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Abstract
Objective Previous studies provided evidence that gadolinium can be found in the aqueous chamber (AC) of the eye several
hours post injection (p.i.) of gadolinium-based contrast agents (GBCAs). This study aimed to investigate whether gadolinium can
be detected promptly after injection of a macrocyclic GBCA on contrast-enhanced T1-weighted MRI in the AC of children.
Methods This retrospective study encompassed MRI of 200 healthy eyes of children suffering from retinoblastoma of the
contralateral eye. MRI was performed with an orbital coil with the children in a state of general anesthesia. Differences of signal
intensity ratios (ΔSIRs) of the AC to the lens were determined between pre and post contrast-enhanced T1-weighted images
(Dotarem®, Guerbet, 0.1 ml/kg body weight, mean (standard deviation) p.i. time = 12:24 (± 2:31) min).
Results A highly significant signal intensity increase was found in the AC of healthy eyes 12 min after GBCA injection (median
ΔSIR (interquartile range) = + 0.08 (0.05–0.12), p < 0.0001). In addition, gadolinium enhancement showed a strong negative
correlation with children’s age in multivariate analysis with adjustment for p.i. time (p < 0.0001).
Conclusions GBCA leakage into the AC of healthy infantile eyes was found promptly after injection. The negative correlation
between patient age and GBCA enhancement might be explained by a maturation process of the blood-aqueous barrier or
Schlemm’s canal. Future studies should assess the duration and potential diagnostic applications as well as possible safety
concerns of gadolinium presence in the AC.
Key Points
• Leakage of gadolinium-based contrast agent into the aqueous chamber of infantile eyes was found promptly after intravenous
injection (p < 0.0001).

• Gadolinium enhancement of the anterior eye chamber was negatively correlated with the children’s age (p < 0.0001).
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Abbreviations
ΔSIR Difference of anterior chamber-to-lens signal

intensity ratio
AC Aqueous chamber / anterior chamber
CNS Central nervous system
CSF Cerebrospinal fluid
FoV Field of view
GBCA Gadolinium-based contrast agent
GS Glymphatic system
IQR Interquartile range
MRI Magnetic resonance imaging
p.i. Post injection
ROI Region of interest
SD Standard deviation
SI Signal intensity
SIR Anter chamber-to-lens signal intensity ratio
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Introduction

Recent studies showing long-term deposit ion of
gadolinium-based contrast agents (GBCAs) within the
brain have drawn attention to the excretion pathway of
intravenously injected GBCAs [1–3]. Newly published
studies provided evidence that GBCAs penetrate into the
cerebrospinal fluid (CSF) and at least two concurrent
pathways have been proposed as potential entry points:
the choroid plexus and the aqueous chamber (AC) of the
eye [2, 4].

To the best of our knowledge, no signal intensity (SI) in-
crease on T1-weighted images in the AC following GBCA
injection has been reported in healthy eyes so far and the
scientific literature has paid little attention to a penetration of
GBCAs into healthy eyes following intravenous GBCA injec-
tion. However, qualitative SI increase on fluid-attenuated in-
version recovery MRI in the AC following ischemic brain
injury has been termed abnormal and was reported to correlate
positively with disease extent [5].

In our hospital, children suspicious of retinoblastoma are
imaged in general anesthesia with pre and post contrast T1-
weighting by using bilateral orbital coils to allow for exclusion
of contralateral involvement. The orbital coils enable a supe-
rior resolution of the AC and might visualize excretion of the
GBCA that cannot be detected on routine orbital MRI scans.

Therefore, the current retrospective study investigated pre
and post contrast T1-weighted MRI of healthy, infantile eyes
to test the hypothesis of the AC as an entry point for the
GBCA into the central nervous system (CNS) following in-
travenous injection.

Patients and methods

Patients

This retrospective study was approved by the regional ethics
committee. Written informed consent was waived due to the
retrospective character of the study. Baseline MRI of 200 con-
secutive treatment naïve patients who were imaged at our
institution between 2011 and 2019 due to the diagnosis of
retinoblastoma was included in the study. Patients with bilat-
eral retinoblastoma were excluded from the analysis.

