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Abstract
Background Neonates and young children require efficacious magnetic resonance imaging (MRI) examinations but are poten-
tially more susceptible to the short- and long-term adverse effects of gadolinium-based contrast agents due to the immaturity of
their body functions.
Objective To evaluate the acute safety and diagnostic efficacy of gadoteridol (ProHance) for contrast-enhanced MRI of the
central nervous system (CNS) in children ≤2 years of age.
Materials and methods One hundred twenty-five children ≤2 years old (including 57 children <6 months old) who underwent
contrast-enhanced MRI of the CNS with gadoteridol at 0.1 mmol/kg body weight were retrospectively enrolled at five imaging
centers. Safety data were assessed for acute/subacute adverse events in the 48 h following gadoteridol administration and, when
available, vital signs, electrocardiogram (ECG) and clinical laboratory values obtained from blood samples taken from 48 h
before until 48 h following the MRI exam. The efficacy of gadoteridol-enhancedMRI compared to unenhancedMRI for disease
diagnosis was evaluated prospectively by three blinded, unaffiliated readers.
Results Thirteen changes of laboratory values (11 mild, 1 moderate, 1 unspecified) were reported as adverse events in 7 (5.6%)
patients. A relationship to gadoteridol was deemed possible though doubtful for two of these adverse events in two patients
(1.6%). There were no clinical adverse events, no serious adverse events and no clinically meaningful changes in vital signs or
ECG recordings. Accurate differentiation of tumor from non-neoplastic disease, and exact matching of specific MRI-determined
diagnoses with on-site final diagnoses, was achieved in significantly more patients by each reader following the evaluation of
combined pre- and post-contrast images compared to pre-contrast images alone (84.6–88.0% vs. 70.9–76.9%; P≤0.006 and
67.5–79.5% vs. 47.0–66.7%; P≤0.011, respectively).
Conclusion Gadoteridol at 0.1 mmol/kg body weight is safe, well tolerated and effective for contrast-enhanced MRI of the CNS
in children ≤2 years of age.
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Introduction

Clinical signs, symptoms or adverse outcomes related to brain
gadolinium retention have not been documented following the
repeated administration of any gadolinium-based contrast
agent (GBCA) [1–4]. Nevertheless, concern over the potential
long-term risks associated with GBCA administration has led
to the increased use of macrocyclic GBCAs at many pediatric
imaging centers whenever contrast-enhanced magnetic reso-
nance imaging (MRI) is deemed essential for diagnosis [5, 6].
In Europe, the use of macrocyclic GBCAs for all extrahepatic
MRI indications in both adult and pediatric patients has been
mandated by the suspension of all linear GBCAs for clinical
use [7].

Given that migration toward the use of macrocyclic
GBCAs for pediatric MRI applications reflects the belief that
these GBCAs are more stable in vivo and therefore safer for
potentially more vulnerable pediatric patients who have a lon-
ger life expectancy, it follows that a macrocyclic GBCA prov-
en to clear more rapidly from brain and body tissues resulting
in lower levels of retained gadoliniummight be considered the
GBCAof choice for the pediatric population. This is assuming
no differences in safety or efficacy relative to other available
macrocyclic GBCAs. Gadoteridol (ProHance; Bracco, Milan,
Italy) is a macrocyclic GBCA, recently approved by the
United States Food and Drug Administration (FDA) for use
in children younger than 2 years of age, including term neo-
nates [8], with r1 relaxivity similar to the r1 relaxivity values
of other macrocyclic GBCAs [9]. Gadoteridol has been shown
to have similar safety and efficacy profiles to those of other
macrocyclic GBCAs in adults [10, 11]. Notably, however, the
rate of clearance of gadoteridol from rat brain and body tissues
is more rapid than that of the macrocyclic GBCAs gadobutrol
and gadoterate meglumine, resulting in significantly lower
levels of retained gadolinium in the first weeks and months
after administration [12–15]. It remains to be determined
whether more rapid elimination and lower levels of retained
gadolinium occur in humans after exposure to gadoteridol. If
they do, then this might have relevance for children aged
2 years and younger whose brain and cognitive functions are
still developing.

The aim of this study was to assess the safety and efficacy
of gadoteridol for contrast-enhanced MRI of the central ner-
vous system (CNS) in children aged 2 years and younger since
this represents a patient population for whichmore rapid clear-
ance of gadolinium might be considered particularly relevant.

Materials and methods

Patients aged ≤2 years with suspected or known disease of the
CNS who had undergone contrast-enhanced MRI with
gadoteridol at one of four centers in the United States or one

in Italy between August 2009 and January 2019 were retro-
spectively enrolled. All available safety data were assessed.
Additionally, a prospectively designed blinded read of images
from these patients was performed to confirm the efficacy of
gadoteridol in this patient population. The study design and
analysis of data were as described previously for a study per-
formed with the high relaxivity GBCA, gadobenate
dimeglumine [16]. This Health Insurance Portability and
Accountability Act (HIPAA)-compliant study was conducted
in accordance with the International Congress on
Harmonization, Good Clinical Practice, FDA regulations,
and ethical principles outlined in the Declaration of Helsinki
and all applicable local regulations, and was registered at
www.clinicaltrials.gov (NCT03750188). Funding for the
enrollment of patients was provided by Bracco. Institutional
review board (IRB) approval was obtained from each partic-
ipating center. A requirement for patient informed consent for
the elaboration of retrospective data was waived by the local
ethics committee at each center.

