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Abstract
Objectives To compare intraindividually two macrocyclic
contrast agents - gadobutrol and gadoterate meglumine (Gd-
DOTA) - for dynamic and quantitative assessment of relative
enhancement (RE) in benign and malignant breast lesions.
Methods This was an ethically approved, prospective, single-
centre, randomized, crossover study in 52 women with
suspected breast lesions referred for magnetic resonance

imaging (MRI). Each patient underwent one examination with
gadobutrol and one with Gd-DOTA (0.1 mmol/kg BW) on a
1.5 T system 1 – 7 days apart. Dynamic, T1-weighted, 3D
gradient echo sequences were acquired under identical condi-
tions. Quantitative evaluation with at least three regions of
interest (ROI) per lesion was performed. Primary endpoint
was RE during the initial postcontrast phase after the first and
second dynamic acquisition, and peak RE. All lesions were
histologically proven; differences between the examinations
were evaluated.
Results Forty-five patients with a total of 11 benign and
34 malignant lesions were assessed. Mean RE was
significantly higher for gadobutrol than Gd-DOTA
(p<0.0001). Gadobutrol showed significantly less wash-
out (64.4 %) than Gd-DOTA (75.4 %) in malignant
lesions (p=0.048)
Conclusions Gadobutrol has higher RE values compared with
Gd-DOTA, whereas Gd-DOTA shows more marked washout
in malignant lesions. This might improve the detection of
breast lesions and influence the specificity of breast MRI-
imaging.
Key Points
• Contrast agents differ in terms of peak enhancement and
postinitial contrast behaviour.

• Gadobutrol results in greater peak RE in lesions, likely due
to relaxivity.

• Gd-DOTA shows more pronounced washout in postinitial
contrast behaviour of malignant lesions.

• Further investigations of the differences amongGD-CMmay
improve sensitivity and specificity.
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Introduction

Dynamic contrast-enhanced magnetic resonance mammogra-
phy (CE-MRM) of the breast is now highly accepted as a
diagnostic tool for detecting, assessing, staging, and managing
breast cancer [1–3]. It has been shown to address some of the
shortcomings of conventional mammography and has high
sensitivity in detecting malignant lesions [1, 4–8].

CE-MRM is performed with a T1-weighted pulse sequence
acquired before and at several time points after intravenous
(IV) injection of a gadolinium-based, low-molecular-weight
contrast medium (Gd-CM). Typically, serial acquisitions ap-
proximately 1 min in duration are performed at one
precontrast time point and at least two postcontrast time
points, one approximately after 2 min and one in the late phase
after Gd-CM administration [9]. Mainly approx. 5
postcontrast time points until 5 – 8 min are used.

This basic principle has not changed much since CE-MRM
was introduced in the late 1980s [10–13], apart from technical
advances that have improved temporal and/or spatial resolu-
tion as well as signal-to-noise ratio (SNR). CE-MRM detects
breast lesions with high sensitivity due to the high peak
enhancement of most malignant and benign breast lesions.
Different enhancement-time curves, acquired by manual ROI
(region of interest) placement, have been identified to differ-
entiate between malignant and benign breast lesions, which in
conjunction with morphological imaging criteria, allows high-
ly specific identification of malignant breast lesions [1–3, 9].
All this knowledge is based on studies using gadopentetate
dimeglumine.

Gadopentetate dimeglumine (Magnevist®), a linear, ionic
Gd-CM, was the first one used for CE-MRM on a larger scale
[11]. Since then, several other linear or macrocyclic Gd-CM
have been investigated and used for CE-MRM in clinical rou-
tine. These agents differ from gadopentetate dimeglumine and
from each other with regard to physical and chemical properties.
However, all Gd-CM share basic pharmacokinetic properties,
namely distribution in the extracellular space, with one notable
exception: gadobenate dimeglumine has weak protein binding
and is excreted partially via the hepatobiliary route [14–17].

An important physical property that determines the diag-
nostic effectiveness of an MR contrast agent is T1-relaxivity
[18, 19]. A higher T1-relaxivity has been shown to lead to
higher peak enhancement of brain lesions and breast lesions,
improving lesion conspicuity compared with contrast agents
that have lower T1-relaxivity [20–23]. Another property in
which Gd-CM differ from each other and which might influ-
ence their distribution in biological tissues is the electric
charge of the contrast medium molecules. Ionic and nonionic
Gd-CM differ in their electric charge since ionic agents have a
negative charge and nonionic agents are neutral. Differences
in the electric charge of Gd-CM molecules can alter the time
course of signal intensities in tissues with a high content of

negatively charged tissue components such as acidic
mucopolysaccarides [24, 25]. It is known that malignant
breast lesions have a high acidic mucopolysaccharide content,
in other words, harbour negatively charged macromolecules,
especially at the interface between malignant tissue and sur-
rounding host tissue [26–28].

