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Abstract
Objectives We examined the effects of aging and of gadolinium-based contrast agent (GBCA) exposure on MRI measurements
in brain nuclei of healthy women.
Methods This prospective, IRB-approved single-center case-control study enrolled 100 healthy participants of our high-risk
screening center for hereditary breast cancer, who had received at least six doses of macrocyclic GBCA (exposed group) or were
newly entering the program (GBCA-naïve group). The cutoff “at least six doses” was chosen to be able to include a sufficient
number of highly exposed participants. All participants underwent unenhanced 3.0-T brain MRI including quantitative T1, T2,
and R2* mapping and T1- and T2-weighted imaging. The relaxation times/signal intensities were derived from region of interest
measurements in the brain nuclei performed by a radiologist and a neuroradiologist, both board certified. Statistical analysis was
based on descriptive evaluations and uni-/multivariable analyses.
Results The participants (exposed group: 49, control group: 51) were aged 42 ± 9 years. In a multivariable model, age had a clear
impact on R2* (p < 0.001–0.012), T2 (p = 0.003–0.048), and T1 relaxation times/signal intensities (p < 0.004–0.046) for the majority
of deep brain nuclei, mostly affecting the substantia nigra, globus pallidus (GP), nucleus ruber, thalamus, and dentate nucleus (DN).
The effect of prior GBCA administration on T1 relaxation times was statistically significant for the DN, GP, and pons (p = 0.019–
0.037).
Conclusions In a homogeneous group of young to middle-aged healthy females aging had an effect on T2 and R2* relaxation
times and former GBCA applications influenced the measured T1 relaxation times.
Key Points
& The quantitative T1, T2, and R2* relaxation times measured in women at high risk of developing breast cancer showed

characteristic bandwidth for all brain nuclei examined at 3.0-T MRI.
& The effect of participant age had a comparatively strong impact on R2*, T2, and T1 relaxation times for the majority of brain

nuclei examined.
& The effect of prior GBCA administrations on T1 relaxation times rates was comparatively less pronounced, yielding statis-

tically significant results for the dentate nucleus, globus pallidus, and pons.
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Summary statement Healthy women with and without previous GBCA-enhanced breast MRI exhibited age-related T2* and T2
relaxation alterations at 3.0 T-brain MRI. T1 relaxation alterations due to prior GBCA administration were comparatively less
pronounced.
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Abbreviations
CA Crus anterior of the internal capsule
CN Caudate nucleus
DN Dentate nucleus
GBCA Gadolinium-based contrast agents
Gd Gadolinium
GP Globus pallidus
LL Look-Locker
NR Nucleus ruber
PO Pons
PU Putamen
SN Substantia nigra
TH Thalamus
VFA Variable flip-angle
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Introduction

Although relaxation changes due to aging and ingestion of
metalliferous foods are widely considered to be present in
healthy adults, there is a paucity of data on typical visible
changes on MR imaging [1–4]. Contrary to the majority of
chemical elements normally ingested, the earth metal gadolin-
ium (Gd) is not a physiologically inherent component of the
human body [5–7]. Since their clinical introduction in 1988,
gadolinium-based contrast agents (GBCAs) were considered
to have an excellent safety profile with reported serious ad-
verse reactions in the range of 0.03% [6, 8]. Since 2014, how-
ever, retrospective studies have indicated an association be-
tween previous GBCA administration and increased signal
intensity, predominantly in the dentate nucleus and the globus
pallidus, on unenhanced T1-weightedMR images [9, 10]. The
observed signal intensity changes seemed dose dependent and
to be associated more often with linear GBCAs than macro-
cyclic GBCAs in rodent and human studies [6, 9, 11–20].
Harmful side effects of Gd deposits in the brain have been
discussed [21]. However, a recent population-based study
found no association between prior Gd exposure and neuro-
degenerative disease [22]. Although the long-term clinical rel-
evance of cerebral Gd-deposits currently remains unknown
[7], for safety reasons, the use of linear GBCAs has been
prohibited in the European Union since 2017/2018 [7, 23].

Due to their high paramagnetic properties, GBCAs are of
pivotal importance for contrast-enhanced breast MRI which

constitutes the most sensitive method for early breast cancer
detection available [24–28]. Therefore, women with an in-
creased genetic risk of developing breast cancer aged 30 to
50 years undergo annual GBCA-enhanced breastMR imaging
like in most international intensified screening programs [26,
27]. This group thus represents a unique collective of healthy
women inherently at risk of Gd exposure from GBCA
administration.