Patients

Children 2 years of age or younger were included if they had
received gadoteridol at a dose of 0.1 mmol/kg body weight for
known or suspected enhancing disease of the brain or spine,
and had complete demographic and safety data available.
Enrollment was performed consecutively at each center in
strict reverse chronological order from the date of local IRB
approval until the predefined sample size was attained. The
efficacy of gadoteridol for visualizing enhancing disease was
then assessed prospectively in fully blinded fashion for all
patients included in the safety population who had pre- and
post-dose T1-weighted spin echo (SE)/fast spin echo (FSE)
and/or gradient recalled echo (GRE)/fast field echo (FFE) im-
ages as well as T2-weighted SE/FSE and fluid-attenuated in-
version recovery (FLAIR) (if acquired) images available. If
the child underwent multiple MRI examinations, only the first
examination that showed an enhancing lesion was considered.

Magnetic resonance imaging

All patient exams were conducted using commercially avail-
able MRI equipment and software packages, and all major
MRI manufacturers were represented. MR imaging was per-
formed predominantly at 1.5 tesla (T) (n=40, 32.0% [Signa
HDxt; GE Healthcare, Milwaukee, WI; Achieva and Ingenia;
Philips Healthcare, Best, the Netherlands; Magnetom Avanto
and Espree; Siemens Healthineers, Erlangen, Germany]) or
3.0 T (n=84, 67.2% [Discovery 3 T MR750, GE Healthcare;
Ingenia, Philips Healthcare; Magnetom Skyra and Verio,
Siemens]). Only one patient was imaged using a 1.0-T MRI
system (Panorama HFO; Philips Healthcare). Acquired im-
ages included T1-W spin echo (T1 SE), T1-W gradient echo
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(T1 GRE), T2-W FSE, and T2-W FLAIR acquisitions before
contrast injection, and T1 SE and T1 GRE acquisitions after
injection of gadoteridol at a manual bolus dose of 0.1 mmol/
kg body weight (0.2 mL/kg). Due to the retrospective nature
of the study, a dose of 0.1 mmol/kg ±25% by volume admin-
istered was considered acceptable for patient inclusion.

Efficacy assessments

All images acquired at the time of the MRI examination were
anonymized and transferred in standard DICOM (Digital
Imaging and Communications in Medicine) file format for
subsequent prospective assessment by three independent neu-
roradiologists (J.V., D.S.E. and C.C., each with >30 years of
experience in pediatric neuroradiology) unaffiliated with the
enrollment centers and fully blinded to all patient clinical pro-
files and imaging information. Images were evaluated using
the thin client of the TeraRecon AquariusNet server (v
4.4.5.36; San Mateo, CA). The three readers performed inde-
pendent assessments of pre-contrast images alone (including
T1, T2 and T2 FLAIR acquisitions) and combined pre- plus
post-contrast T1 images, with the images displayed in ran-
domized order in two reading sessions separated by at least
1 month to minimize recall bias.

Assessment of lesion visualization on pre-contrast and
pre- plus post-contrast images was performed in terms of
three co-primary endpoints: lesion border delineation, visu-
alization of lesion internal morphology and lesion conspi-
cuity versus background. Assessments were performed
using 4-point scales for each parameter from 1 (poor),
through 2 (moderate), and 3 (good), to 4 (excellent). A score
of zero was assigned by default whenever a lesion was not
identified on either image set after lesion matching. Similar
4-point assessment scales have been used for image evalu-
ation in children younger than 2 years old [17, 18].
Thereafter, patient diagnoses were made at disease
(neoplastic versus non-neoplastic) level and at specific di-
agnosis level from a list of 54 coded diagnoses. Diagnoses
made by the blinded readers were subsequently matched
with the final on-site patient diagnosis made by the original
investigating radiologist.

Finally, each reader was asked whether the post-
contrast images provided additional information over
pre-contrast images, as described elsewhere [18].
Additional information included whether enhancement re-
vealed an abnormality not seen on the pre-contrast im-
ages; whether it improved visualization of the size, extent
and/or margins of a lesion (better conspicuity); or whether
the pattern of enhancement was useful in predicting the
grade, histological type, vascularity, and/or aggressive-
ness of a lesion or documented the activity or aggressive-
ness of non-neoplastic processes.

