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Abstract 

Background: Contrast enhanced magnetic resonance imaging (MRI) is an important tool for the assessment of 
extracardiac vasculature and myocardial viability. Gadolinium (Gd) brain deposition after contrast enhanced MRI 
has recently been described and resulted in a warning issued by the United States Food and Drug Administration. 
However, the prevalence of brain deposition in children and adults with congenital heart disease (CHD) undergoing 
cardiovascular magnetic resonance (CMR) is unclear. We hypothesized that Gd exposure as part of one or more CMRs 
would lead to a low rate of brain deposition in pediatric and adult CHD patients.

Methods: We queried our institutional electronic health record for all pediatric and adult CHD patients who under‑
went contrast enhanced CMR from 2005 to 2018 and had a subsequent brain MRI. Cases were age‑ and gender‑
matched to controls who were never exposed to Gd and underwent brain MRIs. The total number of contrast 
enhanced MRIs, type of Gd, and total Gd dose were determined. Brain MRIs were reviewed by a neuroradiologist for 
evidence of Gd deposition using qualitative and quantitative assessment. Quantitative assessment was performed 
using the dentate nucleus to pons signal intensity ratio (dp‑SIR) on T1 weighted imaging. Continuous variables were 
analyzed using Mann–Whitney U and Spearman rank correlation tests. Normal SIR was defined as the 95% CI of the 
control population dp‑SIR.

Results: Sixty‑two cases and 62 controls were identified. The most contrast enhanced MRIs in a single patient was 
five and the largest lifetime dose of Gd that any patient received was 0.75 mmol/kg. There was no significant differ‑
ence in the mean dp‑SIR of cases and controls (p = 0.11). The dp‑SIR was not correlated with either the lifetime dose 
of Gd  (rs = 0.21, p = 0.11) or the lifetime number of contrast enhanced studies  (rs = 0.21, p = 0.11). Two cases and 2 
controls had dp‑SIRs above the upper bound of the 95% confidence interval for the control group. One case had 
qualitative imaging‑based evidence of Gd deposition in the brain but had a dp‑SIR within the normal range.

Conclusion: In our cohort of pediatric and adult CHD patients undergoing contrast enhanced CMR, there was a low 
incidence of qualitative and no significant quantitative imaging‑based evidence of Gd brain deposition.
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Introduction
Contrast enhanced cardiovascular magnetic resonance 
(CMR) is an important tool for the assessment of ext-
racardiac vasculature and myocardial characterization. 
The use of gadolinium-based contrast agents (GBCAs) 
are often necessary to make an accurate diagnosis. 
Gadolinium (Gd) brain deposition after GBCA admin-
istration has been well-documented in both animal and 
post-mortem human studies [1–4]. Free Gd mimics ions 
such as calcium and zinc, causing direct toxicity to bio-
logic systems [5, 6]. In a small number of case reports, 
Gd has been anecdotally linked to patients suffering from 
encephalopathy [7], recurrent pancreatitis [8], and acute 
tubular necrosis [9]. Aside from these acute reactions 
and the risk of nephrogenic systemic fibrosis, there has 
been no epidemiologic link between GBCA organ depo-
sition and long-term risks to patient health. Nonetheless, 
concern about long-term Gd deposition recently resulted 
in a safety announcement and investigation by the United 
States Food and Drug Administration (FDA) regarding 
the use of GBCA [10] and self-imposed restrictions on 
GBCA use by neuroradiologists [11].

Brain magnetic resonance imaging (MRI) signal inten-
sity (SI) has been noted to increase and remain elevated 
long after GBCA administration in adults [12]. Many 
studies have suggested that elevated brain MRI SI, par-
ticularly in the dentate nucleus, is associated with life-
time Gd dose [12–15]. Several pediatric studies have 
examined the effect of repeated GBCA administration 
on brain MRI SI in children with conflicting results [13, 
15–24]. Some studies show that increased brain MRI SI 
is influenced by the chemical stability and amount of the 
specific GBCA used, while others show that SI is influ-
enced by patients’ ages, underlying diagnoses, and the 
number of Gd studies they undergo. Of note, the study 
participants are most often patients with neurologic dis-
ease. Only one of the previously cited studies [17] consid-
ered the rate of Gd brain deposition in children without 
neurologic disease. No studies to date have considered 
the incidence of Gd brain deposition in pediatric and 
adult congenital heart disease (CHD) patients after con-
trast enhanced CMR.

