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1 | INTRODUCTION

Dynamic contrast-enhanced magnetic resonance imaging (DCE-MRI)
is a common modality of breast cancer detection. However, there
have been few studies performed to determine the optimal dose of
the gadolinium-based contrast agents (GBCA). When breast MRI first

Abstract

Objective: To assess the diagnostic performance of breast magnetic resonance (MR)
imaging as a function of gadolinium contrast dose using a retrospective reader
study.

Material and Methods: IRB approval was obtained prior to the start of this study
and was HIPAA compliant. One-hundred and fifty MR breast examinations were
included that were acquired between January 2001 and December 2006. Seventy-
five patients received contrast doses (gadopentetate dimeglumine) by weight of
0.10 mmol/kg and 75 patients were imaged using fixed volumes of 20 ml. The
images were assessed by two radiologists with performance calculated for each
reader as well as a combined assessment. Dose response was measured by compar-
ing performance between cases binned by dose: <=0.10; >0.10; and >0.13 mmol/
kg. Statistical significance was calculated using a one-sided Z-test for differences in
proportions with interobserver agreement calculated using Cohen's kappa statistics.
Results: In the combined reader assessment with equivocal lesions classified as neg-
ative, sensitivity rose from 66% (19/29) to 92% (24/26, P < 0.01) and 95% (18/19,
P < 0.01) with the specificity also increasing from 65% (32/49) to 87% (40/46,
P <0.01) and 86% (32/37, P =0.01) corresponding to doses <=0.10, >0.10,
>0.13 mmol/kg. With equivocal lesions classified as positive, sensitivity rose from
79% (23/29) to 92% (24/26, P < 0.10) and 95% (18/19, P < 0.10) Specificity also
increased from 53% (26/49) to 72% (33/46, P < 0.05) and 70% (26/37, P = 0.05)
with increasing dose. Interobserver agreement also improved at the higher doses.
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came into clinical use, many imaging sites used a consistent volume
contrast dose of 20 ml (“single dose”). Since maximum conspicuity
was desired, the single dose was used regardless of patient weight.
Given the range of patient weights typically seen in the United
States, this corresponded to a dose range of 0.1 to 0.2 mmol/kg. As
the field evolved, there was a desire to standardize the examination
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across studies, institutions, and manufacturers, particularly for quan-
tification of contrast kinetics. At this point most imaging sites started
calculating the dose by weight using 0.1 mmol/kg. Although the
American College of Radiology recommends this dose for breast
studies® it is not clear how this dose was determined. In the few
dose-response studies that were performed, there is some disparity
in conclusions.

Heywang-Kobrunner et al compared performance using
0.16 mmol/kg gadopentetate dimeglumine versus a low dose of
0.1 mmol/kg of body weight.? The conclusion of this study was that
conspicuity of breast lesions was much improved using the higher
dose. In a study of the relationship between contrast dose with
uptake kinetics using three dose groups (<0.122 mmol/kg; 0.123-
0.155 mmol/kg; and> 0.155 mmol/kg), Jansen et al reported that ini-
tial and peak enhancement increased with contrast dose for in-situ
and invasive cancers.® However, Knopp et al did not find any
improvement in diagnostic accuracy using 0.2 mmol/kg gadopente-
tate dimeglumine over 0.1 mmol/kg and concluded that a dose of
0.1 mmol/kg was “probably sufficient”.

The reported difference in dose response may be due to differ-
ent inclusion criteria and diagnosis occurrence rates in each study.
For example, in Knopp's study, subjects were recruited who had an
“abnormality highly suspicion of being breast cancer” with 75% con-
taining malignancies of which only 5% were DCIS and 8% were ILC.*
Jansen's study used only malignant lesions but 33% of the lesions
were classified as DCIS.®> This suggests that lesions assessed as
highly suspicious by mammogram and/or ultrasound will have suffi-
cient conspicuity on MR at low doses of contrast to allow a confi-
dent assessment. However, not all cancers respond in the same
manner, particularly those with lower angiogenic activity. In the role
that DCE-MR breast imaging currently fills, (confirmation, staging,
and localization), the low dose may be sufficient. However, in
screening studies for women at high risk or with dense breasts, in
which the highest conspicuity is desired, the optimal dose may be
higher than what is currently recommended.