Safety assessments

The safety of gadoteridol in children younger than 2 years old
was evaluated based on the information available in the clin-
ical records of the enrolled patients. Since children underwent
contrast-enhanced MRI as part of a clinical routine and were
enrolled retrospectively for this analysis rather than prospec-
tively, the safety information available reflects the safety mon-
itoring and reporting performed for each individual child at
the five investigating centers. As is the case for all contrast-
enhanced MRI exams with all types of GBCA, monitoring
was performed for any untoward medical occurrence during
the time frame associated with the administration of
gadoteridol. For the purposes of this study, any untoward
medical occurrence reported in the 48 h after the administra-
tion of gadoteridol was considered an adverse event, even if
the event was not causally related to the administration of
gadoteridol. Safety data recorded by the investigating radiol-
ogist based on the experience/expertise of the investigational
team at each site (including investigating radiologists, clini-
cians and anesthesiologists when applicable) included clinical
adverse events and, when available, vital signs, and electro-
cardiogram (ECG) and clinical laboratory determinations.
Standard MedDRA (Medical Dictionary for Regulatory
Affairs) reporting was used, with all reported adverse events
coded and summarized by system organ class and preferred
term, by intensity and by causal relationship to the adminis-
tration of gadoteridol. As generally defined in regulatory stud-
ies, there was a reasonable possibility (doubtful, possible,
probable or definite) of a relationship to gadoteridol adminis-
tration if the event followed a reasonable temporal sequence
from the administration of gadoteridol and followed an
established response pattern even if the event could have been
caused by the patient’s clinical state, a concomitant therapy,
another diagnostic/interventional procedure, or if the event
could not be reasonably explained by the patient’s clinical
state, a concomitant therapy or another diagnostic/
interventional procedure. Similarly, events were considered
to have a reasonable possibility of a relationship to gadoteridol
if the report of the event contained conflicting data and/or
dubious or insufficient/poor evidence. Conversely, there was
no reasonable possibility of a relationship to gadoteridol ad-
ministration if the event was considered definitely due to
causes separate from the administration of gadoteridol. A list
of adverse events possibly associated with exposure to
gadoteridol is provided in the prescribing information for
ProHance [8] and is comparable to lists for all GBCAs.

If an adverse event was considered by the investigating
radiologist and anesthesiologist to be related to sedation or
anesthesia, this was recorded as part of the event description.
Individual patient-specific case report forms documented all
safety data recorded by the investigating radiologist during the
48 h after the contrast-enhanced MRI examination. When
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laboratory data were available, the normal ranges for the pa-
rameters measured were included. The last laboratory mea-
surement made within 48 h before administration of
gadoteridol was taken as the baseline value.

Statistical analysis

All statistical tests were performed using SAS software (ver-
sion 9.3; SAS Institute, Cary, NC) and were considered sig-
nificant for P<0.05. Continuous measurements were reported
as mean±standard deviation (SD) while categorical assess-
ments were described as number (%). The change in lesion
visualization from pre-contrast images alone to combined pre-
plus post-contrast images was determined for the three co-
primary endpoints (lesion border delineation, visualization of
lesion internal morphology and lesion conspicuity) at the pa-
tient level based on averaged scores assigned to all individual
detected lesions for the same image set and patient.
Comparison was performed using paired t-tests.

Diagnostic accuracy for the differentiation of neoplastic
from non-neoplastic disease and for correct lesion diagnosis
at specific disease level was determined separately for pre-
contrast and combined pre- and post-contrast images for each
reader. The difference in diagnostic accuracy between pre-
contrast and combined pre- and post-contrast image sets was
assessed using McNemar’s test. The final diagnosis made by
the investigating radiologist based on all available clinical,
surgical and diagnostic information was considered the refer-
ence standard for diagnostic performance determinations.

Inter-reader agreement together with 95% confidence inter-
vals (CI) for the differentiation of neoplastic from non-
neoplastic disease and for correct lesion diagnosis at specific
disease level was assessed using generalized weighted kappa
(κ) statistics. Agreement was classified as excellent (κ values
>0.8), good (κ=0.61–0.8), moderate (κ=0.41–0.6), fair
(κ=0.21–0.4) or poor (κ≤0.2) [19].

A sample size of 120 patients was calculated to provide
>85% power based on a McNemar’s test of equality in accu-
racy, assuming an expected difference in accuracy between
pre-contrast and combined pre- and post-contrast image sets
of 10% with 15% discordant pairs.

Results

Overall, 125 patients were enrolled across the five participat-
ing centers (30, 21, 14, 50 and 10 patients at centers 1 to 5,
respectively). All 125 patients met the inclusion criteria, had
pre- and post-dose efficacy data available, and were included
in analyses of both safety and gadoteridol efficacy.
Demographic details are shown in Table 1. All were term
infants. Patient ages ranged from 1 day to 24 months, with a
mean of 8.1 months. The age distribution included 39 (31.2%)

between 12 and 24 months, 29 (23.2%) between 6 and
<12 months, 40 (32.0%) between 1 and <6 months and 17
(13.6%) who were <1 month. The mean weight of enrolled
patients was 7.6±3.2 kg (range: 2.1–15.5 kg) and the mean
height was 66.2±12.5 cm (range: 45–92 cm). An MRI exam-
ination of the brain was performed in 112 (89.6%) cases and
MRI of the spine was performed in 13 (10.4%) cases.

Conscious sedation and/or anesthesia before the examina-
tion was reported for 77 (62%) patients without complica-
tions. Forty-four patients did not receive sedation or anesthe-
sia before the examination. No information could be retrieved
from clinical records for four subjects. Administered drugs for
sedation/anesthesia included propofol in 53/77 (68.8%) cases.
Other drugs, either alone or in combination with propofol,
included thiopental, fentanyl, midazolam, nitrous oxide,
dexmedetomidine, succinylcholine, rocuronium bromide,
cisatracurium besilate, etomidate and sevoflurane.

