two exams. Scatter charts (T1-weighted contrast-enhanced versus unenhanced) of enhancing voxel regions of interest
reveals the patterns of enhancement for gadoteridol (d) and gadobutrol (e). The net QE was +711.26 for gadoteridol (a, d) and +695.47 for
gadobutrol (b, e). The gadoteridol minus gadobutrol difference (15.79, 2.22%) was not significant, and the 90% confidence interval for the mean
of the differences fell entirely within the equivalence zone indicating equivalence for the two contrast agents, as demonstrated in the
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retention suggest that gadoteridol is cleared much more
rapidly from brain and other body tissues than gadobu-
trol [35—39] resulting in lower levels of retained Gd for
longer periods of time. However, no signs or symptoms
associated with brain Gd retention have yet emerged
despite concerted research effort [25-28], and while the
possibility of long-term effects on human health is an
area of concern [40], no data are yet available that point
to differences between the macrocyclic GBCAs in terms
of impact on long-term human health.

A limitation of our study is that we included a rela-
tively small subset of patients enroled into a previous
double-blind, randomised, intraindividual, crossover
study [18] rather than a prospective assessment of a new
patient cohort. However, a benefit of our approach is
that all data and information obtained using the new ob-
jective approach to image assessment could be directly
compared with the findings from the conventional visual
assessment approach, allowing corroboration of the pre-
vious conclusions or potentially revealing flaws in one or
the other approaches. A second limitation is that the
limited manual steps involved in the image analysis

process were performed by only one expert neuroradiol-
ogist in combination with the software designer rather
than by multiple neuroradiologists either in consensus
or separately as in the original prospective study [18].
Although this approach prevented assessment of repro-
ducibility and potential inter-reader variability, it high-
lights the potential value of the approach in terms of
time- and work-saving opportunities. The high degree of
reproducible automation in the QEA system used in this
study would be expected to limit the potential impact of
the user on the quantitative results that are generated, as
noted elsewhere [41]. Finally, due to the explorative na-
ture of the study, power calculation was not performed
for this analysis.

In summary, our findings, obtained using dedicated
QEA software, confirmed the results of a prior large-
scale, multicentre, intraindividual crossover study in
showing no significant differences between 0.1 mmol/kg
bodyweight doses of gadoteridol and gadobutrol in pa-
tients with histologically confirmed glioblastoma. The
QEA software utilised overcomes potential reader-
dependent variations in subjective measurement and
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Fig. 10 41-year-old man with glioblastoma in the left frontal lobe. Conventional T1-weighted spin-echo contrast-enhanced images for the first
exam with gadobutrol (a) and the second exam with gadoteridol (b) and the QE change map (c) where colour indicates regions differing in
enhancement between the two exams. Scatter charts (T1-weighted contrast-enhanced versus unenhanced) of enhancing voxel ROIs reveals the
patterns of enhancement for gadobutrol (d) and gadoteridol (e). The volume of interest was 12.342 cm? and 11,140 voxels were measured. The
net QF was + 2,102.98 for gadobutrol and + 2,119.53 for gadoteridol. The gadoteridol minus gadobutrol difference (16.55, 0.79%) was not
significant and the 90% confidence interval for the mean of the differences fell entirely within the equivalence zone (f), indicating equivalence for
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interpretation leading to stronger, more robust, and less
misinterpretable conclusions.
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