MRI protocol

All patients were assessed at the same MRI scanner (1.5-T
Siemens Aera) using a 4-cm loop coil. Identical T1-
weighted images (repetition time 583 ms, echo time 16 ms,
slice thickness 2.0 mm, flip angle 90°, voxel size 0.2 × 0.2 ×
2.0 mm, field of view (FoV) read 80 mm, FoV phase 131.3%,
20 slices, distance factor 20%, acquisition time 7:53 min)

were obtained prior and (mean ± standard deviation (SD))
12:21 ± 2:36 min after injection of a single dose of gadoterate
dimeglumine (Dotarem®, Guerbet, 0.1 ml/kg body weight).
MRI was performed with the children in a state of general
anesthesia induced by 1 ml propofol (1%) per kilogram of
body weight.

For 25 healthy infantile eyes, T1-weighting was calculated
with and without prescan normalization to assess its influence
on AC-to-lens SI ratios (SIRs). SIRs with/without prescan nor-
malization showed a strong linear correlation (rPearson > 0.99,
p < 0.0001, Fig. 1e).

Image analysis

Image analysis was conducted on an accredited worksta-
tion by one of two readers after a prereading session with
a neuroradiologist with 10 years of experience in radiol-
ogy to warrant correct and reproducible SI measurements.

Regions of interests (ROIs) for SI measurements were
drawn in the AC and the lens with the ROI encompassing
the entire AC and lens on the slide with the largest diam-
eter. Caution was drawn not to cross-anatomical boarders
which might have resulted in inappropriate SI measure-
ments (Fig. 1).

The SI ratio of the anterior chamber to the lens was calcu-
lated prior to and after GBCA injection and the difference
(ΔSIR) was determined as follows:

AC-to-lens ΔSIR = (SI(ACpost)/SI(lenspost))
− (SI(ACpre)/SI(lenspre)).

Statistical analysis

Descriptive statistics were carried out using Microsoft Excel
2013 and statistical testing was performed with the software
package R (R Foundation for Statistical Computing, version
3.5.2, 2018-12-20). Significance was set at the p = 0.05 level.
However, all p values are of descriptive nature and are pro-
vided in addition to comprehensive SIR data [6].

Wilcoxon signed-rank test of AC-to-lens ΔSIR values was
performed to test for its equality with zero (H0). Multivariate
linear regression analysis was performed to correlate ΔSIR
with children’s age and to adjust for differences in post injec-
tion (p.i.) time. A linear as well as an exponential regression
model was fitted to the data.

Data availability statement

Data, i.e., anonymized SI measurements, can be obtained at
request of any qualified investigator from the corresponding
author.
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Results

Patient characteristics

Orbital MRI of 200 consecutive treatment naïve patients with
unilateral retinoblastoma were included in the study. Average
age (± SD) of the patients was 21.9 ± 15.6 months (range 0–
91 months). Ninety-eight patients (49.0%) were female and
102 male (51.0%).

One hundred eight (54.0%) left eyes and 92 (46.0%) right
eyes were assessed. Mean (range) serum creatinine level was
0.44 (0.19–0.77) mg/dl.

AC-to-lens signal intensity ratios

The median AC-to-lens SIR (interquartile range (IQR)) after
GBCA injection was significantly greater than the median SIR
(IQR) of the native scan (+ 0.74 (0.70–0.79) vs. + 0.66 (0.63–
0.68), pairedWilcoxon test, p < 0.0001). Boxplots of SIR values
prior to and post GBCA injection are presented in Fig. 2a.
Histograms of the two groups revealed a shift of the SIR

distribution towards more positive values when comparing SI
ratios post injection with SI ratios prior to injection (compare
Fig. 2b). Median ΔSIR (IQR) was + 0.08 (0.05–0.12).

Qualitative assessment of the AC revealed a slightly visible
SI increase adjacent to the ventral iris with a maximum in the
iridocorneal angle in 40 of 200 (20.0%) healthy eyes.