Gadobutrol is a nonionic Gd-CM with relatively high T1-
relaxivity, while gadoterate meglumine is an ionic Gd-CMwith
lower T1-relaxivity [18, 19, 29]. Both agents consist of macro-
cyclic Gd complexes and are considered to be very stable.

The aim of our study was to investigate whether gadobutrol
and gadoterate meglumine differ not only with regard to peak
enhancement, which is expected on the basis of their different
T1-relaxivities, but also with regard to the time course of
signal enhancement, which might be attributable to differ-
ences in electric charge. We, therefore, performed an
intraindividual comparison of the signal intensity time courses
after gadobutrol and gadoterate meglumine administration in
women with different benign and malignant breast lesions.

Materials and methods

Overall study design

This was a prospective, single-centre, controlled, block ran-
domized, intraindividual, crossover study comparing gadobu-
trol and Gd-DOTA for breast MR imaging. Fifty-two women
were enrolled consecutively between January and July 2010.

The study was performed in accordance with the Declara-
tion of Helsinki and was approved by the Federal Institute for
Drugs and Medical Products and the local ethics committee
(Clinical study phase: IIIb, EudraCT No.: 2009-013432-20).

All patients provided written informed consent prior to
enrolment.

This investigator-initiated study was supported by a re-
search grant from Bayer Healthcare and Siemens Healthcare.
The investigators had exclusive control of all data in this
study, manuscript drafting, and submission.

Parts of the study population have been included in an
automated CAD analysis study [30].

Inclusion and exclusion criteria

Female patients aged 18–70 years old with histologically
proven or biopsy-planned Breast Imaging Reporting and Data
System [BI-RADS®] 4 or higher breast lesions diagnosed in
mammography or ultrasound and with clinical indications for
breast MR imaging were included consecutively in this study.
Patients eligible for the study were willing to undergo all study
procedures and provided informed consent.

Patients were excluded from the study if they were or have
been suspected to be pregnant or breastfeeding; had
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contraindications to MR imaging, including history of ana-
phylactoid or anaphylactic reaction to any contrast media or
impaired renal function due to chronic kidney disease stage 3
and higher (e.g., creatinine clearance <60 mL/min); had re-
ceived anyMRI contrast mediumwithin 12 h prior to injection
of contrast medium for the current study; were scheduled for
breast surgery; or had a biopsy between the two breast MRI
examinations.

MRI parameters

All contrast-enhanced examinations were performed on a
1.5 T MR system (Magnetom Avanto, Siemens, Erlangen,
Germany) using a dedicated 4-channel breast coil. All patients
were assessed in prone position without breast compression.

Each patient underwent two MRI examinations using an
identical protocol consisting of a transverse T2-weighted
(T2w) turbo spin echo (TSE) sequence and a transverse dy-
namic, contrast-enhanced, three-dimensional T1w gradient
echo (GRE) sequence series (repetition time 7.5 ms, echo time
4.76 ms, flip angle 25°, field of view 320–360 mm, 512 × 512
matrix, imaging percentage 100 %, in-plane resolution 0.7 ×
0.7 mm, slice thickness 2.0 mm, no intersectional gap). After
the unenhanced T1w sequence, five contrast-enhanced image
sets with no time gap were acquired, starting with a 20-s delay
after starting the contrast injection. Depending on breast size,
each acquisition took 59–77 s.

Contrast agents and administration

Gadobutrol (Gadovist®, Bayer-Healthcare, Germany) and
Gd-DOTA (Dotarem®, Guerbet, France), each with a dose
of 0.1 mmol/kg body weight gadolinium, were administered
in a simple, randomized order. The dose of 0.1 mmol/kg was
chosen as it was reported to be sufficient and because we did
not want to apply more than the 0.2 mmol/kg Gd-CM recom-
mended as maximum dose in the guidelines [9].

The two MRI examinations were separated by a minimum
of 24 h to prevent any residual effects from the first agent, and
a maximum of 7 days to reduce the potential of evolution and/
or progression of disease. If possible, the examinations were
performed between the seventh and 15th day of the menstrual
cycle, with exceptions in patients with known malignant
lesions in order to not postpone further treatment.

Both contrast agents were injected using an automated
syringe at an injection speed of 2 mL/s (reflecting our standard
injection protocol) as a single intravenous bolus by techni-
cians non-blinded to the type of contrast agent, according to
the recommendations of the European Society of Breast Im-
aging [9]. The total amount of injected volume was the same
in both examinations due to an adapted saline flush of at least
30 mL after injection of the contrast medium.