CMRs often use a “double dose” or “one and a half 
times dose” of Gd (administration of 0.2  mmol/kg or 
0.15 mmol/kg vs 0.1 mmol/kg) when assessing late gado-
linium enhancement (LGE). Given the FDA’s safety com-
munication and the theoretical long-term risk that this 
higher dose of Gd could have on patients, there is anec-
dotal evidence that clinicians in the fields of pediatric 

cardiology and adult CHD have restricted their use of 
GBCAs. The majority of studies, however, have included 
patients who received significantly higher lifetime doses 
of GBCAs. Unfortunately, there are no data to answer 
whether the limited use of contrast as part of a CMR 
in pediatric patients or adult CHD patients will place 
them at high risk of Gd brain deposition. To address this 
knowledge gap, we analyzed the brain imaging of pediat-
ric and adult CHD patients who underwent at least one 
Gd enhanced CMR followed by a brain MRI. We hypoth-
esized that Gd exposure as part of one or more CMRs 
would lead to a low rate of brain deposition in pediatric 
cardiology and adult CHD patients.

Methods
IRB
This study was approved by the Vanderbilt University 
Medical Center Institutional Review Board. Informed 
consent was waived because this was a retrospective 
study. All patient data were stored in a secure REDCap 
database [25].

Study population selection
The study cohort was obtained by querying our CMR 
database for all patients who had undergone contrast 
enhanced CMR or contrast enhanced chest magnetic 
resonance angiography (MRA) from 2005 to 2018. This 
list of patients was then cross-referenced with a query 
of patients from the electronic health record (EHR) who 
had a CPT code for a brain MRI (Codes 7055, 170553, 
70555, 70544, 70546, 76377, 70544, 70547, 70549, 
70540, 70543, 70336). A detailed review of the remain-
ing records was performed to identify which patients 
had undergone at least one brain MRI after the contrast 
enhanced CMR. If a patient had multiple brain MRIs or 
had MRIs conducted both prior to and after the CMR, 
then we included only the first and last brain MRIs in the 
analysis.

We collected study population demographic informa-
tion including cardiac diagnosis, history of cancer, and 
history of inflammatory disease. We also collected infor-
mation regarding age at CMR, age at brain MRI, indica-
tion for MRI, total number of contrast enhanced MRIs, 
and GBCA type and dose used with each MRI. When 
possible, we also recorded the serum blood urea nitro-
gen (BUN) and creatinine at the time of the contrast 
enhanced MRIs.

Patients frequently had both cardiac and non-car-
diac contrast enhanced MRIs. Although our primary 
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interest was in Gd deposition after CMR, we included 
all contrast enhanced MRIs in the analysis in order to 
assess lifetime Gd dose.

Control population selection
A control population was determined by querying our 
institutional electronic health record to identify all 
pediatric (< 18  years of age) and adult (> 18  years of 
age) patients who underwent brain MRIs without con-
trast enhancement (CPT code 70551) from 2016–2018 
and had no documented history of receiving Gd in the 
past. After excluding inadequate studies (see “Image 
analysis” section for exclusion criteria), the control 
population was matched one-to-one with the study 
population based on sex and age at the time of the 
study subject’s first brain MRI after CMR.

Image analysis
CMRs were performed on a 1.5T CMR system (Intera, 
Philips Healthcare, Best, The Netherlands or Avanto, 
Siemens Healthineers, Erlangen, Germany). Brain 
MRIs were performed on 1.5T or 3T scanners (Philips 
Healthcare). All brain MRIs were reviewed by both an 
image analyst and neuro-radiologist in an unblinded 
manner using IMPAX (Agfa HealthCare, Mortsel, Bel-
gium). Presence of axial T1-weighted images was con-
firmed by the readers and images were assessed for 
artifact or incidental findings that would preclude fur-
ther study. Studies of acceptable quality were then ana-
lyzed by both the image analyst and neuroradiologist 
for both quantitative and qualitative evidence of T1 
hyperintensity in the dentate nucleus. A subset of 29 
studies was reviewed over 3 months later by the image 
analyst to assess intra-observer variability.

Quantitative signal intensity was determined using 
the same axial T1-weighted images. Signal intensity 
measurements were obtained by selecting a region of 
interest (ROI) in the dentate nucleus and the pons in 
the T1-weighted images. In each subject, ROI meas-
urement was conducted once and always placed on the 
left side. If the left side could not be assessed, then the 
right side was used (n = 2).

Each ROI yielded an averaged signal intensity (SI) in 
that defined area. The SI of the dentate nucleus was 
divided by the SI of the pons, yielding the dentate 
nucleus-to-pons signal intensity ratio (dp-SIR). This 
method was used for all study and control brain MRIs. 
This method of determining SI  ratio is similar to that 
used in other studies of Gd-related brain T1 hyperin-
tensity [13, 15, 18, 24, 26].