At least one finding of relevant medical history was report-
ed for 124 (99.2%) patients. Commonly reported medical his-
tory findings were oncological, occurring in 45 (36.0%) pa-
tients, and congenital, occurring in 26 (20.8%) patients.

Serum creatinine values obtained within 2 days before the
administration of gadoteridol were available for 74 patients
(Table 2). Estimated glomerular filtration rate (eGFR) values
calculated using the Schwartz formula for patients <2 years
[20] were reported for 60 patients with available height data.
The mean and median serum creatinine and eGFR values
reported for each age group were consistent with those of
similarly aged children with normal age-related renal function
[21]. No children experienced any events or symptoms that
necessitated post-exam serum creatinine determinations.

Efficacy results

Lesions were detected by the three readers in 108 (86.4%),
108 (86.4%) and 109 (87.2%) patients on pre-contrast images
alone (readers 1, 2 and 3, respectively) and in 117 (93.6%),
119 (95.2%) and 112 (89.6%) patients on combined pre- and
post-contrast images, respectively. Highly significant
(P<0.0001; all evaluations, all readers) improvements in le-
sion border delineation, visualization of lesion internal mor-
phology and lesion conspicuity versus backgroundwere noted
for assessments of combined pre- and post-contrast images
compared to pre-contrast images alone (Table 3).

Final diagnosis was available for 117 patients and included
neoplastic disease (n=41), inflammatory or infectious disease
(n=33), vascular disease (n=31), phakomatoses such as tuber-
ous sclerosis (n=5), Sturge-Weber syndrome (n=2) and other
(n=5). Readers 1, 2 and 3 accurately differentiated neoplastic
from non-neoplastic disease in significantly more patients
based on information available on combined pre- and post-
contrast images than on information available on pre-contrast
images alone (reader 1: 99/117 [84.6%] vs. 85/117 [72.7%],
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P=0.006; reader 2: 99/117 [84.6%] vs. 83/117 [70.9%],
P=0.002; reader 3: 103/117 [88.0%] vs. 90/117 [76.9%],
P=0.002). Similar results were obtained when each reader
assigned a specific diagnosis to the imaging findings.
Significantly more correct diagnoses were made based on in-
formation available on combined pre- and post-contrast im-
ages than on information available on pre-contrast images
alone (reader 1: 93/117 [79.5%] vs. 78/117 [66.7%],
P=0.01; reader 2: 79/117 [67.5%] vs. 55/117 [47.0%],
P<0.0001; reader 3: 90/117 [76.9%] vs. 65/117 [55.6%],
P<0.0001). Whereas none of the readers provided an accurate
specific diagnosis for 25/117 (21.4%) patients based on eval-
uation of pre-contrast images alone, this number was signifi-
cantly lower (12/117 [10.3%], P=0.02) when assessment was
made of combined pre- and post-contrast images.

Full three-reader agreement for the correct differentiation
of neoplastic from non-neoplastic disease was achieved for
significantly (P=0.0001) more patients when assessment was
based on combined pre- and post-contrast images (86/117
[73.5%]) than when assessment was based on unenhanced
pre-contrast images alone (68/117 [58.1%]). Inter-reader
agreement was good for assessments of both pre-contrast im-
ages alone (κ=0.612; 95% CI: 0.513, 0.711) and combined
pre- and post-contrast images (κ=0.630; 95% CI: 0.529,
0.731). Similarly, three-reader agreement for correct specific
lesion diagnosis was achieved for significantly (P<0.0001)
more patients when assessment was based on combined pre-
and post-contrast images (63/117 [53.8%]) than when assess-
ment was based on unenhanced pre-contrast images alone (38/
117 [32.5%]). Inter-reader agreement was fair for both

Table 1 Patient demographic characteristics and details regarding type of magnetic resonance (MR) examination and sedation during examination

Demographic Overall 0 to <1 month 1 to <6 months 6 to <12 months 12 to 24 months

Number of subjects 125 17 40 29 39

Male/female 70/55 12/5 15/25 19/10 24/15

Age (months) Mean±SD 8.1±7.0 8.5±6.0a 2.7±1.6 8.3±1.9 17.1±3.1

Range 0.0–24.0 1–21 1.0–5.0 6.0–11.0 12.0–24.0

Weight (kg) Mean±SD 7.6±3.2 3.4±0.5 5.4±1.7 8.4±1.7 11.1±1.7

Range 2.1–15.5 2.3–4.4 2.1–9.1 5.2–11.2 8.6–15.5

Height (cm) Mean±SD 66.2±12.5 50.8±2.3 57.5±8.6 69.7±5.9 79.5±5.6

Range 45–92 48–55 45–91 58–79 69–92

Type of exam Brain 112 16 37 27 32

Spine 13 1 3 2 7

Dose (mmol/kg) Mean±SD 0.101±0.02 0.103±0.01 0.103±0.03 0.1±0.01 0.099±0.01

Sedation/anesthesiab Yes 77 4 13 24 36

No 44 13 26 4 1

N/A 4 0 1 1 2

N/A not available, SD standard deviation
a Age is reported in days rather than months
b Patients may have received more than one drug for sedation