Recently, a case-control study reported no GBCA-
associated T1 signal increases in brain nuclei exposed to ≥ 6
GBCA doses and unexposed controls [29]. The study was
limited by age differences between cases and controls and
examined T1 relaxation only. The current investigation aims
to extend this preliminary evidence and thus was based on a
larger number of MRI examinations and a balanced case-
control population regarding participants’ age. We pursued
the working hypothesis:

& That it is possible to generate quantitative T1, T2, and
R2*(1/T2*) acquisition sequences with a spatial and con-
trast resolution suitable for detecting GBCA- and age-
associated relaxation time differences in brain nuclei and

& That we succeed in demonstrating possible age- and dose-
dependent relaxation time changes and signal intensity
changes in brain nuclei following multiple intravenous
doses of GBCA compared to Gd-naïve controls.

Material and methods

Study participants

This single-center, investigator-initiated, prospective case-
control study was carried out with the approval of the institu-
tional ethics review board (file reference 16-240) and was not
supported by industrial sponsoring.

All women included were attenders of the local center of
the National Intensified Early Breast Cancer Detection
Program. They were at high risk of developing breast cancer,
had no history of cancer or neurological disease, and had
provided written informed consent to take part in the study.
The women in the exposed group had previously received at
least six doses of macrocyclic GBCA in the context of surveil-
lance. The threshold of 6 GBCA-guided breast MRI exami-
nations was chosen as trade-off between the increasing
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likelihood of Gd retention with higher numbers of GBCA
exposures and the number of healthy advice-seekers at our
family breast center with higher numbers of GBCA applica-
tions. The control group comprised women newly entering the
program with no prior GBCA exposure and were prospective-
ly included during a period of 11 months. All women eligible
for study participation were identified via the comprehensive
electronic Hospital and Radiology Information Systems of the
University Hospital (ORBIS® OpenMed/RIS Nice®,
Dedalus Healthcare Systems Group) (Fig. 1). Inclusion and
exclusion criteria were confirmed via telephone calls and on-
site consultations (B.K.). The members of the exposed group
had never received any other contrast medium other than
gadoterate meglumine and the controls had never received
any GBCA according to their own account and all available
medical data. Eligible participants with uncertain medical his-
tory, a history of cancer or neurological disease, compromised
kidney function, and/or < 6 contrast-based breast MRIs,
contrast-based MRIs of other body regions (exposed group),
or any GBCA-enhanced MRIs (controls) were excluded.

The breast MRI protocols used were in accordance with
international recommendations [30]. Gadoterate meglumine
(Dotarem®, Guerbet GmbH) was the only contrast agent used
at our institution since 2006. The contrast medium was
injected via a cubital vein at a dose of 0.1 mmol/kg body
weight. The total number and cumulative volume of GBCA
administered were obtained from the electronic Radiology
Information System.

MR imaging

All participants underwent unenhanced MR imaging of the
brain using a clinical 3.0-T scanner (Ingenia 3, Philips
Healthcare) and a vendor-supplied 16-channel head coil. The
median time interval between the last GBCA-based breast
MRI and the native brain MRI examination was 89 days
(range 18 to 254 days). The participants were positioned head
first in supine position in the MRI scanner. Image data acqui-
sition was in axial plane. It included T1 mapping for the quan-
tification of T1 relaxation using a 2D Inversion Recovery
Look-Locker (LL) sequence and a B1-corrected 3D Variable
Flip-Angle (VFA) Gradient Echo sequence, T2 mapping for
the quantification of T2 relaxation using a 2D Multi Gradient
Spin Echo sequence, and R2* mapping for R2* quantification
using a 2D Multi Gradient Echo sequence (Table 1).
Furthermore, T1-weighted 2D Spin Echo (T1wSEM), T1-
weighted 3D Turbo Gradient Echo (T1w3D), and T2-
weighted 2D Turbo Spin Echo sequences (T2wTSE) were
carried out in order to obtain T1- and T2-weighted images.