Lesion biopsy and MR image analysis

All lesions were histologically proven. Core biopsy was per-
formed using a sonographically, mammographically, or MRI-
guided technique according to European guidelines. Patho-
logical work-up was done by following the routine procedures
of the hospital. The type of malignant and benign le-
sion, as well as the grading of malignant lesions have
been categorized using the World Health Organization
classification (grade 1, well differentiated; grade 2,
moderately differentiated; grade 3, poorly differentiated).
Twelve patients included in the analysis were biopsied
after, 33 before the MRI exam.

Only patients with two completed contrast-enhanced ex-
aminations were included in the analysis. Cases with severe
motion artefacts or marked background enhancement that
disabled the reader to identify clearly the same area and slice
of the lesion for correct and comparable ROI-placement were
excluded. MR images were anonymized and sent to a multi-
monitor imaging workstation for analysis (syngo
MultiModality Workplace, Siemens Healthcare, Erlangen,
Germany). One radiologist with 10 years of experience in
reading breast MR images evaluated both sets of MR images.
The radiologist was fully blinded to the patients’ medical
histories and to the administered contrast agent.

Breast density and background enhancement was assessed
in accordance with the MRI-BI-RADS®-Lexicon.

Examinations from the same patient were viewed simulta-
neously in order to identify a comparable slice with nearly
identical tumour parts to place a region of interest (ROI) for
signal intensity (SI) measurement (Fig. 1).

At least three ROIs of a size of five pixels were
placed per index lesion in the strongest and the most
rapidly enhancing regions of the tumour (identified by
comparing the subtracted and nonsubtracted images)
avoiding fat-containing areas in accordance with the
recommendations of the American College of Radiology
Lexicon for placing ROIs [3].

If a patient had a biopsy before the MRI exam, the reader
carefully avoided to place an ROI in a biopsy-altered part of
the lesion like artefacts or biopsy channel (compare Fig. 1).

If a (larger) lesion had several strongly enhancing parts not
visible in a single representative slice, the ROIs were placed in
several slices showing the most intense tumour SI
enhancement.

Placement of ROIs was based on the reader’s subjective
visual assessment and on comparison with a wash-in map
calculated by the system to minimize inter-examination vari-
ability [31]. Minor in-plane motion artefacts were compensat-
ed for by manual adaptation of the ROI in each series. Using
the ‘mean curve’ application of the imaging workstation, SI
measurements were carried out for all nonsubtracted dynamic
images.
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Image analysis

Relative SI enhancement (RE)

Relative SI enhancement was calculated as 100*([SIpost –
SIpre]/SIpre).

It was the primary endpoint in the initial postcontrast phase
of both examinations which is after the first and second
dynamic measurement. In addition, RE was calculated for
peak SI enhancement as well as for all other time points after
contrast administration.

The ratio of the RE values for gadobutrol and Gd-DOTA at
the first (T1) and second (T2) measurement time points after
contrast administration and the peak SI enhancement time
points (TPE) were compared.

Time to peak SI enhancement and postinitial contrast
behaviour

In addition, the time to peak SI enhancement and the
postinitial contrast behaviour as the difference in relative SI
enhancement of the second postcontrast measurement time
point minus the last time point (T2–TL), and peak SI enhance-
ment minus the last time point (TPE–TL) were evaluated and
compared between the two contrast agents investigated.

The curve type was evaluated using time points T2 and TL.
The curve type ‘washout’ was defined as a relative loss of
more than 10%, a ‘plateau’ as a relative difference of no more
than 10 %, and ‘progression’ as a relative increase of more
than 10 % in SI, according to the BI-RADS® lexicon and the
European guidelines [9, 32].

Statistical analysis

Data from up to four slices were available for each patient and
each time point. In case of multiple regions of interest (ROIs)
per slice, the arithmetic mean of the ROIs was used in the
analysis. Continuous data are presented as means with 95 %
confidence intervals (CIs) and categorical data as counts and
frequencies. The analysis of continuous data was performed
with mixed linear models, taking into account the multiple
observations per patient based on the logarithmic transformed
values, as the data were close to normal distribution just after
transformation.

Time-to-peak analysis was performed using Poisson re-
gression based on generalized estimation equations, which
accounted for multiple measurements per patient. All analyses
were performed on all lesions and the subgroups of benign
and malignant lesions.

The dynamic SI enhancement-time curve analysis was
performed using mixed linear models, which accounted for
multiple observations per patient.

All tests were performed two-sided, assuming statistical
significance for p values below 0.05. Calculations were per-
formed using SAS 9.2 (SAS Institute Inc., Cary, NC, USA).