Statistical analysis
STATA (version 15; StataCorp LP, College Station, Texas, 
USA) was used to analyze the data obtained for this 
study. Statistical significance was set a priori to a p-value 
less than 0.05.

The dp-SIR upper-limit of normal was determined by 
calculating a 95% confidence interval from the control 
group’s mean dp-SIR. Students t-test was used to com-
pare the difference in the dp-SI ratio between the study 
and control groups. Spearman rank correlation tests were 
calculated to determine if the study group dp-SIR corre-
lated with lifetime dose of Gd (mmol/kg), lifetime num-
ber of contrast enhanced MRIs, age at time of CMR, and 
age at time of brain MRI. Subset analyses were performed 
using Mann–Whitney U tests to determine if there was 
a relationship between the type of GBCA received and 
dp-SIR, as many patients received more than one kind of 
contrast over their lifetimes. A Kruskal–Wallis test was 
used to compare dp-SIR to the underlying cardiac diag-
noses of CHD, acquired heart disease, or no known heart 
disease and to evaluate for a difference between contrast 
agents (Magnevist (Bayer Healthcare, Berlin, Germany), 
Gadavist (Bayer Healthcare), and Omniscan (General 
Electric Healthcare)). Mann–Whitney U tests were used 
to compare dp-SIR to history of cancer and history of 
inflammatory disorders. A Wilcoxon signed-rank was 
used to compare the dp-SIR of patients who had brain 
MRIs both before and after contrast administration. 
Intra-observer variability was evaluated using an intra-
class correlation coefficient and a Spearman rank correla-
tion test.

Results
Baseline characteristics
We identified 302 patients who had undergone both 
CMR and brain MRI, 92 of whom underwent at least one 
contrast enhanced CMR prior to the brain MRI. Thirty 
patients had brain MRIs that were inadequate for analy-
sis due to absence of axial T1 images or flow artifact in 
the region of the dentate nucleus or pons. Each of the 
remaining sixty-two patients had at least one brain MRI 
that was adequate for analysis and was performed after a 
contrast enhanced CMR. Their demographics and char-
acteristics are summarized in Table 1. The comorbidities 
of cases and controls are summarized in Table 2.

There was no significant difference in age or gender 
between cases and controls. For cases, the median age at 
first brain MRI was 15 years (range 18 days to 54 years) 
and the median age at last brain MRI was 17 years (range 
4 days to 63 years). The median time between CMR and 
brain MRI was 2.6  years (range 3  days to 11.4  years). 
The CMR was the last contrast enhanced MR prior to 
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the brain MRI in all but 3 patients. Thus, the median 
time from any contrast enhanced MRI to brain MRI was 
2.5 years (range 3 days to 11.4 years).

The number and type of contrast enhanced MRIs that 
patients underwent prior to the last brain MRI in our 
database varied. Eighteen patients (29%) had 2 contrast 
enhanced CMRs and 3 patients (5%) underwent 3 con-
trast enhanced CMRs. Twenty-one patients (34%) in the 
study population also underwent at least one non-cardiac 
contrast enhanced MRI prior to the last brain MRI (range 
1–4 MRs). The total number of contrast enhanced MRIs 
(CMR + non-cardiac MRI) that patients underwent was 1 
to 5 with a median of 2 per patient. The amount of con-
trast received in a single study ranged from 0.04 mmol/kg 
to 0.3  mmol/kg. The lifetime range of contrast received 
ranged from 0.04 to 0.75  mmol/kg with a median of 
0.21  mmol/kg. The linear ionic agent gadopentetate 

(Magnevist, Bayer HealthCare) was the contrast agent 
used in the majority of CMRs (n = 62, 73%) and non-
cardiac MRIs (n = 18, 53%). The macrocyclic agent 
gadobutrol (Gadavist, Bayer HealthCare) was used in 
19% (n = 11) of CMRs and 33% (n = 12) of non-cardiac 
MRIs (this change represented an institution-wide move 
to use of gadobutrol). A smaller number of studies used 
the linear nonionic agent gadodiamide (Omniscan, Gen-
eral Electric Healthcare) or the linear ionic agents gado-
benate (MultiHance, Bracco Diagnostics, Milan, Italy), 
gadoxetate (Eovist, Bayer HealthCare Pharmaceuticals), 
and gadofosveset (Ablavar, Lantheus Medical Imaging, 
North Billerica, Massachusetts, USA). There were 2 stud-
ies in which the available EHR documentation did not 
specify the type of contrast used.