Image analysis

Image data were pseudonymized and stored as uncom-
pressed DICOM files in PACS (ImpaxEE®, Dedalus
Healthcare Systems Group). Image data were analyzed
using a dedicated PACS-workstation. The region of in-
terest (ROI) was initially placed by one investigator

Fig. 1 Recruitment of the participants taking part in the exposed group and in the control group
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(B.K.) and subsequently verified by a board-certified
neuroradiologist (M.S.), both with > 20 years of expe-
rience in neuroradiology. The initial placement of the
ROI was adjusted in only 6 cases, thus indicating high
interrater agreement. Both investigators mutually marked
the target regions dentate nucleus (DN), pons (PO), cau-
date nucleus (CN), crus anterior (CA) of the capsula
interna, globus pallidus (GP), nucleus ruber (NR), puta-
men (PU), substantia nigra (SN), and thalamus (TH) on
the T2-weighted images. The interactively defined re-
gions of interest (ROI) on the T2-weighted images were
automatically copied onto the corresponding images of
the other series (Fig. 2). Bilateral target nuclei were
evaluated individually. Anatomical incongruities due to
slight body movements during the examinations were
adjusted by manual ROI corrections. The average relax-
ation times and signal intensities were read out of these
ROIs.

Statistical analysis

The relaxation times derived from the quantitative measure-
ments and the signal intensities derived from the qualitative
acquisition series were digitally documented (Excel®,
Microsoft Corp.). The statistical calculations were carried
out using SPSS Statistics software (IBM Corp.). All variables
were summarized by mean, standard deviation (SD), mini-
mum (min), and maximum (max) values. Measurements de-
rived from bilateral brain nuclei were averaged. The relaxation
time/signal intensity ratios of supratentorial brain nuclei to the
CA and infratentorially the DN to the PO were calculated. No
ratios were given for CA and pons in the numerator because
the measurement results of both brain nuclei are given in the
denominator of the corresponding ratios of other deep brain
nuclei. Spearman rho correlations coefficients was used to
assess the (pairwise) relationship between participant age,
number/cumulative volume of GBCA-administration, and re-
laxation time/signal intensity (ratio) because the variables
were not normally distributed. Multivariable linear regres-
sions were performed to adjust for the possible effect of the
variable age. Collinearity was checked by calculating variance
inflation factors. Consequently, we abstained from including
both the number and the cumulative volume of GBCA admin-
istrations as covariates. The dependency of relaxation
time/intensity (ratios) and the time span between the last
GBCA-based breast MRI and the target brain examination
were assessed likewise. Scatter plots were used for graphical
illustration. All analyses were essentially explorative with p-
values ≤ 0.05 (*) indicating moderate evidence, p values ≤
0.01 (**) intermediate evidence, and p values ≤ 0.001 (***)
strong evidence against the null hypothesis (e.g., zero
correlation).Ta
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Results

Study participants

The study group consisted of 100 women with a median age
of 41.5 years (minimum 24 years, maximum 63 years)
(Table 2). The age distribution did not differ between both
groups (exposed: 42 (24 – 63) years, controls: 38 (28 – 57)

years). The exposed participants had received a median of 8.0
doses (range: 6 to 14 doses) of gadoterate meglumine prior to
the target brain MRI, the median cumulative GBCA dose
being 119 mL (69 to 194 mL). The mean time interval be-
tween the last GBCA-enhanced breast MRI and the target
brain MRI was 104 ± 55 days (18 to 254 days). Diagnostic
assessment of the acquired brain MRI images yielded normal
results in all study examinations.

Fig. 2 Anatomy-based placement
of regions-of-interests (ROI) in a
48-year-old study participant who
had received 13 doses of
gadolinium-based contrast agents
(GBCA) with a cumulative
volume of 194 mL in the last 9
years prior to the target brain
MRI. a: ROI placements in the
dentate nucleus (a), the pons (b),
the substantia nigra and the
nucleus ruber (c), and in the crus
anterior of the internal capsule (d)
in the T2wTSE acquisition
sequence. b: ROI placements in
the globus palidus, the putamen,
the caudate nucleus, and the
thalamus for the acquisition
sequences Look-Locker (LL) T1
mapping (a), variable flip angle
(VFA) T1 mapping (b), T2
mapping (c), and R2* mapping
(d). c: ROI placements in the
globus palidus, the putamen, the
caudate nucleus, and the thalamus
for the qualitative T1w3D
sequence (a), the qualitative
T1wSEM (b), and the qualitative
T2wTSE sequence

Table 2 Participant
demographics. All participants
were female. Data are given as
numbers (n), mean ± standard
deviation or median and range.
GBCA gadolinium-based contrast
agent, y years

Parameter Value

Total no. of participants 100

Mean age (y) 41.5 (24 – 63)

Participants without GBCA exposure 51

Mean age (y) 42 (24 – 63)

Participants exposed to GBCA 49

Mean age (y) 38 (28 – 57)