Table 2 Serum creatinine values and estimated glomerular filtration rate (eGFR)

Demographic Total 0 to <1 month 1 to <6 months 6 to <12 months 12 to 24 months

Serum creatinine (mg/mL) Subjects 74 13 27 16 18

Mean±SD 0.30±0.15 0.47±0.18 0.27±0.13 0.24±0.12 0.27±0.08

Range 0.10–0.70 0.16–0.70 0.10–0.70 0.10–0.50 0.10–0.44

eGFR (mL/min/1.73m2) Subjects 60 11 22 13 14

Mean±SD 124.2±64.1 59.4±35.0 118.8±55.6 140.4±66.6 168.4±51.3

Range 31.5–306.8 31.5–154.7 40.5–265.5 65.3–306.8 106.3–300.7

SD standard deviation
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assessments (κ=0.374, 95% CI: 0.252, 0.496 for assessment
of pre-contrast images alone and κ=0.368, 95% CI: 0.220,
0.515 for assessment of combined pre- and post-contrast
images).

Additional diagnostic information on images enhanced
with gadoteridol was noted by readers 1, 2 and 3 for 118/
125 (94.4%), 117/125 (93.6%) and 122/125 (97.6%) patients,
respectively (Table 4). The primary benefits were in revealing
abnormalities not seen on pre-contrast images and/or in im-
proving lesion conspicuity (i.e. improving visualization of the
size, extent and/or margins of a lesion) or better predicting the
grade, histological type, vascularity and/or aggressiveness of a
lesion (Figs. 1, 2 and 3).

Safety findings

Six (4.8%) of 125 children who received gadoteridol experi-
enced 11 adverse events during the prospectively defined 48-h
monitoring period as adjudicated by the investigating radiol-
ogist. All adverse events were changes in laboratory values.
One further child experienced two changes in laboratory
values at 66 h after gadoteridol administration that were also
considered adverse events. Although these events occurred
outside the 48-h monitoring period, they were nevertheless
included in the final analysis, giving an overall incidence of
5.6% (7/125) and 13 adverse events. Each of these adverse
events was categorized by the investigating radiologist as
mild, apart from one adverse event that was categorized as
moderate and one adverse event for which categorization
was not available.

In five of these seven patients, the investigating radiologist
considered there to be “no reasonable possibility” of a rela-
tionship between the reported adverse event (nine adverse
events overall) and the administration of gadoteridol. The lab-
oratory changes in these five patients included one patient
with elevated platelet levels of unreported intensity at 40 h
after theMRI examination that returned to normal levels with-
in 24 h; one patient with a mild decrease in hemoglobin at 29 h
that returned to normal levels; one patient with mild decreases
in hemoglobin and hematocrit at 17 h that were ascribed to
administered antibiotics and that returned to normal levels;
one patient with mild decreases in hemoglobin, hematocrit
and red blood cell count at 33 h that were ascribed to blood
loss during surgery that was recovered by transfusion; and one
patient with moderately lowered platelet levels and mildly
elevated blood chloride at 66 h that were ascribed to blood
loss during surgery that was recovered by transfusion.

In two patients (1.6%), the relationship of the adverse event
to gadoteridol administration could not be excluded, although
in both cases the investigating radiologist considered there to
be doubtful or insufficient/poor evidence of a causal relation-
ship. One of these cases was a 5-month-old infant with
lowered hemoglobin at 4 h after gadoteridol administration
and mildly elevated blood chloride and blood sodium at
12 h after the MRI examination, which were considered un-
related to gadoteridol administration. The other case was an
11-month-old infant with normal serum creatinine values and
lowered urea nitrogen 16 h after gadoteridol administration.
Both events were mild. No clinically meaningful changes
were recorded by the investigators for any patient with vital

Table 3 Comparison of lesion visualization on pre- + post-contrast images versus pre-contrast images alone

Image quality Reader 1 (n=107) Reader 2 (n=107) Reader 3 (n=106)

Lesion border delineation Pre-contrast 2.9±0.80 2.5±0.78 2.9±0.67

Pre- + post-contrast 3.7±0.45 3.3±0.55 3.8±0.38

Change 0.8±0.78 0.8±0.84 0.9±0.67

P-value <0.0001 <0.0001 <0.0001

95% CI of change 0.7–1.0 0.7–1.0 0.8–1.0

Visualization of lesion internal morphology Pre-contrast 2.8±0.76 2.2±0.58 2.9±0.68

Pre- + post-contrast 3.7±0.56 3.1±0.50 3.9±0.28

Change 0.8±0.84 0.9±0.77 1.0±0.75

P-value <0.0001 <0.0001 <0.0001

95% CI of change 0.7–1.0 0.7–1.0 0.9–1.2

Lesion conspicuity versus background Pre-contrast 2.9±0.77 2.3±0.66 2.9±0.66

Pre- + post-contrast 3.9±0.34 3.2±0.51 3.8±0.45

Change 1.0±0.84 0.9±0.79 0.9±0.73

P-value <0.0001 <0.0001 <0.0001

95% CI of change 0.8–1.1 0.8–1.1 0.8–1.1

Based on numbers of patients with available pre- and post-contrast scores. Values are mean±standard deviation of scores for each patient determined
using 4-point scales from 1 to 4. P-value based on paired t-test for change from pre-contrast to pre- + post-contrast. CI confidence interval
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sign or ECG data available. There were no reports of sedation-
or anesthesia-related adverse events and all patients recovered
without sequelae.