Correlation of signal intensity ratios and children’s
age

Spearman correlation revealed a strong negative association
between children’s age and ΔSIR (Spearman’s rank correla-
tion coefficient ϱ = − 0.52, p < 0.0001).

To further describe this association, a linear as well as an
exponential regression model was fitted to the data.

The linear model (Fig. 3a) followed the equation

ΔSIR = m × age [months] + c | coefficient estimates:

& intercept c = 0.16, p < 0.0001
& slope m = − 0.003, p < 0.0001

Fig. 1 Example of orbital MRI
with applied image analysis and
aqueous chamber enhancement.
T1-weighted MRI was performed
with the children in a state of
general anesthesia using bilateral
orbital coils prior to (a, c, e) and
following following (b, d, f)
injection of a standard dose of a
macrocyclic gadolinium-based
contrast agent (GBCA). a and b
display region of interest (ROI)
positioning in the healthy right
eye of an 18-month-old boy.The
aqueous chamber and lens were
delineated on the same slide with
the largest diameter for ΔSIR
calculation. c and d provide the
same images without ROI
placement with the white arrow
highlighting GBCA enhancement
in the iridocorneal angle on the
post injection scan (d). e and f
present another case of anterior
chamber enhancement following
intravenous GBCA injection in a
12-month-old girl
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The exponential model (Fig. 3b) followed the equation

ΔSIR = exp.(a + b × age [months]) | coefficient estimates:

& a = − 1.59, p < 0.0001
& b = − 0.04, p < 0.0001

The exponential fit seems to be superior in describing the
data especially for extreme x values, i.e., the youngest and
eldest children, indicating an exponential decrease of blood-
aqueous barrier permeability and/or exponential increase of
outflow capacity with children’s age (compare Fig. 4). The
residuals are shown in the supplements (Fig. e-2).

Fig. 3 Scatter plots of signal intensity ratio differences (ΔSIRs) over
children’s age with presentation of a linear as well as an exponential
fitting model. a The linear regression model describes the association of
the ΔSIR with children’s age as follows: ΔSIR = − 0.003 × age + 0.16.
Gray bands around the fitted line represent the confidence intervals
(95% level of confidence) of the regression line; red dotted lines
represent the prediction intervals (95% level of probability). Prediction
intervals predict the distribution of individual future points, whereas

confidence intervals of parameters predict the distribution of estimates
of the true population mean that cannot be observed. b The exponential
regression model (red line) describes the association of the ΔSIR with
children’s age as follows: ΔSIR = exp.(− 1.59–0.04 × age). Compared to
the linear model (blue line), the exponential fit is superior in describing
the data especially for extreme x values, i.e., the youngest and eldest
children, suggesting an exponential decrease of blood-aqueous barrier
permeability and/or exponential increase in outflow capacity with age

Fig. 2 Comparison of anterior chamber (AC)-to-lens signal intensity
ratios (SIRs) prior to and following intravenous injection of a macrocyclic
gadolinium-based contrast agent (GBCA). a Boxplot of SIRs promptly
following GBCA injection (POST) presents higher values compared to

the native scan (PRE). Median SIRs of the two groups differed signifi-
cantly (paired Wilcoxon test, p < 0.0001). b Accordingly, distribution of
SIRs following GBCA injection (blue) was shifted to more positive
values compared to native SIRs (gray) in histogram analysis
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The correlation between ΔSIR and children’s age was con-
firmed in multivariate analysis with adjustment for p.i. time
(correlation coefficients: intercept c = 0.10, p = 0.0005;mage =
− 0.003, p < 0.0001; m

p.i. time
= 0.005, p = 0.03).

Figure 4 illustrates ΔSIRs dependent on children’s age and
p.i. time, which revealed small ΔSIRs, when the enhanced
scan followed GBCA injection very promptly (compare Fig.
4, red data points). However, when excessing a certain injec-
tion time, degree of ΔSIR was dominated by children’s age
rather than p.i. time.