Determining normal SI ratio ranges
A histogram was generated to evaluate the distribution of 
the control and study dp-SIRs (Fig. 1). Cases and controls 
did not have significantly different means (0.94 ± 0.08 
vs 0.92 ± 0.07, p = 0.11) (Fig.  2). There was strong 

Table 1 Characteristics of cases and controls

CMR cardiovascular magnetic resonance, MRI magnetic resonance imaging, Gd gadolinium, dp-SIR dentate nucleus-to-pons signal intensity ratio, SD standard 
deviation

Characteristic Cases (n = 62) Controls (n = 62)

Male 50% 50%

Median age at first CMR (range) 14 years (4 days–51 years)

Median age at first brain MRI after CMR (range) 15 years (18 days–54 years) 17 years (4 days–63 years)

Median number of contrast enhanced MRIs (range) 2 (1–5)

Median lifetime dose of Gd (mmol/kg) (range) 0.28 (0.04–0.75) 0

Mean ± SD dp‑SIR at first brain MRI after CMR 0.94 ± 0.08 0.92 ± 0.07

Table 2 Comorbidities of cases and controls

MRI magnetic resonance imaging, ICP intracranial pressure

Cases
n = 62

Controls
n = 62

Cardiac diagnosis

 Congenital heart disease 35 (56%) 0

 Acquired heart disease 11 (18%) 0

 No known heart disease 16 (26%) 62

Cancer diagnosis 6 (10%) 0

 Inflammatory disease diagnosis 16 (26%) 7 (11.3%)

  Sickle cell disease 8 6

  Inflammatory bowel disease 2 0

  Other 6 1

 Reasons for brain MRI

  Acute stroke concern 18 (29%) 11 (17.7%)

  Chronic cerebrovascular disease 2 (3.2%) 3 (4.8%)

  Headaches 11 (17.7%) 25 (40.3%)

  Seizures 11 (17.7%) 8 (12.9%)

  Sickle cell screening 6 (9.7%) 4 (6.5%)

  Elevated ICP workup 6 (9.7%) 2 (3.2%)

  Other 8 (12.9%) 9 (14.5%)

Fig. 1 Distribution of brain magnetic resonance imaging (MRI) T1 
signal intensity ratio for those exposed to contrast (cases, red) and 
those who are contrast naïve (controls, yellow). The overlap of these 
two histograms is represented with orange
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intra-observer agreement of brain MRI SI measure-
ments, with an intraclass correlation coefficient of 0.75 
(p < 0.001) and a Spearman correlation between measures 
of 0.76 (p < 0.001).

Signal intensity analysis
The dp-SIR ranged from 0.76–1.15 with a mean of 0.92 
(95% CI 0.79, 1.04) for controls and from 0.75–1.15 with 
a mean of 0.94 (95% CI 0.781, 1.07) for cases (Fig.  1). 
Based on our pre-defined upper limit of normal as the 
upper bound of the 95% CI of the control group, there 
were 4 subjects [2 controls, 2 cases] with abnormal dp-
SIR. None of these individuals had qualitative imaging-
based evidence of brain Gd deposition. The two cases 
had both undergone two contrast enhanced MRIs prior 
to the last brain MRI.

There was one individual in the study population, 
whose dp-SIR (0.99) was within the determined nor-
mal range but had qualitative imaging-based evidence 
of brain Gd deposition. There were no individuals in the 
control group with qualitative imaging-based evidence of 
brain Gd deposition.

Correlation of SIR and study‑population characteristics
The dp-SIR measured from the first brain MRI after 
CMR did not correlate with the lifetime dose of Gd 
 (rs = 0.21, p = 0.11) (Fig.  3). The lifetime number of 
contrast enhanced studies also did not correlate with 
dp-SIR  (rs = 0.21, p = 0.11) (Fig. 4). There was no differ-
ence in mean values of dp-SIR in patients who received 
the linear nonionic agent gadopentetate (Magnevist), 
the macrocyclic nonionic agent gadobutrol (Gada-
vist), or linear ionic agent gadodiamide (Omniscan), 
p = 0.37. Subset analysis demonstrated no correlation 

of dp-SIR with exposure to gadopentetate (n = 50, 
p = 0.64), gadobutrol (n = 16, p = 0.86), or gadodiamide 
(n = 7, p = 0.94).

The dp-SIR is weakly correlated with patient age at 
first brain MRI in cases  (rs = 0.38, p = 0.003) and con-
trols  (rs = 0.42, p < 0.001). The dp-SIR was not signifi-
cantly different based on patient sex (p = 0.77), history 
of cancer (p = 0.11), or history of other inflammatory 
disorders (p = 0.07). The dp-SIR did not differ between 
the types of heart disease (CHD, acquired heart disease, 
or no known heart disease) (p = 0.33).