Discussion

Neonates and young infants represent an extremely vulnerable
population for contrast-enhanced imaging procedures in part
because of their size and fragility, and in part because the
hepatic and renal clearance mechanisms necessary for the

elimination of contrast materials are relatively underdevel-
oped [22, 23]. The macrocyclic GBCAs widely used for
contrast-enhanced MRI in pediatric subjects are eliminated
exclusively via the kidneys. Although pharmacokinetic stud-
ies of renally excreted drugs, including GBCAs, in healthy
newborn infants reveal kinetic behavior comparable to that
in older children and adults [24–26], the fact that eGFR rough-
ly equivalent to adult levels does not occur until about
6 months [23] means that attention appropriately centers not
only on the acute safety and efficacy of GBCAs in this popu-
lation but also on the potential longer-term effects of GBCA

Table 4 Additional information
provided with the use of
gadoteridol

Reader 1
n (%)

Reader 2
n (%)

Reader 3
n (%)

Total number of patients assesseda 125 125 125

Additional information: no 7 (5.6) 8 (6.4) 3 (2.4)

Additional information: yes 118 (94.4) 117 (93.6) 122 (97.6)

Patients with enhancing lesions 102 (81.6) 106 (84.8) 102 (81.6)

Patients with non-enhancing lesions 13 (10.4) 6 (4.8) 14 (11.2)

Patients with both enhancing lesions and non-enhancing lesions 2 (1.6) 1 (0.8) 7 (5.6)

Gadoteridol was helpful in excluding lesions (in patients with no
lesion detected in both pre- and post-contrast images)

5 (4.0) 6 (4.8) 13 (10.4)

Number of patients assessed with enhancement of lesionsa 102 106 102

Enhancement revealed an abnormality not seen on the pre-contrast
MR images

30 (29.4) 32 (30.2) 28 (27.5)

Enhancement provided improved visualization of the size, extent
and/or margins of a lesion (better conspicuity)

49 (48.0) 81 (76.4) 98 (96.1)

The pattern of enhancement was useful in predicting the grade,
histological type, vascularity and/or aggressiveness of a lesion

43 (42.2) 65 (61.3) 75 (73.5)

Enhancement suggested residual tumor in an operative site not
distinguishable from postsurgical changes on pre-contrast images

2 (2.0) 0 0

Enhancement documented the activity or aggressiveness of certain
non-neoplastic processes, including multiple sclerosis, vasculitis
and infection

16 (15.7) 1 (0.9) 17 (16.7)

Enhancement proved the subacute nature of a lacuna or infarct when
the age of such lesion was clinically and radiologically
indeterminate

6 (5.9) 3 (2.8) 5 (4.9)

Other diagnostic benefits of enhancement 21 (20.6) 0 0

Number of patients assessed with no enhancement of lesionsa 13 6 14

Lack of enhancement indicated a benign or low-grade nature of the
mass rather than high-grade nature

2 (15.4) 4 (66.7) 8 (57.1)

Lack of enhancement provided support that high-grade tumor had
been completely resected from an operative site

1 (7.7) 1 (16.7) 0

Lack of enhancement clarified the relative inactivity or low
aggressiveness of white matter lesions in a clinical setting in which
their benign nature could be presumed (documents systemic
malignancy, vasculitis or demyelinating disease)

3 (23.1) 0 1 (7.1)

Lack of enhancement proved the remote nature of a lacuna or infarct
when the age of such lesion was otherwise radiologically
indeterminate but questioned clinically

0 0 3 (21.4)

In the setting of a possible central nervous system infection, lack of
enhancement helped by excluding extensive meningeal
involvement, pseudomembrane formation or abscesses

0 0 4 (28.6)

Other diagnostic benefits of lack of enhancement in the appropriate
clinical setting

8 (61.5) 1 (16.7) 2 (14.3)

A subject may have findings in more than one category
a Denominator for percentages
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administration. Our study of 125 children aged 2 years and
younger, including 57 children younger than 6 months, re-
vealed only 13 changes in laboratory values in 7 children that
were classified as adverse events. Of these 13 events, 11 were
considered unrelated to the administration of gadoteridol.
Only two altered laboratory values in two patients were re-
ported as possibly related adverse events, but these were con-
sidered doubtful by the investigating radiologist. There was no
impact on serum creatinine levels and no effects on vital signs
or ECG recordings in those infants in whom determinations
were made. In terms of safety, our findings confirm the low
incidence of acute/subacute adverse events reported by Cho
et al. [11] in adult and pediatric subjects undergoing routine
contrast-enhancedMRI with gadoteridol. Moreover, they bear
excellent comparison with findings for other macrocyclic
GBCAs in children under 2 years of age [17, 25–28].