Discussion

In the current study, we demonstrated GBCA infiltration into
the aqueous chamber on T1-weighted MRI promptly follow-
ing GBCA injection that was inversely correlated with the age
of children aged 0 to 8 years.

Therewith, the current study generates new knowledge not
just with regard to blood-aqueous barrier physiology, which
might be exploited for diagnostic and therapeutic applications.
Moreover, the study contributes to a growing interdisciplinary
field of science which investigates the excretion process of gad-
olinium tracers—exemplary for all comparable foreign and in-
trinsic serum constituents—into and through the CNS [1, 7–12].

GBCA passage through the CNS

In 2013, Kanda et al reported on an SI increase of the dentate
nucleus due to serial GBCA injections [13], which led to the

question of GBCA entry and passage via the CNS as it was
supposed to be sealed from the external environment by the
blood-brain barrier. Concurrently, Iliff et al proved existence
of the glymphatic system (GS), a brain-wide network of CSF
microcirculation located in perivascular spaces of penetrating
cortical arteries. Mediating CSF-interstitial fluid exchange the
GS is said to serve excretory function for elimination of for-
eign and waste proteins from the CNS [14].

Our study results complement the recently published study
of Deike-Hofmann et al who found a SI increase in various
cerebral fluid spaces, including the aqueous and vitreous, on
delayed T2-weighted GBCA-enhancedMRI 3-h p.i. of a mac-
rocyclic GBCA in neurologically healthy adults [4].

In their study, SI increase was highest in the AC with
GBCA drainage from the orbit along the optical nerve into
the basal CSF cisterns. With other studies proving brain-wide
centripetal distribution of intrathecally injected GBCA tracer
from the brain surface far into the deep white matter via the
GS [11, 12], a potential afferent pathway for deposition of
linear GBCAs was firstly identified. However, exact location
and time of GBCA infiltration into the AC remained unclear.

New knowledge regarding blood-aqueous barrier
physiology and their implications

Apart from new perceptions regarding GBCA passage into
and via the CNS, the current study enabled detailed assess-
ment of anterior eye segment physiology on T1-weighted im-
ages due to the ocular coil, which achieved a higher resolution
of the eye compared to standard head coils.

Fig. 4 Scatter plot of anterior
chamber-to-lens signal intensity
ratio differences (ΔSIRs) over
children’s age. Different colors of
the data points represent different
post injection times. ΔSIRs cal-
culated from post contrast scans
following immediately after in-
jection of the gadolinium-based
contrast agent are low (compare
red data points), independent of
the children’s related age.
However, ΔSIRs of long-lasting
post injection times did not clear-
ly surpass the others (compare
violet data points)

4637Eur Radiol (2020) 30:4633–4640



Due to the visual finding of a slight SI increase in the AC
adjacent to the ventral iris with a maximum in the iridocorneal
angle, while no visual SI increase was found in the posterior
chamber, we hypothesize an entry into the AC via a known
physiological leak of the blood-aqueous barrier at the root of
the iris rather than active secretion of the GBCA by the ciliary
epithelium into to the posterior chamber.

However, it might be concluded that penetration into the
AC can generally be achieved by molecules with similar bio-
chemical and electrophysiological properties as the injected
macrocyclic GBCA.

The found negative correlation between the GBCA con-
centration in the AC and the age of the children aged between
0 and 8 years suggest either a higher blood-aqueous barrier
permeability or a lower efflux capacity via the Schlemm’s
canal in neonates compared to older children.

In the adult eye, it is well known that plasma compo-
nents easily diffuse out of the fenestrated uveal vessels
and permeate the surrounding ciliary body stroma [15],
but the mature blood-aqueous barrier is supposed to im-
pede free diffusion into the aqueous, whose composition
is quite different from those plasma exudates present in
the ciliary body stroma [16].