The determination of sample size was based on the require-
ments of an intra-individual comparison test for non-
inferiority for the primary variable. Pilot data of three patients
were used to set the assumptions for the sample size calcula-
tion. In this pilot study, the peak enhancement was found to be
454 for Gadovist® and 470 for Dotarem® with a common
standard deviation of 343. The difference in relative peak
enhancement of Gadovist® and Dotarem® was calculated as

Fig. 1 Region of interest
placement and relative SI
enhancement for gadobutrol or
gadoterate meglumine. Example
illustrates placement of two ROIs
in the most strongly enhancing
parts of the breast lesion and
shows the corresponding dynamic
curves for gadobutrol and Gd-
DOTA. Gd-DOTA=gadoterate
meglumine; ROI=region of
interest
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-16 with a standard deviation of 73. The non-inferiority mar-
gin -Δ was based on the minimum clinically relevant differ-
ence for the peak enhancement.When the limit is above -47 (≅
-10 %), non-inferiority can be concluded.

To ensure that the required number of evaluable cases of
the per-protocol population is available for this study a drop-
out rate of about 10 % is assumed which leads to a planned
total sample size of 52 patients.

Results

Patients

A total of 52 women consented to participate in the study:
gadobutrol was administered first in 26 patients, and Gd-
DOTA in the other 26 patients. Histology was available for
51 patients; one patient refused biopsy after MR imaging
showed no signs of malignancy. This lesion did not change
within a 2-year follow-up andwas classified as a fibroadenoma.

Seven of the 52 patients were excluded from further analysis.
Reasons for exclusion were withdrawal of consent owing to
claustrophobia after the first examination (n=2) and inability to
identify clearly the lesion on both examinations due to marked
background enhancement in a blinded reading (n=2) or severe
motion artefacts (n=3). All of the motion occurred after admis-
sion, one time in the first and two times in the second exam.
None of the patients had an adverse event.

A total of 45 patients received both contrast agents and
were included in the analysis. The overall sample consisted of
115 slices from 45 patients. For three patients, data on one
slice each was reported, for 20 patients on two slices, for 16
patients on three slices, and for six patients on four slices.
ROIs were placed in 90 slices of malignant and 25 slices of
benign lesions.

The 45 patients included in the analysis had a mean age of
49.1 years (range, 30–70 years) and a mean weight of 67.5 kg
(±12.6 standard deviations [SD]; range 42–94 kg). Twenty-
twowomenwere postmenopausal and 23 premenopausal. The
mean time between the two MR examinations was 2.3 days

Table 1 Menstrual cycle status at time of MRI examinations in the premenopausal women and interval (days) between the two examinations

Pat No. Age (years) Day of cycle MR1 Day of cycle MR2 Interval between MR1 and MR2 (days) recommended time point for exam

1 45 27 2 3 No

3 35 15 18 3 No

4 49 20 22 2 No

5 35 6 8 2 Yes

7 41 nn nn 3 Unknown

9 36 21 22 1 No

14 37 8 10 2 Yes

17 37 3-month injection 2 Yes

18 30 25 26 1 No

19 34 15 17 2 No

23 45 7 9 2 Yes

26 47 9 11 2 Yes

27 37 5 7 2 Yes

31 48 7 14 7 Yes

34 41 23 25 2 No

36 39 nn nn 1 Unknown

37 38 nn nn 1 Unknown

38 45 nn nn 1 Unknown

44 32 13 16 3 No

45 35 nn nn 2 Unknown

48 34 nn nn 2 Unknown

50 49 14 16 3 No

52 46 7 8 1 Yes

Mean 39.8 13.9 14.4 2.2

SD 5.8 8.9 8.9 1.3

Min 30 5 2 1

Max 49 27 26 7
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with a range of 24 h to 7 days. Data on menstrual cycle status
at the time of MRI of the premenopausal women and intervals
between the two examinations are presented in Table 1.

Histology identified 34 malignant (mean tumour size,
27.1 mm; range, 7–58 mm; SD, ±14.3 mm) and 11 benign
lesions. The distribution of the different histology results are
presented in Table 2.

Breast density of the analyzed patients was almost entirely
fatty in three, scattered fibroglandular tissue in 22, heteroge-
neous fibroglandular tissue in 12, and extremely
fibroglandular tissue in eight cases. Eighteen patients revealed
a minimal background enhancement; in 14 it was mild, 12
showed moderate enhancement and in one patient it was
marked.

Early relative SI enhancement

Relative SI enhancement, for all lesions, in the initial phase
was significantly higher after gadobutrol administration than
after Gd-DOTA. Mean relative SI enhancement at the first
postcontrast time point was 273.5 % (95 % CI: 237.2,
315.3 %) and 225.1 % (95 % CI: 195.3, 259.5 %) for
gadobutrol- and for Gd-DOTA-enhanced examinations, re-
spectively. In most cases, RE values were higher at the second
postcontrast time point than at the first time point, resulting in
increased mean RE values for the second postcontrast images:
302.7 % (95 % CI: 269.5, 340 %) and 249.2 % (95 % CI:
221.8 %, 279.9 %) for gadobutrol and Gd-DOTA, respective-
ly. Mean peak relative SI enhancement for gadobutrol and Gd-

DOTAwas 330.6 % (95 % CI: 295.2, 370.2 %) and 276. 7 %
(95 % CI: 247.1, 309.9 %), respectively.