The concern over the safety of gadolinium-based contrast agents
(GBCAs) is an important issue that continues to influence the choice
of contrast dose. Nephrogenic systemic fibrosis (NSF) was first
described by Grobner et al® and Markmann et al” who reported that
patients developed the disease after being exposed to GBCAs. How-
ever, upon review of adverse events, the FDA determined that there
were no confirmed cases of NSF in patients who had normal kidney
function or mild-to-moderate kidney insufficiency. Although the
report recommended caution when using these agents, GBCAs are
safe when patients are adequately screened.2 More recently, there
has been concern raised over the detection of brain deposits in
patients who have received repeated MRI contrast studies® !
although the risks, if any, from these deposits is currently unknown.
These are important issues and may justify the use of lower GBCA
doses. However, before coming to that conclusion, the trade-off in
diagnostic performance should be understood in order to make an
informed risk/benefit decision. The purpose of this study was to
assess diagnostic performance of breast MR imaging as a function of
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gadolinium contrast dose using a retrospective reader study of
examinations that were acquired during a period of time when the
contrast dose was changed from a fixed volume to a weight-based

calculation.

2 | MATERIALS AND METHODS

2.A | Patients

IRB approval was obtained prior to the start of this study and was
HIPAA compliant. One-hundred and fifty MR breast examinations
were included that were acquired between January 2001 and
December 2006, which covered a period before and after the transi-
tion from a fixed volume contrast dose to weight-based calculation
of dose. These examinations were chosen because they used similar
imaging protocols and had pathologic correlation or 2-yr follow-up.
Patients were nonpregnant women (mean age 49 yr, range 25—
83 yr; mean weight 71 kg, range 49-118 kg) who presented to our
institution with palpable or mammographically visible suspicious find-
ings. The MR examinations were not synchronized with the patient's
menstrual cycle. Among the 150 examinations, 55 had malignant
lesions as determined by biopsy and the remaining 95 examinations
were benign or normal. Table 1 shows the distribution of diagnoses

for all cases.

2.B | MR imaging

Images were acquired at 1.5 T using a General Electric Signa (43
examinations) or a Siemens Sonata (107 examinations). Subjects
were placed in the prone position with the breasts gently com-
pressed within a dedicated bilateral breast coil. All imaging series
were performed in the sagittal plane. T1 and T2 weighted images
were acquired followed by a dynamic contrast-enhanced series. The
DCE series was acquired using a radial fast 3D spoiled gradient-re-
called sequence using 512 data samples with 384 projections and 32
slices of 3 mm thickness.?? Although this was an IRB-approved
investigational sequence at the time the patient studies were
acquired, the protocol can be reproduced with commercial
sequences from either manufacturer. Seventy-five examinations were
performed unilaterally, and the remaining 75 cases were bilateral
examinations. Scan parameters were as follows: TR = 10 ms; TE = 4
ms; flip angle = 20°-45°. The fat signal was suppressed using a
spectral inversion pulse played-out twice per slice group. A high-res-
olution baseline volume was acquired followed by three postcontrast
volumes acquisitions over the following 6-minute period. Contrast
(gadopentetate dimeglumine Magnevist, Berlex Laboratories, Wayne,
NJ) was administered at 1.5 ml/s followed by a saline flush.

Eighty patients were imaged using a fixed volume gadolinium
contrast dose of 20 ml and 70 patients received a dose by weight of
0.1 mmol/kg. The weight of subjects receiving the fixed volume dose
ranged from 49 to 118 kg. Five of the patients who received 20 ml
of contrast had weights >100 kg yielding doses < 0.1mmol/kg. This
created an overall distribution of doses (0.08-0.2 mmol/kg) that
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TasLe 1 Histologic or 2-yr follow-up findings of breast magnetic
resonance imaging examinations.