Our results confirm that gadoteridol is effective not only for
differentiating neoplastic from non-neoplastic disease (83.8–
86.3% accuracy for assessing combined pre- plus post-
contrast images; all readers) but also for the more challenging
assessment of accuracy for specific diagnosis (68.4–80.3% ac-
curacy on combined pre- plus post-contrast images compared to
only 47.0–67.5% accuracy for assessment of pre-contrast im-
ages alone). Of note, the images in this study were assessed in a
fully independent manner with the readers blinded to the med-
ical history and clinical characteristics of the patients, creating a
greater diagnostic challenge in an artificial manner compared to
the usual clinical setting. Future work might look at whether,
and to what extent, diagnostic performance is improved on pre-
plus post-contrast images relative to pre-contrast images alone
if readers are fully aware of the medical history and clinical
characteristics of the patients.

Fig. 1 A 2-month-old girl with
subdural empyema and
meningitis. a–c Small subdural
fluid collections in the frontal
convexities bilaterally appear
hypointense and hyperintense on
the axial T1 (a) and T2 (b)
images, respectively, with some
areas of non-suppression on the
axial fluid-attenuated inversion
recovery (FLAIR) image (thin
arrows in c) that suggest dural
thickening and mild scalloping of
the frontal cortical surface.
FLAIR hyperintensity also
extends slightly into the sulci
suggestive of concomitant
leptomeningeal disease. d The
post-contrast axial T1 image
shows subdural fluid collections
(open arrows), and
pachymeningeal and
leptomeningeal enhancement
(arrowheads). Note, a tiny sliver
of FLAIR hyperintensity in the
right occipital convexity (thick
arrow in c) is not conspicuous on
the post-contrast image (solid
arrow in d), possibly reflecting a
tiny fluid collection.
Pachymeningeal and
leptomeningeal enhancement
seen on the post-contrast T1
image strongly suggest an
infectious process and led to the
imaging diagnosis of empyema
and meningitis, which was later
confirmed by cerebrospinal fluid
analysis
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Unfortunately, the lack of similar diagnostic efficacy stud-
ies with other macrocyclic GBCAs in a similar pediatric pop-
ulation precludes direct comparison of our findings with other
macrocyclic GBCAs. However, it is worth noting that the
improvement in lesion visualization seen on combined pre-
plus post-contrast images relative to pre-contrast images alone
bears excellent comparison with subjective efficacy results
reported for the macrocyclic GBCAs gadoterate meglumine
[25] and gadobutrol [26] in children aged 2 years and younger.
Furthermore, the same lesion visualization parameters evalu-
ated in this study (lesion border delineation, visualization of
lesion internal morphology and lesion conspicuity versus
background) were also evaluated in a previous large-scale
multi-center intra-individual crossover comparison of
0.1 mmol/kg gadoteridol and 0.1 mmol/kg gadobutrol
(Gadavist/Gadovist; Bayer) in adults referred for contrast-
enhanced MRI of the CNS [10]. The results of that study
revealed no significant differences between these two
GBCAs either for lesion visualization or diagnostic perfor-
mance [10]. The similar lesion visualization performances of
gadoteridol and gadobutrol are recognized in the current

prescribing information for gadobutrol as reviewed by the
FDA, which states, “Performances of Gadavist and
gadoteridol for visualization parameters were similar” [29].

Given that the safety and efficacy profiles of the three mac-
rocyclic GBCAs are essentially equivalent and assuming no
relevant differences in non-radiologic factors (e.g., availabili-
ty, price), the choice of which GBCA to use in neonates and
young children might conceivably come down to concern
over the potential long-term risks associated with gadolinium
retention. Although studies in adults receiving multiple
GBCA doses do not reveal any evidence of harm associated
with gadolinium retention [1–4], no data are available on the
potential long-term impact of GBCA administration on very
young pediatric subjects. As noted by others, possible long-
term effects of retained gadolinium are potentially of greater
concern in this population given their increased vulnerability
from continuing development, longer life expectancy and po-
tentially longer period of exposure [30, 31]. Although studies
in animals have shown that the levels of retained gadolinium
are much lower after administration of macrocyclic GBCAs
than after administration of certain linear GBCAs [12, 13, 32,

Fig. 2 A 7-month-old boy with multifocal brain abscesses. a–d The
lesion in the left temporal lobe (solid arrows) shows heterogeneous
signal on the axial T1 (a) and T2 (b) images with mild hyperintensity
and marked surrounding vasogenic edema on the axial fluid-attenuated
inversion recovery (FLAIR) image (c). The post-contrast axial T1 image
(d) clearly delineates a multifocal ring-enhancing lesion with thick but
smooth peripheral enhancement characteristic of a cerebral abscess
(likely pyogenic) in the left temporal lobe. e–h Multilocular, more
cystic-appearing lesions are seen in the left frontal and parietal lobes