Mean time interval since last GBCA exposure (days) 104 ± 55

Minimum and maximum time interval since last GBCA exposure (days) 18; 254

Median cumulative gadoterate meglumine doses (mL) 119 (69 – 194)

Median number of gadoterate meglumine doses 8.0 (6 – 14)

335Eur Radiol (2022) 32:331–345



Ta
bl
e
3

T
1
re
la
xa
tio

n
tim

es
(m

s)
,T

2
re
la
xa
tio

n
tim

es
(m

s)
,a
nd

R
2*

re
la
xa
tio

n
ra
te
s
(1
/s
)
lis
te
d
ac
co
rd
in
g
to
ag
e
gr
ou
ps

an
d
ex
po
se
d
pa
rt
ic
ip
an
ts
vs
.c
on
tr
ol
s.
T
he

L
L
m
ap
pi
ng

se
qu
en
ce
s
di
d
no
tc
ov
er

th
e
D
N
an
d
P
O
du
e
to

th
e
lim

ite
d
co
ve
ra
ge

in
th
e
z-
di
re
ct
io
n

L
oo
k-
L
oc
ke
r
(L
L
)
T
1
m
ap
pi
ng

V
ar
ia
bl
e
fl
ip
-a
ng
le
(V

A
F)

T
1
m
ap
pi
ng

T
2
m
ap
pi
ng

R
2*

m
ap
pi
ng

V
al
id

N
M
ea
n

St
an
da
rd

de
vi
at
io
n

V
al
id

N
M
ea
n

S
ta
nd
ar
d

de
vi
at
io
n

V
al
id

N
M
ea
n

S
ta
nd
ar
d

de
vi
at
io
n

V
al
id

N
M
ea
n

St
an
da
rd

de
vi
at
io
n

C
A

A
ge

(y
ea
rs
)

U
p
to

40
G
ro
up

C
on
tr
ol

21
78
5

43
26

94
0

53
29

68
5

29
34

6

E
xp
os
ed

11
77
3

34
12

94
8

53
12

67
3

12
31

8

40
to

50
G
ro
up

C
on
tr
ol

7
79
6

33
8

94
3

38
8

69
5

8
32

6

E
xp
os
ed

27
77
6

35
29

94
4

53
29

68
3

29
36

9

O
ve
r
50

G
ro
up

C
on
tr
ol

12
80
8

62
13

94
9

63
14

70
4

14
31

8

E
xp
os
ed

7
79
0

24
7

96
7

42
7

69
4

7
32

7

T
ot
al

G
ro
up

C
on
tr
ol

40
79
4

48
47

94
3

53
51

69
5

51
33

7

E
xp
os
ed

45
77
8

33
48

94
8

51
48

68
3

48
34

9

C
N

A
ge

(y
ea
rs
)

U
p
to

40
G
ro
up

C
on
tr
ol

28
12
88

61
26

15
88

75
29

77
5

29
32

9

E
xp
os
ed

11
12
84

57
12

16
37

12
2

12
77

4
12

36
6

40
to

50
G
ro
up

C
on
tr
ol

8
12
96

52
8

15
75

60
8

76
3

8
38

8

E
xp
os
ed

26
12
75

44
29

16
13

65
29

74
4

29
36

9

O
ve
r
50

G
ro
up

C
on
tr
ol

14
12
51

72
13

16
18

10
3

14
75

5
14

33
5

E
xp
os
ed

7
12
67

42
7

16
72

14
2

7
74

3
7

35
15

T
ot
al

G
ro
up

C
on
tr
ol

50
12
79

64
47

15
94

81
51

76
4

51
33

8

E
xp
os
ed

44
12
76

47
48

16
28

95
48

75
4

48
36

9

D
N

A
ge

(y
ea
rs
)

U
p
to

40
G
ro
up

C
on
tr
ol

26
10
99

48
29

61
5

29
36

5

E
xp
os
ed

12
10
74

43
12

61
6

12
34

6

40
to

50
G
ro
up

C
on
tr
ol

8
10
96

86
8

59
7

8
39

6

E
xp
os
ed

29
10
74

54
29

60
6

29
38

7

O
ve
r
50

G
ro
up

C
on
tr
ol

13
10
93

76
14

57
8

14
41

7

E
xp
os
ed

7
10
53

45
7

59
8

7
39

8

T
ot
al

G
ro
up

C
on
tr
ol

47
10
97

62
51

60
6

51
38

6

E
xp
os
ed

48
10
71

50
48

60
7

48
37

7

G
P

A
ge

(y
ea
rs
)