The ratio of gadobutrol/Gd-DOTA RE differed significant-
ly at the first time point (1.22; 95 % CI: 1.11, 1.33, p=0.0001)
and second time point (1.22; 95 % CI: 1.12, 1.32, p<0.0001)
and for peak SI enhancement (1.19, 95 % CI: 1.10, 1.30,
p<0.0001).

The ratio of gadobutrol/Gd-DOTA with regard to relative
SI enhancement was also analyzed for the benign and malig-
nant subgroups (Table 3). The difference was significant for
all subgroups and all time points, with the exception of
nonductal malignant lesions, for which the ratio was not
significantly different.

Time-to-peak SI enhancement

Results for time-to-peak relative SI enhancement are summa-
rized in Table 3. No differences were found between gadobu-
trol and Gd-DOTA for time-to-peak RE for all lesions and for
the individual lesion subgroups. Benign lesions and nonductal
invasive lesions showed later peak RE for both contrast agents
compared with ductal malignant invasive lesions (Table 4).

Postinitial contrast behaviour

The curve types ‘washout’, ‘plateau’, and ‘progression’ were
found in benign and malignant lesions; however, the percent-
age of washout curves was highest in malignant and lowest in
benign lesions (Table 5). There was no significant difference
in the postinitial behaviour of the two contrast agents with
respect to postinitial RE in benign lesions after 2 min (Fig. 2);
however, the malignant lesions differed significantly after
2 min, as Gd-DOTA resulted in a higher percentage of wash-
out in this group. This difference was mainly attributable to a
difference for nonductal carcinomas, while invasive ductal
carcinomas showed no difference (Fig. 3a–d), Fig. 4. Never-
theless, invasive ductal carcinomas also tended to show a
higher percentage of washout using Gd-DOTA (53.15 % vs.
46.85 %).

Influence of menopausal status and examination time point

Regarding the absolute RE related to the menopausal status no
significant differences could be found for the groups postmen-
opausal, premenopausal-correct time point (examined at rec-
ommended time of cycle), and premenopausal-incorrect time
point using gadobutrol or gadoterate meglumine at 1 min,
2 min or at the peak enhancement time point (Table 6).

Again gadobutrol was significantly higher in absolute RE
than gadoterate meglumine for all subgroups (p<0.04).

Table 2 Pathology results of lesions (n=45)

Pathology Number

Benign lesion pathology (n = 11)

Fibroadenoma 5

Fibrocystic disease 2

Mastitis 1

Papilloma 1

Radial scar 1

Pseudoangiomatous stromal hyperplasia (PASH) 1

Malignant pathology of index lesion (n = 34)

Invasive ductal carcinoma 25 Grade 1: 2

Grade 2: 15

Grade 3: 8

Invasive lobular carcinoma 5 Grade 1: 1

Grade 2: 4

Ductal carcinoma in situ 2 Grade 2: 1

Grade 3: 1

Invasive mucinous carcinoma 1 Grade 2

Invasive papillary carcinoma 1 Grade 2
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Table 3 Relative SI enhancement for gadobutrol and gadoterate meglumine (Gd-DOTA)

Lesion subgroup (number of observations) Contrast agent Relative SI enhancement, % 95 % confidence interval p value

1 min

All lesions
(n=115)

Gadobutrol 273.5 237.2, 315.3 –

Gd-DOTA 225.1 195.3, 259.5 –

Ratio* 1.22 1.11, 1.33 0.0001

Benign lesions
(n=25)

Gadobutrol 192.8 130.2, 285.4 –

Gd-DOTA 146.3 98.8, 216.5 –

Ratio* 1.32 1.03, 1.69 0.0343

Malignant lesions
(n=90)

Gadobutrol 305.7 268.7, 347.9 –

Gd-DOTA 257.4 226.2, 292.9 –

Ratio* 1.19 1.08, 1.31 0.0013

Malignant invasive ductal
(n=74)

Gadobutrol 312.5 271.3, 360.0 –

Gd-DOTA 268.9 233.5, 309.8 –

Ratio* 1.16 1.04, 1.30 0.0093

Other malignant lesions
(n=16)

Gadobutrol 275.7 183.9, 413.3 –

Gd-DOTA 209.7 139.9, 314.3 –

Ratio* 1.31 0.96, 1.79 0.0733

2 min

All lesions
(n=115)

Gadobutrol 302.7 269.5, 340.0 –

Gd-DOTA 249.2 221.8, 279.9 –

Ratio* 1.21 1.12, 1.32 <0.0001

Benign lesions
(n=25)

Gadobutrol 248.6 174.0, 355.3 –

Gd-DOTA 182.1 127.4, 260.2 –

Ratio* 1.37 1.10, 1.69 0.0090

Malignant lesions
(n=90)