Nineteen patients had multiple brain MRIs both 
before and after contrast enhanced CMR. The dp-SIR of 
the brain MRI before CMR did not differ from the dp-
SIR of the last brain MRI after CMR (p = 0.90) (Fig. 5).

Fig. 2 Dot plot comparison of signal intensity ratio distribution 
between cases and controls. Solid line indicates mean, dotted lines 
indicate 95% CI

Fig. 3 Relationship of lifetime gadolinium (Gd) dose to brain MRI T1 
signal intensity ratio. Gd, gadolinium 

Fig. 4 Relationship between number of contrast enhanced MRIs and 
brain MRI T1 dentate nucleus to pons signal intensity ratio. Solid lines 
represent mean signal intensity ratio. Dashed lines represent 95% CI
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Discussion
Our study is, to our knowledge, the first to evaluate evi-
dence of Gd deposition in the brains of patients after 
contrast enhanced CMR. We found that there is no sig-
nificant difference between the dp-SIR of patients who 
have undergone contrast enhanced CMR and those who 
have never received a GBCA. The dp-SIR in our patient 
population is not significantly associated with type of 
heart disease, history of inflammatory disorders, history 
of cancer, patient sex, lifetime amount of contrast expo-
sure, number of contrast enhanced MRIs, or type of con-
trast used. The dp-SIR does correlate with age in cases 
and controls.

Our image analysis methods are similar to those used 
in other studies of brain MRI SI after GBCA administra-
tion [13, 15, 18, 24, 26]. Our analysis, however, of GBCA 
exposure and brain MRI SIRs differs from prior work in 
two key ways. First, our patients were exposed to lower 
lifetime doses of Gd than patients in similar studies 
and drastically lower doses than in animal-based stud-
ies [1]. The most contrast enhanced MRIs that any of 
our patients underwent was five, which was often the 
minimum number required to meet inclusion criteria in 
other studies [15, 22, 26]. Nonetheless, some have found 
that even in adults with more than 20 Gd administra-
tions [17], there was no difference between the dp-SIR of 
patients who received Gd and those who had never been 
exposed to GBCAs.

Second, our patients’ comorbidities differ from prior 
investigations. Most prior studies that show an associa-
tion between GBCA administration and increased brain 
MRI SI were conducted in patients with neurologic dis-
ease, such as intracranial neoplasms. It is possible that 

inflammation or a primary brain neoplasm increases 
permeability of the blood–brain barrier, thus increas-
ing the risk that GBCAs may cross and be deposited in 
the brain. Furthermore, many factors beyond just GBCA 
exposure have been associated with increased brain MRI 
SI, including radiation therapy, hepatic dysfunction, Wil-
son’s disease, Rendu–Osler–Weber syndrome, manga-
nese toxicity (as from parenteral nutrition), calcifications, 
hemodialysis, and neurofibromatosis type 1 [12, 27, 28]. 
As most of our patients were children or young adults, 
they tended to have fewer comorbidities that may have 
increased their brain MRI SI.

The relationship between age and T1-weighted brain 
MRI signal intensity has been documented [29–32], 
though its reason is unknown. Similarly, the normal 
rate of increase in signal intensity is also unknown. To 
account for this relationship, we age-matched our cases 
and controls. As older patients are more likely to have 
received a higher lifetime dose of Gd, this is a confound-
ing variable in any study of the relationship between Gd 
and brain MRI signal intensity.

Study limitations
We acknowledge that there are several limitations to the 
present study. There is a possibility of type II error. Based 
on the standard deviation we found in this study (0.08), 
however, we performed a power calculation to deter-
mine the detectable alternative with our current sample 
size and we were powered to detect a difference as small 
as ± 0.041. While there may still be a statistically signifi-
cant difference between the cohorts, 0.041 represents 
a very small difference that is not likely to be clinically 
significant.

As a retrospective study, we were unable to randomize 
patients or otherwise control for confounding variables. 
This is a single center study which may decrease gener-
alizability. Only a minority of patients had more than 
3 contrast enhanced MRIs and only two patients had 5 
contrast enhanced studies. Even in patients with complex 
CHD, however, it is uncommon to undergo more than 5 
contrast enhanced CMRs. Without records from other 
hospitals, we cannot exclude the possibility that patients 
underwent imaging elsewhere before admission to our 
institution. Thus, the number of exposures to GBCAs 
may have been underestimated and “control” patients 
may have had prior GBCA exposure. Interpretation of SI 
can be subjective and small changes in the boundaries of 
an ROI can create relatively large differences in SI [17]. 
We minimized variability by having one image analyst 
analyze all images and having a neuroradiologist confirm 
all subjective assessments and ROIs.