U
p
to

40
G
ro
up

C
on
tr
ol

28
10
62

48
26

12
77

67
29

58
6

29
27

4

E
xp
os
ed

11
10
38

31
12

12
72

71
12

56
4

12
28

3

40
to

50
G
ro
up

C
on
tr
ol

8
10
23

51
8

12
29

71
8

55
4

8
32

5

E
xp
os
ed

26
10
02

40
29

12
45

53
29

54
5

29
32

6

O
ve
r
50

G
ro
up

C
on
tr
ol

14
10
19

56
13

12
69

79
14

55
7

14
33

7

E
xp
os
ed

7
10
39

51
7

12
60

57
7

53
12

7
35

13

T
ot
al

G
ro
up

C
on
tr
ol

50
10
44

54
47

12
67

72
51

57
6

51
29

6

E
xp
os
ed

44
10
17

43
48

12
54

58
48

54
6

48
31

7

336 Eur Radiol (2022) 32:331–345



T
ab

le
3

(c
on
tin

ue
d)

L
oo
k-
L
oc
ke
r
(L
L
)
T
1
m
ap
pi
ng

V
ar
ia
bl
e
fl
ip
-a
ng
le
(V

A
F)

T
1
m
ap
pi
ng

T
2
m
ap
pi
ng

R
2*

m
ap
pi
ng

V
al
id

N
M
ea
n

St
an
da
rd

de
vi
at
io
n

V
al
id

N
M
ea
n

S
ta
nd
ar
d

de
vi
at
io
n

V
al
id

N
M
ea
n

S
ta
nd
ar
d

de
vi
at
io
n

V
al
id

N
M
ea
n

St
an
da
rd

de
vi
at
io
n

N
R

A
ge

(y
ea
rs
)

U
p
to

40
G
ro
up

C
on
tr
ol

13
86
5

37
26

10
40

50
29

61
7

29
32

4

E
xp
os
ed

8
86
4

31
12

10
49

50
12

60
4

12
32

4

40
to

50
G
ro
up

C
on
tr
ol

2
84
2

37
8

10
09

41
8

58
4

8
34

4

E
xp
os
ed

21
84
9

53
29

10
39

52
29

57
4

29
35

5

O
ve
r
50

G
ro
up

C
on
tr
ol

9
83
8

50
13

10
24

60
14

60
9

14
35

6

E
xp
os
ed

7
85
5

28
7

10
42

60
7

57
5

7
37

3

T
ot
al

G
ro
up

C
on
tr
ol

24
85
3

43
47

10
30

52
51

60
7

51
33

5

E
xp
os
ed

36
85
4

44
48

10
42

52
48

58
4

48
34

4

PO
A
ge

(y
ea
rs
)

U
p
to

40
G
ro
up

C
on
tr
ol

26
12
01

53
29

82
7

29
27

10

E
xp
os
ed

12
11
68

78
12

84
14

12
31

15

40
to

50
G
ro
up

C
on
tr
ol

8
11
83

75
8

84
6

8
29

11

E
xp
os
ed

29
11
31

62
29

80
7

29
31

12

O
ve
r
50

G
ro
up

C
on
tr
ol

13
11
52

52
14

82
8

14
25

5

E
xp
os
ed

7
11
87

90
7

83
7

7
25

4

T
ot
al

G
ro
up

C
on
tr
ol

47
11
84

60
51

82
7

51
27

9

E
xp
os
ed

48
11
49

72
48

82
9

48
30

12

PU
A
ge

(y
ea
rs
)

U
p
to

40
G
ro
up

C
on
tr
ol

28
12
14

48
26

13
90

99
29

65
6

29
27

8

E
xp
os
ed

11
12
02

49
12

14
07

11
4

12
65

6
12

27
5

40
to

50
G
ro
up

C
on
tr
ol

8
11
89

62
8

13
92

70
8

63
3

8
28

4

E
xp
os
ed

27
11
97

31
29

14
13

10
6

29
63

6
29

29
5

O
ve
r
50

G
ro
up

C
on
tr
ol

14
11
84

65
13

14
02

99
14

64
4

14
28

4

E
xp
os
ed

7
11
95

45
7

14
40

83
7

63
3

7
29

4

T
ot
al

G
ro
up

C
on
tr
ol

50
12
02

56
47

13
93

93
51

65
5

51
27

6

E
xp
os
ed

45
11
98

38
48

14
16

10
3

48
63

6
48

28
5

SN
A
ge

(y
ea
rs
)