Gadobutrol 322.1 290.1, 357.7 –

Gd-DOTA 273.9 246.7, 304.2 –

Ratio* 1.18 1.07, 1.29 0.0010

Malignant invasive ductal
(n=74)

Gadobutrol 320.7 283.6, 362.6 –

Gd-DOTA 274.5 242.8, 310.3 –

Ratio* 1.19 1.05, 1.30 0.0049

Other malignant lesions
(n=16)

Gadobutrol 330.4 262.1, 416.4 –

Gd-DOTA 272.6 216.3, 343.5 –

Ratio* 1.21 0.95, 1.55 0.1025

Peak

All lesions
(n=115)

Gadobutrol 330.6 295.2, 370.2 –

Gd-DOTA 276.7 247.1, 309.9 –

Ratio* 1.19 1.10, 1.30 <0.0001

Benign lesions
(n=25)

Gadobutrol 285.9 207.6, 393.8 –

Gd-DOTA 211.6 153.6, 291.4 –

Ratio* 1.35 1.11, 1.65 0.0074

Malignant lesions
(n=90)

Gadobutrol 346.1 309.3, 387.3 –

Gd-DOTA 299.8 267.9, 335.5 –

Ratio* 1.15 1.05, 1.27 0.0041

Malignant invasive ductal
(n=74)

Gadobutrol 346.3 303.0, 395.8 –

Gd-DOTA 302.94 265.1, 346.3 –

Ratio* 1.14 1.03, 1.27 0.0169

Other malignant lesions
(n=16)

Gadobutrol 347.9 280.8, 431 –

Gd-DOTA 288.1 232.5, 356.9 –

Ratio* 1.21 0.94, 1.56 0.1155

n=number of lesions; *Ratio=gadobutrol/gadoterate meglumine; Gd-DOTA=gadoterate meglumine
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Safety

Twelve (23.1 %) patients experienced minor adverse events
following administration of either contrast agent. They includ-
ed headache (n=4 for gadobutrol, 2 for Gd-DOTA), nausea
(n=2 for gadobutrol), rash (n=2 for gadobutrol), paresthesia
(n=2 for Gd-DOTA), dizziness (n=2 for gadobutrol), and
palpitations (n=1 for Gd-DOTA).

Discussion

Contrast-enhanced MR mammography using linear Gd-CM
has been shown to be an effective diagnostic breast imaging
technique with regard to both the detection and characteriza-
tion of breast lesions [9, 33–35].

Dynamic contrast-enhanced MR imaging of the breast
detects solid breast lesions with high sensitivity based on peak
enhancement, while their differentiation relies on the evolu-
tion of enhancement over time. In a first approximation, we
may assume that all nonspecific, low-molecular-weight,
gadolinium-based contrast agents have similar pharmacody-
namics and, therefore, produce similar enhancement patterns
over time when used for dynamic contrast-enhanced breast
MRI. On the other hand, MR contrast agents are known to
have different T1 relaxivity [18, 19]. In several studies, use of
contrast agents with higher T1 relaxivity has resulted in stron-
ger contrast enhancement compared to agents with lower T1
relaxivity [20, 22, 23, 36, 37]. For some clinical applications,
the stronger enhancement has been shown to be associated
with a clinically relevant diagnostic gain [20–23, 38].

In the present study, we intraindividually compared gado-
butrol and Gd-DOTA with T1 relaxivities of 5.2 and 3.6 L/
mmol s–1, respectively (at 1.5 T in plasma at 37 °C), in terms
of signal enhancement of breast lesions. Our results show that
gadobutrol produces significantly higher peak RE in both
benign and malignant breast lesions. The ratio of mean peak
RE roughly corresponds to the ratio of relaxivities. These
findings are in agreement with the results of the studies of
Attenberger et al. comparing gadobutrol and Gd-DOTA,
which have demonstrated superiority of gadobutrol in MR
imaging of brain lesions [20]. The stronger relative SI en-
hancement of gadobutrol can possibly be explained by its
higher relaxivity compared with Gd-DOTA. Interestingly, this
effect did not differ between pre- and postmenopausal woman
independently from the timing of examination. Indeed, previ-
ous breast MR imaging studies have shown that GBCAs with
higher relaxivities are associated with higher SI enhancement
levels, which in turn have been shown to improve sensitivity
of lesion detection [21–23, 36].