An additional limitation of the present study is the use 
of T1 hyperintensity as a surrogate for Gd deposition. A 

Fig. 5 The range of dentate nucleus to pons signal intensity ratios 
in those patients who had brain MRI both before and after receiving 
gadolinium‑based contrast. Solid line represents the mean signal 
intensity ratio. Dashed lines represent 95% CI
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lack of T1 hyperintensity may belie anatomic evidence 
of Gd deposition on autopsy. Additionally, we cannot 
exclude the possibility that deposited Gd may be slowly 
cleared from the brain, which could confound measure-
ments in those patients with an extended period between 
the last contrast enhanced MRI and the last brain MRI.

Conclusions
Pediatric and adult  CHD patients who undergo con-
trast enhanced CMR have no significant difference in 
dp-SIR when compared with controls. Only one patient 
had qualitative evidence of Gd brain deposition, and this 
patient had a normal dp-SIR. While we agree with lim-
iting exposure to Gd contrast whenever possible, our 
data suggest that, when clinically indicated, GBCAs with 
CMR are unlikely to lead to significant brain deposition 
in this population.

Abbreviations
CHD: Congenital heart disease; CMR: Cardiovascular magnetic resonance; dp‑
SIR: Dentate nucleus‑to‑pons signal intensity ratio; FDA: United States Food 
and Drug Administration; Gd: Gadolinium; GBCA: Gadolinium‑based contrast 
agent; ICP: Intracranial pressure; LGE: Late gadolinium enhancement; MRA: 
Magnetic resonance angiography; MRI: Magnetic resonance imaging; ROI: 
Region of Interest; SI: Signal intensity.

Acknowledgements
Not applicable.

Authors’ contributions
NZ reviewed patients’ charts, compiled the database, performed statistical 
analyses, and was the primary manuscript author. DP generated the hypoth‑
esis on which this study was based and assisted with manuscript drafting. 
QW conducted a review of the electronic health record and CMR database 
to identify patients who met the inclusion criteria and critically revised the 
manuscript. JC assisted with manuscript drafting and statistical analyses. KGD 
reviewed brain MRIs to determine suitability for inclusion in this study and 
determined dentate nucleus and pons signal intensity values and critically 
revised the manuscript. SP reviewed brain MRIs to determine suitability for 
inclusion in this study and determined dentate nucleus and pons signal inten‑
sity values and critically revised the manuscript. JS coordinated the efforts of 
all authors as well as assisted with manuscript drafting and statistical analyses. 
All authors read and approved the final manuscript.

Funding
NZ is supported by a Grant from the NIH/NHLBI (T32HL105334).

Availability of data and materials
The datasets generated and analyzed during the current study are not 
publicly available due to the primary dataset’s inclusion of protected health 
information but some data are available from the corresponding author on 
reasonable request. In accordance with our institutional review board policies, 
these datasets will remain available for 2 years following publication, after 
which time they will be destroyed.

Ethics approval and consent to participate
This study was approved by the Vanderbilt University Medical Center 
Institutional Review Board. Informed consent was waived because this was a 
retrospective study.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Division of Pediatric Cardiology, Department of Pediatrics, Vanderbilt 
University Medical Center, Nashville, TN, USA. 2 Departments of Medicine 
and Pharmacology, Vanderbilt University Medical Center, Nashville, TN, USA. 
3 Department of Radiology and Radiological Sciences, Vanderbilt University 
Medical Center, Nashville, TN, USA. 

Received: 29 April 2020   Accepted: 22 September 2020

References
 1. Gianolio E, Bardini P, Arena F, Stefania R, Di Gregorio E, Iani R, et al. Gado‑

linium Retention in the Rat Brain: assessment of the amounts of insoluble 
gadolinium‑containing species and intact gadolinium complexes after 
repeated administration of gadolinium‑based contrast agents. Radiology. 
2017;285(3):839–49.

 2. McDonald RJ, McDonald JS, Kallmes DF, Jentoft ME, Murray DL, Thielen 
KR, et al. Intracranial gadolinium deposition after contrast‑enhanced MR 
imaging. Radiology. 2015;275(3):772–82.

 3. McDonald RJ, McDonald JS, Dai D, Schroeder D, Jentoft ME, Murray DL, 
et al. Comparison of gadolinium concentrations within multiple rat 
organs after intravenous administration of linear versus macrocyclic 
gadolinium chelates. Radiology. 2017;285(2):536–45.