U
p
to

40
G
ro
up

C
on
tr
ol

13
84
8

35
26

10
67

70
29

56
7

29
35

7

E
xp
os
ed

8
83
6

25
12

10
53

67
12

51
5

12
38

6

40
to

50
G
ro
up

C
on
tr
ol

2
88
2

19
8

10
59

83
8

52
4

8
38

7

E
xp
os
ed

21
82
6

34
29

10
30

63
29

54
6

29
37

5

O
ve
r
50

G
ro
up

C
on
tr
ol

9
82
9

60
13

10
01

56
14

51
5

14
40

6

E
xp
os
ed

7
83
5

32
7

10
42

69
7

53
4

7
37

3

T
ot
al

G
ro
up

C
on
tr
ol

24
84
4

46
47

10
47

73
51

54
6

51
37

7

E
xp
os
ed

36
83
0

31
48

10
38

64
48

53
6

48
38

5

T
H

A
ge

(y
ea
rs
)

U
p
to

40
G
ro
up

C
on
tr
ol

28
92
3

47
26

11
84

72
29

73
4

29
23

1

337Eur Radiol (2022) 32:331–345



Quantitative MRI data acquisitions

Relaxation times

The numeric differences between the participants exposed to ≥
6 GBCA doses and the GBCA naïve controls were indiscern-
ible on the MR images.

The quantitative relaxation times for all examined brain
regions showed homogeneous distributions for all acquisition
sequences in the examined brain nuclei (Table 3). The T1
relaxation times measured by LL mapping were consistently
higher than those of VFAmapping and differed systematically
in the same direction (range: ΔCA 161 ms toΔCN 333 ms).
The shortest T1 relaxation was measured in the CA (794 ± 48
ms/948 ± 51 ms) and the longest in the CN (1279 ± 64 ms/
16281 ± 95 ms).

Univariable comparisons

The effect variable “age” revealed negative correlation coef-
ficients with increasing age for T1 mapping in both groups
and for the majority of brain nuclei reaching moderate signif-
icance in the controls in the GP (p = 0.025), PO (p = 0.025),
and SN (p = 0.013) (Table 4, Fig. 3a). The correlation coeffi-
cients for “age” were also mostly negative in T2 mapping
reaching moderate to high significance in the GP and the SN
(controls: p = 0.047 and 0.006) and NR (exposed: p = 0.039).
Due to the inverse read out compared to the T2* relaxation
times, the R2* correlation coefficients were mostly positive
reaching moderate to high significance in the control group
(DN p < 0.000, NR p = 0.020, GP p < 0.000, SN p < 0.021)
and in the exposed group (DN p = 0.009, NR p = 0.033).

The time interval between the last GBCA-based breast
MRI and the target brain MRI (effect variable “decay”) neg-
atively correlated with T1 relaxation times measured in most
brain nuclei reaching moderate significance in the CA and GP
(p = 0.032 and 0.040). The correlation of the effect variable
“decay” and measured R2* relaxation values was mostly pos-
itive due to the sign inversion compared to T2* times showing
moderate significance in the DN and GP (p = 0.040 and 0.03).

The collinear effect variables “number” and “cumulative
volume” of applied GBCA doses correlated negatively with
most of the measured T1 relaxation times without reaching
statistical significance due to the shortening of T1 relaxation
caused by GBCA. The T2 measurements showed indecisive
results, whereas the correlation coefficients in R2* mapping
were mostly positive without reaching statistical significance.

Multivariable analyses

Multivariable analysis of the effect variables “age” and “group
comparison,” the latter defined as the comparison of the
GBCA-exposed group and the GBCA-naïve controls,T
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confirmed significant correlations for “age” in the GP (p =
0.005) and SN (p = 0.046) in T1 mapping and moderate

significance in the CA (p = 0.038), CN (p = 0.024), NR (p =
0.048), SN (p = 0.048), and TH (p = 0.015) in T2 mapping

Fig. 3 Interdependency of age (left and middle columns) and the number
of prior GBCA doses (right column) and the relaxation time(s)/signal
intensity ratios measured in the globus pallidus (GP) and the crus
anterior (CA) of the internal capsule. a: R2* mapping, T2 mapping,

VAFT1 mapping, and LL-T1 mapping in the GP. b: Ratios GP:CA for
R2* mapping, T2 mapping, VFA 1 mapping and LL-T1 mapping. c:
Ratios GP:CA for the qualitative T1-weighted and T2-weighted data
acquisition sequences
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(Table E1). “Age” had a highly significant influence on the
relaxation rates in R2* mapping in the DN (p = 0.001), GP (p
< 0.000), NR (p = 0.001), and SN (p = 0.02).