It has been shown by Pediconi et al. and Knopp et al. that
the detection of lesions inMRmammography can be increased
by the use of linear contrast agents with higher relaxivity than
gadopentetate dimeglumine [21, 23, 36]. The influence on the

Table 4 Difference between contrast agents for time-to-peak signal-to-noise ratio

Subgroup Contrast agent Median (min) Interquartiles (Q1; Q3) p value*

All lesions n=115 Gadobutrol 2 1 – 3 0.3329
Gd-DOTA 2 1 – 3

Benign n=25 Gadobutrol 3 3 – 4 0.4797
Gd-DOTA 3 2 – 4

Malignant n=90 Gadobutrol 2 1 – 3 0.4927
Gd-DOTA 2 1 – 3

Malignant invasive ductal n=74 Gadobutrol 1 1 – 3 0.5641
Gd-DOTA 2 1 – 2

Other malignant n=16 Gadobutrol 3 2 – 4 0.7116
Gd-DOTA 3 2 – 4

N=number of lesions; *z test from Poisson regression

Table 5 Curve type at 2 min versus last time point of the placed ROIs per
lesion

Lesion subgroup Curve type Contrast agent, n (%)
Gadobutrol Gd-DOTA

p-values

All lesions Washout 62 (53.9) 77 (67.0) 0.021
Plateau 39 (33.9) 25 (21.7)

Progression 14 (12.2) 13 (11.3)

Benign Washout 4 (16.0) 9 (36.0) 0.398
Plateau 12 (48.0) 6 (24.0)

Progression 9 (36.0) 10 (40.0)

Malignant Washout 58 (64.4) 68 (75.6) 0.048
Plateau 27 (30.0) 19 (21.1)

Progression 5 (5.6) 3 (3.3)

Invasive ductal Washout 52 (70.3) 59 (79.7) 0.171
Plateau 19 (25.7) 12 (16.2)

Progression 3 (4.1) 3 (4.1)

Other malignant Washout 6 (37.5) 9 (56.3) 0.021
Plateau 8 (50.0) 7 (43.8)

Progression 2 (12.5) 0 (0.0)
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shape of the SI enhancement curves, however, was not
assessed in detail in these studies.

In addition, gadolinium-based contrast agents also differ in
terms of the electrical charge of the active molecules. Regard-
ing the two contrast agents investigated here, gadobutrol is
electrically neutral, while Gd-DOTA has a negative charge.
Studies investigating the distribution of gadolinium-based
contrast media in cartilage have revealed that ionic and non-
ionic agents differ in terms of uptake into cartilage. Cartilage
is rich in negatively charge acidic mucopolysaccharides,
resulting in lower contrast when an ionic, negatively charged
contrast medium is used. This effect has been attributed to
electrostatic repulsion of the contrast agent by the negatively
charged mucopolysaccharides. Increased enhancement results
when the cartilage examined has a reduced mucopolysaccha-
ride content [25, 28, 39]. In light of this mechanism, the
second result of our study appears to be of interest, namely
that Gd-DOTA tended to show a more marked washout from
breast lesions. Since breast lesions have been shown to have
an increased content of acidic mucopolysaccharides, especial-
ly in the periphery [26–28], this observation might be attrib-
utable to repulsion of the negatively charged Gd-DOTA,
resulting in more rapid washout from the lesion, especially
the periphery, following initial inflow due to lesion vascular-
ization. In contrast to the postinitial phase, in which the
temporal development might be influenced by the charge of
the tissue, the signal enhancement during the initial phase is
dominated by vascularization.

This finding is in line with a previous study comparing the
described contrast agents in analysis using a fully automatic
computer-assisted diagnosis (CAD) technique also showing a
more marked washout for Gd-DOTA in malignant lesions

[30]. However, our results are acquired via manual ROI place-
ment reflecting common clinic practice.

Clinical significance

Several factors are known to affect the signal intensity in
contrast-enhanced MR imaging, such as magnetic field
strength, sequence type, and relaxivity of contrast agents,
which may have impact on diagnosis and lesion characteriza-
tion [18, 40, 41]. As such, the thresholds of relative SI en-
hancement levels should be individually adjusted to provide
optimal diagnostic performance for a given contrast agent and
a specific imaging protocol [42]. Thus, the thresholds of a
slow SI enhancement of 50 %, intermediate SI enhancement
of 50–100%, and rapid SI enhancement of more than 100% –
established to distinguish benign and malignant breast lesions
using gadopentetate dimeglumine and two dimensional imag-
ing sequences – are not appropriate for macrocyclic GBCAs.
This is supported by the high RE data obtained for benign
lesions, suggesting that these thresholds may have to be
adjusted for macrocyclic GBCAs for the human reader and
for any computerized assisting system. Adjusting the thresh-
olds may increase the specificity, accuracy, and predictive
value [42].

The slightly higher peak relative enhancement produced by
gadobutrol compared with Gd-DOTA might improve the de-
tection of breast lesions, especially when they are small.

Further studies are needed to investigate whether this im-
provement in lesion detection translates into relevant benefits
for patient management. Especially in premenopausal women,
it would be interesting to analyse in a bigger study population
if the higher enhancement translates in an increased sensitivity

Fig. 2 Relative SI enhancement
of all lesions over time. Gd-
DOTA=gadoterate meglumine
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and/or specificity in patients with moderate or marked back-
ground enhancement and adjustment of the examination time
point can be neglected to avoid the postponing of treatment.