 4. Kanda T, Fukusato T, Matsuda M, Toyoda K, Oba H, Kotoku J, et al. 
Gadolinium‑based contrast agent accumulates in the brain even in 
subjects without severe renal dysfunction: evaluation of autopsy brain 
specimens with inductively coupled plasma mass spectroscopy. Radiol‑
ogy. 2015;276(1):228–32.

 5. Idee JM, Port M, Raynal I, Schaefer M, Le Greneur S, Corot C. Clinical and 
biological consequences of transmetallation induced by contrast agents 
for magnetic resonance imaging: a review. Fundamental & Clin Pharm. 
2006;20(6):563–76.

 6. Ray DE, Cavanagh JB, Nolan CC, Williams SC. Neurotoxic effects of 
gadopentetate dimeglumine: behavioral disturbance and morphology 
after intracerebroventricular injection in rats. AJNR Am J Neuroradiol. 
1996;17(2):365–73.

 7. Maramattom BV, Manno EM, Wijdicks EF, Lindell EP. Gadolinium encepha‑
lopathy in a patient with renal failure. Neurology. 2005;64(7):1276–8.

 8. Blasco‑Perrin H, Glaser B, Pienkowski M, Peron JM, Payen JL. Gadolinium 
induced recurrent acute pancreatitis. Pancreatology. 2013;13(1):88–9.

 9. Akgun H, Gonlusen G, Cartwright J Jr, Suki WN, Truong LD. Are gadolin‑
ium‑based contrast media nephrotoxic? A renal biopsy study. Arch Path 
Lab Med. 2006;130(9):1354–7.

 10. Administration USFaD. FDA evaluating the risk of brain deposits with 
repeated use of gadolinium‑based contrast agents for magnetic reso‑
nance imaging (MRI). 2015.

 11. Kanda T, Oba H, Toyoda K, Kitajima K, Furui S. Brain gadolinium deposition 
after administration of gadolinium‑based contrast agents. Jpn J Radiol. 
2016;34(1):3–9.

 12. Kanda T, Ishii K, Kawaguchi H, Kitajima K, Takenaka D. High signal intensity 
in the dentate nucleus and globus pallidus on unenhanced T1‑weighted 
MR images: relationship with increasing cumulative dose of a gadolin‑
ium‑based contrast material. Radiology. 2014;270(3):834–41.

 13. Roberts DR, Chatterjee AR, Yazdani M, Marebwa B, Brown T, Collins H, et al. 
Pediatric patients demonstrate progressive T1‑weighted hyperintensity 
in the dentate nucleus following multiple doses of gadolinium‑based 
contrast agent. AJNR Am J Neuroradiol. 2016;37(12):2340–7.

 14. Young JR, Orosz I, Franke MA, Kim HJ, Woodworth D, Ellingson BM, et al. 
Gadolinium deposition in the paediatric brain: T1‑weighted hyperinten‑
sity within the dentate nucleus following repeated gadolinium‑based 
contrast agent administration. Clin Radiol. 2018;73(3):290–5.

 15. Flood TF, Stence NV, Maloney JA, Mirsky DM. Pediatric Brain: Repeated 
exposure to linear gadolinium‑based contrast material Is associated 
with increased signal intensity at unenhanced T1‑weighted MR imaging. 
Radiology. 2017;282(1):222–8.



Page 8 of 8Zaki et al. J Cardiovasc Magn Reson           (2020) 22:82 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 16. Kasper E, Schemuth HP, Horry S, Kinner S. Changes in signal intensity in 
the dentate nucleus at unenhanced T1‑weighted magnetic resonance 
imaging depending on class of previously used gadolinium‑based con‑
trast agent. Pediatr Radiol. 2018;48(5):686–93.

 17. Schneider GK, Stroeder J, Roditi G, Colosimo C, Armstrong P, Martucci M, 
et al. T1 Signal measurements in pediatric brain: findings after multiple 
exposures to gadobenate dimeglumine for imaging of nonneurologic 
disease. AJNR Am J Neuroradiol. 2017;38(9):1799–806.

 18. Radbruch A, Quattrocchi CC. Interpreting signal‑intensity ratios without 
visible T1 hyperintensities in clinical gadolinium retention studies. Pediatr 
Radiol. 2017;47(12):1688–9.

 19. Radbruch A, Weberling LD, Kieslich PJ, Eidel O, Burth S, Kickingereder P, 
et al. Gadolinium retention in the dentate nucleus and globus pallidus is 
dependent on the class of contrast agent. Radiology. 2015;275(3):783–91.