Regarding the effect variable “group comparison,” which
reflects the overall difference between the exposed group and
the control group and not just the impact of GBCA,

Fig. 3 (continued)
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multivariable analysis revealed negative orientations of the
slope coefficients (B-values) correlating with a tendency to-
wards a shortening of T1 relaxation times due to GBCA ap-
plication. The observed negative correlations were moderately
significant in the CA (p = 0.037) in LLmapping and in the DN
(p = 0.033) and PO (p = 0.019) in VFA mapping. We did not
notice any significant effect of the effect variable “group com-
parison” regarding T2 and R2* mapping.

These results were confirmed for “age” when normalizing
the relaxation times for each participant by calculating
intraindividual ratios between the relaxation times measured
in the target brain nuclei and in the CA (supratentorial) and PO
(infratentorial) (Table E1, Fig. 3b). The calculated slope coef-
ficients were predominantly negative in T1/T2 mapping and
positive in R2* mapping due to the inverse read out of the T2*

signal. The influence of “age” on the relaxation time ratios
showed moderate to intermediate significance for ratios
SN:CA (p = 0.004), CN:CA (p = 0.021), NR:CA (p =
0.013), GP:CA (p = 0.010), and GP:TH (p = 0.031) in LL
mapping, for the ratio CN:CA in in VFA mapping (p =
0.005), for the ratio PU:CA (p = 0.022), CN:CA (p =
0.003), NR:CA (p = 0.003), GP:CA (p = 0.004), GP:TH (p
= 0.002), and SN:CA (p = 0.007) in T2mapping andmoderate
to strong correlations for ratios DN:CA (p = 0.018), GP:CA (p
= 0.007), and GP:TH (p < 0.001) in R2* mapping.

The negative slope coefficients observed for the “number
of GBCA applications” in the CA (p = 0.036), DN (p = 0.040),
GP (p = 0.024), and PO (p = 0.026) (Table E2) and for the
collinear effective variable “cumulative volume of applied
GBCA doses” in the GP (p = 0.024) and PO (p = 0.026) reflect

Fig. 3 (continued)
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a shortening of T1 times with increasing numbers of applied
GBCA doses per exposed study participant (Table E3).
Likewise, the ratios of the relaxation times showed negative
B-values in T1/T2 mapping and positive B-values in R2*
mapping. The variable “age” had a moderate to intermediate
influence on the ratios CN:CA (p = 0.019), NR:PO (p =
0.007), GP:CA (p = 0.012), and SN:CA (p = 0.003) in LL
mapping and an intermediate level of significance for the ratio
SN:CA (p = 0.006) in VFA mapping when regarding the
number of applied GBCA doses. Correspondingly, the assess-
ment of the effect variables “age” and “cumulative volume” of
applied GBCA doses yielded correlations of moderate to in-
termediate significance for the ratios CN:CA (p = 0.020),
NR:PO (p = 0.008), GP:CA (p = 0.013), GP:TH (p =
0.047), and SN:CA (p = 0.003). The influence of the effect
variable “age” on the collinear effect variables “number”
and “cumulative volume” of applied GBCA doses
reached moderate significance for PU:CA (p = 0.025
and 0.022), CN:CA (p = 0.003 and 0.004), NR:PO
(p = 0.004 and 0.005), GP:CA (p = 0.006 and 0.006),
GP:TH (p = 0.003 and 0.003), and SN:CA (p = 0.005
and 0.006) in T2 mapping and moderate to strong sig-
nificance for DN:PO (p = 0.010 and 0.012), GP:CA
(p = 0.007 and 0.008), and GP:TH (p < 0.000 and
< 0.000) in R2* mapping (Tables E2 and E3).

Qualitative MRI data acquisitions

Univariable and multivariable analyses of the T1- and T2-
weighted qualitative acquisition sequences for signal intensity
essentially confirmed the aforementioned quantitative results
(Tables 4 and Table E1). Multivariable analysis of the effect
variables “age” and “group comparison” confirmed a signifi-
cant correlation between “age” and the T2-weighted signal in-
tensity ratios CN:CA (p = 0.003), NR:CA (p < 0.001), GP:CA
(p < 0.001), GP:Th (p < 0.001), PU:CA (p < 0.001), and SN:CA
(p < 0.001) (Table E1, Fig. 3c). In both T1-weighted sequences,
the effect variable “group comparison” revealed moderate to
strong correlations for the ratios CN:CA (p = 0.031 and
0.004), GP:CA (p < 0.001 and 0.005), and SN:CA (p = 0.010
and 0.046). The number and cumulative volume of applied
GBCA doses showed similar results (Tables E2 and E3).