Since the postinitial course of relative SI enhancement does
not differ much between gadobutrol and Gd-DOTA in aver-
age, we may assume that these two gadolinium-based contrast
agents do not differ in their ability to characterize breast
lesions. Nevertheless, the type of contrast agent used has to
be taken into account when judging signal intensity time
curves, as there have been significant differences in malignant
lesions. This might influence the specificity as well.

The clinical use of macrocyclic GBCAs in breast MR
imaging is desirable, as they are associated with a lower
propensity to release gadolinium ions compared with linear
GBCAs. This is particularly important for renally impaired
patients, where the use of linear GBCAs is contraindicated
owing to their association with a high/medium risk of
nephrogenic systemic fibrosis (NSF) [43]. This may be of

particular benefit for older women – where the incidence of
breast cancer is greater – who are more likely to have com-
promised renal function. The use of macrocyclic GBCAs
could, therefore, also benefit the screening of high-risk pa-
tients with breast cancer who require repeated follow-up ex-
aminations by reducing gadolinium exposure/burden.

Limitations

Our study is limited by using a 1.5 T system with a 4-channel
coil only, as it is known that field strength and coil design
influence the signal intensity of enhancing breast lesions.
Therefore, the results are not directly transferrable to different
field strength or breast coils.

The ROI placement was done by one single reader only.
Inclusion of patients before and after biopsy could affect

the measured signal intensities. Careful ROI placement
avoiding the biopsied parts of the breast was chosen to keep

Fig. 3 Relative SI enhancement of lesions grouped by type over time. a) Malignant lesions; b) benign lesions; c) malignant ductal invasive lesions; d)
other malignant lesions. Gd-DOTA=gadoterate meglumine
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Table 6 Relative SI enhancement for gadobutrol and gadoterate meglumine (Gd-DOTA) for different menopausal status and recommended (correct)
and not recommended (incorrect) examination time points

Contrast agent menopausal group relative SI enhancement [%] 95 % confidence interval

1 minute

Gadobutrol premenopausal-incorrect time point 350.6 236.4 464.7

premenopausal- correct time point 341.4 243.9 439.0

postmenopausal 334.7 263.5 405.9

Gd-DOTA premenopausal-incorrect time point 313.3 199.1 427.5

premenopausal-correct time point 310.4 212.9 407.9

postmenopausal 276.4 205.2 347.5

2 minutes

Gadobutrol premenopausal-incorrect time point 345.4 254.5 436.3

premenopausal-correct time point 315.2 237.4 393.0

postmenopausal 368.3 311.5 425.0

Gd-DOTA premenopausal-incorrect time point 283.2 192.3 374.1

premenopausal-correct time point 280.1 202.3 357.9

postmenopausal 288.3 231.5 345.0

Peak

Gadobutrol premenopausal-incorrect time point 366.5 256.1 477.5

premenopausal-correct time point 349.1 254.5 443.7

postmenopausal 389.7 320.7 458.8

Gd-DOTA premenopausal-incorrect time point 321.1 210.5 431.8

premenopausal-correct time point 319.0 224.4 413.6

postmenopausal 315.8 246.7 384.8

Fig. 4 Breast lesion
enhancement with gadobutrol
(a, c) and gadoterate meglumine
(b, d). Corresponding maximum
intensity projection and first non-
subtracted T1 image of a bifocal
G3 invasive ductal carcinoma 12
and 6mm in size within a distance
of 3 mm. Artifact overlay
completed for both images;
however, lesions are clearly
visible with gadobutrol only
because of the higher
enhancement levels
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this influence minimal. Nevertheless, imaging after biopsy
represents in some parts clinical practice, when MRI is used
for assessment of the extend of a malignant lesion before
operation.

Another potential limitation is the different molarity of the
contrast agents injected, as the concentration for Gd-DOTA
and gadobutrol are 0.5 mmol/L and 1.0 mmol/L, respectively.
The injection protocol was in accordance with the recommen-
dations of the European Society of Breast Imaging, and hence
comparable with the conditions likely to be used in daily
routine [9, 44]. Moreover, we did not expect that the differ-
ence inmolarity would result in differences in concentration in
the blood after lung passage and, therefore, would not have
affected the results significantly. Also, the images in this study
were acquired with a relatively low temporal resolution, most
likely not able to detect the first pass of the contrast agents.

Only routine histological stains were performed for workup
of the breast lesions investigated. No specific staining for
acidic mucopolysaccharides was done. Therefore, it was not
possible to directly correlate the patterns of signal enhance-
ment with histology.

Finally, interpretation of the subgroup analyses should be
made with care, owing to the low number of patients within
the subgroup populations analyzed.
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