 20. Bhargava R, Persad ARL, Bhargava NK, Hawkes M. Multiple Administra‑
tions of gadobutrol in the pediatric brain: no change in T1 signal at MRI. 
Radiology. 2018;289(1):204–9.

 21. Conte G, Preda L, Cocorocchio E, Raimondi S, Giannitto C, Minotti M, 
et al. Signal intensity change on unenhanced T1‑weighted images in 
dentate nucleus and globus pallidus after multiple administrations of 
gadoxetate disodium: an intraindividual comparative study. Eur Radiol. 
2017;27(10):4372–8.

 22. Kahn J, Posch H, Steffen IG, Geisel D, Bauknecht C, Liebig T, et al. Is there 
long‑term signal intensity increase in the central nervous system on 
T1‑weighted images after MR imaging with the hepatospecific contrast 
agent gadoxetic acid? A cross‑sectional study in 91 patients. Radiology. 
2017;282(3):708–16.

 23. Lee JY, Park JE, Kim HS, Kim SO, Oh JY, Shim WH, et al. Up to 52 adminis‑
trations of macrocyclic ionic MR contrast agent are not associated with 
intracranial gadolinium deposition: multifactorial analysis in 385 patients. 
PLoS ONE. 2017;12(8):e0183916.

 24. Rossi Espagnet MC, Bernardi B, Pasquini L, Figa‑Talamanca L, Toma P, 
Napolitano A. Signal intensity at unenhanced T1‑weighted magnetic 
resonance in the globus pallidus and dentate nucleus after serial admin‑
istrations of a macrocyclic gadolinium‑based contrast agent in children. 
Pediatr Radiol. 2017;47(10):1345–52.

 25. Harris PA, Taylor R, Thielke R, Payne J, Gonzalez N, Conde JG. Research 
electronic data capture (REDCap)–a metadata‑driven methodology and 
workflow process for providing translational research informatics sup‑
port. J Biomed IInformatic. 2009;42(2):377–81.

 26. Hu HH, Pokorney A, Towbin RB, Miller JH. Increased signal intensities in 
the dentate nucleus and globus pallidus on unenhanced T1‑weighted 
images: evidence in children undergoing multiple gadolinium MRI 
exams. Pediatr Radiol. 2016;46(11):1590–8.

 27. Pasquini L, Rossi Espagnet MC, Napolitano A, Longo D, Bertaina A, Vis‑
conti E, et al. Dentate nucleus T1 hyperintensity: is it always gadolinium 
all that glitters? Radiol Med. 2018;123(6):469–73.

 28. Tamrazi B, Liu CJ, Cen SY, Nelson MB, Dhall G, Nelson MD. Brain irradiation 
and gadobutrol administration in pediatric patients with brain tumors: 
Effect on MRI brain signal intensity. Radiology. 2018;289(1):188–94.

 29. Hori S, Taoka T, Ochi T, Miyasaka T, Sakamoto M, Takayama K, et al. Struc‑
tures showing negative correlations of signal intensity with postnatal 
age on T1‑weighted imaging of the brain of newborns and infants. Magn 
Resonan Med Sci. 2017;16(4):325–31.

 30. Quattrocchi CC, Errante Y, Mallio CA, Marinelli L, LoVullo G, Giannotti G, 
et al. Effect of age on high T1 signal intensity of the dentate nucleus and 
globus pallidus in a large population exposed to gadodiamide. Invest 
Radiol. 2018;53(4):214–22.

 31. Pozeg P, Forget J, Meuli RA, Maeder P. Age, but not repeated exposure to 
gadoterate meglumine, is associated with T1‑ and T2‑weighted signal 
intensity changes in the deep brain nuclei of pediatric patients. Invest 
Radiol. 2019;54(9):537–48.

 32. Gracien RM, Nurnberger L, Hok P, Hof SM, Reitz SC, Rub U, et al. Evaluation 
of brain ageing: a quantitative longitudinal MRI study over 7 years. Eur 
Radiol. 2017;27(4):1568–76.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.


	Assessment of gadolinium deposition in the brain tissue of pediatric and adult congenital heart disease patients after contrast enhanced cardiovascular magnetic resonance
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusion: 

	Introduction
	Methods
	IRB
	Study population selection
	Control population selection
	Image analysis
	Statistical analysis

	Results
	Baseline characteristics
	Determining normal SI ratio ranges
	Signal intensity analysis
	Correlation of SIR and study-population characteristics

	Discussion
	Study limitations
	Conclusions
	Acknowledgements
	References