In contrast, in the developing eye, plasma components such
as chloride ions, ascorbic acid, and inulin enter the aqueous
either directly by diffusing out of intracameral fenestrated
vessels, or, indirectly, by moving from the uveal interstitium
at the iridocorneal angle into the anterior chamber [17–19].
Conversely, an increased effectiveness of the blood-aqueous
barrier can be observed during development, e.g., in terms of
decreased concentrations of proteins and inulin in the ocular
fluid [17, 20]. Moreover, it is known that the outflow capacity
of the trabecular meshwork of human fetuses increases with
age [21, 22].

Clearly, while multiple factors determining aqueous hydro-
dynamics have yet to be determined, hitherto unknown phys-
iology of aqueous fluid dynamics are of immediate clinical
interest: While alterations in efflux performance might be ob-
served in glaucoma, alterations of the blood-aqueous barrier
occur in multiple common ocular diseases such as diabetic
retinopathy or age-related macular degeneration as well as in
neurological diseases such as ischemic brain injury [5, 23, 24].
Furthermore, examination of blood-aqueous barrier function
via slit-lamp microscopy or laser flare photometry is used in
the diagnosis of anterior uveitis [25, 26]. This implies the
diagnostic potential of contrast-enhanced MRI, i.e., qualita-
tive, objective, and non-invasive investigation of the blood-
aqueous barrier function combined with morphological as-
sessment beyond the anterior eye segment.

Last but not least, our findings suggest that intravenously
administered GBCA not just enters the AC but stands in direct
contact with the subretinal space via the vitreous with Deike-
Hofmann et al demonstrating extensive and longstanding

enhancement of the vitreous following intravenous GBCA
injection [4], which might be exploited in terms of intraocular
drug delivery.

Implications of presence of GBCA in the AC

Ultimately, potential deposition of GBCAs in the eye might
meet the current debate on gadolinium deposition in the brain
especially when taking in mind that GBCA trapping was
found in the vitreous 24-h post intravenous injection [4].
However, one opinion assumes that chelated and dechelated
gadolinium has to be distinguished when debating the pres-
ence of gadolinium in the brain [27].

According to this theory, the crossing of the chelated
gadolinium, i.e., the intact GBCA, into the CNS via the
blood-aqueous barrier and through the CNS via the GS,
is supposed to be the natural excretion pathway of the
intravenously injected GBCA [4]. Animal experiments
showed that macrocyclic GBCAs are nearly totally
cleared over time while the less stable linear GBCAs
dechelate on the pathway through the brain and poten-
tially remain permanently in areas with an increased met-
al content [28–30].

From the current study, no conclusions can be drawn
regarding the duration of the GBCA in the ocular struc-
tures. However, it should be highlighted that the amount
of GBCAs penetrating into the eye is presumably ex-
tremely small and that the permeability of the blood-
aqueous barrier might further decrease in adults. Since
approximately half a billion of GBCA injections have
already been applied in patients, it seems unlikely that
GBCA injections might cause immediate effects on the
vision. However, long-term effects after serial injection
such as increased risk for cataract development should be
investigated.

Strengths and limitations of this study need to be acknowl-
edged. Obvious strength of the study is the large number of
assessed eyes with all of them imaged in the same MRI scan-
ner with the same coil and identical sequence parameters.

For limitations, it needs to be pointed out that we did not
measure the gadolinium content directly and that T1-
weighting is semi-quantitative in nature, that is why the cal-
culated ΔSIRs do not allow drawing conclusions regarding
true GBCA concentrations.

Last but not least, serial p.i. scans would have been desirable
as the concentration peak of the GBCA in the AC might have
exceeded p.i. time and to allow for investigation of orbital GBCA
dynamics. However, ΔSIRs of the longest p.i. times did not
clearly surpassed the other ΔSIRs, which suggests that AC en-
hancement might have already reached saturation.

In conclusion, this study revealed an age-dependent GBCA
penetration into the anterior chamber of healthy eyes promptly
after intravenous injection, which might be exploited for
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diagnostic or therapeutic purposes. On the other hand, any
potential long-term effects of serial GBCA injection on the
vision might be assessed in more detail in future studies.
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