Discussion

Our observation that the effect of aging on relaxation times
measured in brain nuclei of young to middle-aged healthy
females was predominantly seen as an age-related decrease
in T2* relaxation time (DN, GP, NR: p ≤ 0.001) and in T2
relaxation time (CN, NR, SN: p = 0.015–0.048) and an only
moderate decrease in T1 relaxation time for the GP (p = 0.046)
is in accordance with preclinical studies, which have shown

age-related concentration changes of iron, copper, and zinc in
brain nuclei as well as associated microglial and astrocyte
alterations [1–4]. Contrary to iron, copper, and zinc, the earth
metal Gd is not a physiologically inherent component of the
human body [5–7]. Because of its toxicity, Gd must be bound
to a ligand in order to render it safe to be administered intra-
venously while maintaining its paramagnetic properties for
MRI [7, 30]. Although it is known that a small fraction of
intravenously applied GBCA is chronically retained in human
tissues [14], little is known about its biochemical transforma-
tion, handling, and excretion [6, 7]. Histological studies have
shown evidence of Gd deposition in brain tissue of patients
with normal renal function [14, 17, 18, 31]. Spheroid Gd de-
posits were demonstrated in the basal lamina of cerebral
microvessels and in the perivascular Virchow-Robin spaces
of rodents after repeated injections of linear GBCAs [32]. The
mechanism for deposition has not yet been fully elucidated
and the clinical significance remains unclear [31, 33, 34].

Our results regarding quantitative T1 mapping with a 3.0-T
MRI system are in accordance with the findings of Saake et al
who, using a 1.5-T scanner, investigated 160 patients with
multiple GBCA administrations and 60 GBCA-naïve control
subjects and found significantly shortened T1 relaxation times
in the GP in the exposed group [34]. Our findings also confirm
those of Quattrocchi et al [24], who assessed the effect of age
and number of previous injections of linear GBCA on signal
intensity of unenhanced T1-weighted images of the DN and
GP in 892 patients with prior GBCA exposure and 1906 sub-
jects without. The results revealed a correlation of the signal
intensity ratios DN:PO and GP:TH with age and the number
of macrocyclic GBCA injections.

In the current study, quantitative T1/T2 mapping and qual-
itative T1/T2-weighted imaging were employed in order to
investigate the effects of aging and Gd deposits on relaxation
time. While quantitative relaxation values provide absolute
measures and thus should allow for direct interindividual com-
parisons, they also imply the challenge of careful interpreta-
tion due to technical dependencies, which may have an impact
on the quantification of results. Two different sequence de-
signs were used for quantitative T1 mapping. The systemati-
cally higher relaxation time values in VFA mapping are ex-
plained by the differences in both sequence design, regarding
spatial resolution and contrast resolution, and the number of
T1 relaxation points assessed. T1 relaxation was read out at
five points in LL mapping, whereas only two T1 relaxation
read outs were carried out during the VFA acquisitions in
order to gain a sufficient compromise between spatial resolu-
tion, contrast resolution, and the length of examination time.
The presented ratio approach for the qualitative and quantita-
tive measurements was chosen in order to ameliorate the in-
fluence of interindividual variances due to the individual con-
centrations of physiologically ingested metal ions like copper
and iron in the brain nuclei examined, which cannot be
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quantified from patient history like the case with prior GBCA
dosing.

The main limitation of the presented study lies in the inter-
individual comparison of healthy young women of the same
age group. The lack of an intraindividual approach will be
addressed in an ongoing study including attenders of the
screening program. Further limitations may be seen in the
small number of cases and the monocentric study design, as
well as in the yet informal evaluation of interrater agreement
on the basis of the ROI placements.

In conclusion, the known effects of aging and Gd exposure
could be observed in the brain nuclei of a clinically homoge-
neous group of female adults using quantitative and qualita-
tive 3.0-T MR imaging. The effect of aging was most pro-
nounced in T2 and T2* MR imaging. The influence of prior
GBCA applications on the measured T1 relaxation times and
T1-weighted signal intensities were too small to be visually
perceived on the MR images of brain nuclei.
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