(open arrows) with predominant T1 hypointensity (e) and T2
hyperintensity (f) but incomplete FLAIR signal suppression (g),
associated with surrounding vasogenic edema, mass effect effacing the
left lateral ventricle and rightward midline shift with mild trapping of the
right lateral ventricle. The post-contrast T1 image (h) delineates
multifocal ring-enhancing abscesses (likely pyogenic) in the left frontal
and left parietal lobes. These findings are better delineated on post-
contrast T1 images (d and h) than on pre-contrast T1 images (a and e)
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33], a recent evaluation of autopsy samples from children who
received between 1 and 20 GBCA administrations has shown
that gadolinium is retained in the brains of children even after
the administration of just a single dose of macrocyclic GBCA
[30]. In the absence of any data concerning the clinical signif-
icance of this retention, when a contrast-enhancedMRI exam-
ination is deemed necessary it would seem prudent to select
the GBCA that is cleared rapidly from the brain and body
leading to lower levels of retained gadolinium during the first
months and years after administration. Of the three macrocy-
clic GBCAs available for clinical use, gadoteridol has been
shown in numerous animal studies to clear most rapidly from
brain and other body tissues [12–15]. Although reasons for the
more rapid clearance remain unclear, it is possible the specific
molecular features of the gadoteridol molecule (lowmolecular
weight and viscosity, neutrality and high lipophilicity) are

sufficient to promote more rapid elimination from the brain
and other soft body tissues [14, 15, 34, 35] and that this results
in lower levels of retained gadolinium in the first weeks/
months after exposure. Clearly, a lower amount of gadolinium
retained in rat brain and body tissues in the first weeks/months
after gadoteridol administration would equate to several years
in humans, given that one rat year equates to roughly 30 hu-
man years [36] if findings in animals are considered indicative
of the human situation. This may be relevant if future studies
do indeed demonstrate a negative impact of GBCA exposure
on human health.

A limitation of our study is that patients were enrolled
retrospectively. However, a patient cohort free of selec-
tion bias was ensured by the approach to patient inclu-
sion, with patients enrolled consecutively in strict reverse
chronological order from the date of local IRB approval

Fig. 3 A 1-day-old girl with
hypoxic-ischemic
encephalopathy and a large left
temporoparietal mass confirmed
by surgery to be desmoplastic
infantile ganglioglioma. a–d The
mass is well circumscribed,
peripherally (pial) based and
mostly solid with heterogeneous
signal showing iso- to mild
hyperintensity on the pre-contrast
axial T1 image (a) and
predominant hypointensity (solid
arrows) on the axial T2 image
(b). Note a small amount of T1
hyperintense and T2 dark blood
layering within the occipital horns
(open arrows). Heterogeneously
enhancing mass (arrows) and
multiple internal non-enhancing
cystic components (arrowheads)
are poorly seen on the axial fluid-
attenuated inversion recovery
(FLAIR) image (c) but are
depicted on T2 and clearly seen
on the post-contrast axial T1
image (d). There is moderate
mass effect and a rightward shift
of midline structures causing near
effacement of the left lateral
ventricle and trapping of the right
lateral ventricle but not significant
surrounding edema. Themass and
its extent are better delineated on
the post-contrast T1 image (d)
than on the pre-contrast T1 image
(a)
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until the prospectively defined target enrollment was
attained. Thereafter, image assessment was performed
prospectively by three independent readers who were un-
affiliated with the enrollment centers and fully blinded to
all patient information. A second limitation is that our
study was insufficiently powered to assess safety in terms
of allergic-like reactions. Although a study by Cho et al.
[11] in 6,163 patients, including 52 pediatric patients be-
tween 2 and 18 years of age, suggests that the incidence
of allergic-like reactions to gadoteridol is comparable to
incidences observed after exposure to other macrocyclic
GBCAs, to our knowledge no adequately powered pro-
spective studies have been performed to investigate the
incidence of allergic-like reactions to any GBCA in chil-
dren younger than 2 years of age. Third, we did not in-
clude diffusion tensor imaging (DTI) or diffusion-
weighted imaging (DWI) in the evaluation. DTI/DWI se-
quences are increasingly used in clinical routine and may
have provided additional information to further aid lesion
diagnosis and characterization. Finally, we did not look
for signs of T1 hyperintensity in the dentate nucleus or
globus pallidus or for any potential long-term effects of
gadoteridol exposure. In part, this reflects the fact that
brain T1 hyperintensity after exposure to macrocyclic
GBCAs has been reported relatively infrequently in pedi-
atric subjects and, to our knowledge, never after exposure
to gadoteridol [37]. Moreover, when T1 hyperintensity
has been reported after exposure to macrocyclic GBCAs,
it has invariably been after multiple (typically >4) expo-
sures [38, 39]. Almost all children enrolled in our study
underwent only one gadoteridol-enhanced MRI examina-
tion. Among those children who underwent two or more
examinations, only the first examination that showed an
enhancing lesion was evaluated. Assessment of the poten-
tial long-term effects of exposure to gadoteridol was be-
yond the scope of the study but should be addressed in
future longitudinal investigations.

Conclusion

Our study confirms that gadoteridol administered at a dose of
0.1 mmol/kg body weight is safe, well tolerated and effective
in patients ≤2 years of age.
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