Dose
Dose group Dose group group

Pathology All <01 > 0.1 > 0.13
Benign 95 49 46 37
Adenosis 2 1 1 1
Calcifications 8 5 3 2
Cyst 2 0 2 2
Fibroadenoma 24 11 13 13
Fibrocystic changes 21 9 12 8
Hyperplasia 3 6 3
LCIS 4 4 0 0
Papilloma 1 0 0

No Lesion 11 8 3 3
Other 13 7 6 5
Cancer 55 29 26 18
DCIS 13 7 6 4
DCIS w/invasive 15 8 7 6
IDC 15 9 6 2
ILC 4 8 1 1
IMC 3 2 1 1
Paget's 1 0 1 1
Phyllodes tumor 2 0 2 1
Other 2 0 2 2
Total 150 78 72 55

Dose in mmol/kg; LCIS, lobular carcinoma in situ; DCIS, ductal carcinoma
in situ; IDC, invasive ductal carcinoma; ILC, invasive lobular carcinoma;
IMC, invasive mammary carcinoma. Note that the two higher dose
groups were formed by setting of the dose threshold so that cases in the
>0.13 mmol/kg group were also included in the >0.10 mmol/kg analysis.

spanned changes in the imaging methodology eliminating bias
toward a particular scanner or protocol. Among the 43 patients
(mean age 49 yr, mean weight 65 kg) performed on the Signa scan-
ner, 35% (15/43) had malignant findings as determined by pathology.
Among the 107 patients (mean age 49 yr, mean weight 73 kg) per-
formed on the Sonata scanner, 37% (40/107) had malignant findings.

2.C | Image assessment

The images were assessed by two radiologists experienced in inter-
preting breast MR examinations and who were blinded to the biopsy
results. One radiologist had 5 yr of experience interpreting breast
MR examinations and the second reader was fellowship trained in
breast imaging with 12 yr of clinical experience. Assessment was
based solely on the MR images consisting of T1 weighted, T2
weighted, and dynamic series morphological appearance and
enhancement kinetics. The DCE images were weighted most heavily,
with the T2 images useful in cases where the morphology suggested
a typically benign lesion such as a fibroadenoma. The T1 images
were the least significant and not important except in rare cases
such as fat necrosis. The DCE series could be viewed in its original
form or with subtraction of the baseline volume. Time vs signal
intensity curves from the dynamic series (per pixel, region-of-interest
(ROI), or whole lesion) were available for interactive viewing. The
ROI locations were recorded, which allowed for registration of the
detected lesions with pathology reports and also ensured that both
readers assessed the same lesion. Clinical assessment was defined as
no lesion (BIRADS 1); benign (BIRADS 2); probable cancer (BIRADS
4); definite cancer (BIRADS 5); or indeterminate. To address an inde-
terminate classification in the clinical setting, the radiologists would
have had access to the patient's history, previous imaging results,

and/or the option of requesting further testing or surveillance

TaeLe 2 Diagnostic performance of DCE-MR breast imaging as a function of contrast dose — Equivocal Lesions Positive

Reader 1 Reader 2 Combined
Dose <0.1 >0.1 >0.13 <0.1 >0.1 >0.13 <0.1 >0.1 >0.13
Sensitivity 72% 81% 83% 72% (21/29) 88% (23/26), 89% (16/18), 79% (23/29) 92% (24/26), 94% (17/18),
(21/29) (21/26), (15/18), P = 0.068 P = 0.089 P =0.08
P=0.23 P=0.20 P = 0.086
Specificity 82% 78% 78% 61% (30/49) 87% (40/46), 86% (32/37), 53% (26/49) 72% (33/46), 70% (26/37),
(40/49) (36/46), (29/37), P = 0.0022 P =0.012 P = 0.030 P =0.078
P =0.67 P =0.63
PPV 70% 68% 65% 53% (21/40) 79% (23/29), 76% (16/21), 50% (23/46) 65% (24/37), 61% (17/28),
(21/30) (21/31), (15/23), P =0.011 P = 0.045 P =0.087 P=021
P =0.58 P =0.64
NPV 83% 88% 91% 79% (30/38) 93% (40/43), 94% (32/34), 81% (26/32) 94% (33/35), 96% (26/27),
(40/48) (36/41), (29/32), P = 0.032 P = 0.041 P = 0.050 P = 0.041
P =0.28 P =0.20
Accuracy 78% 79% 80% 65% (51/78) 88% (63/72), 87% (48/55), 63% (49/78) 79% (57/72), 78% (43/55),
(61/78) (57172), (44/55), P = 0.00077 P =0.014 P =0.014 P =0.074
P =044 p =042

Dose in mmol/kg; PPV, poPitive predictive value; NPV, negative predictive value.
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Fic. 1. Representative DCE-MR sagittal images of the breast at different gadolinium contrast doses. (a) 0.10 mmol/kg. (b) 0.13 mmol/kg. (c)
0.15 mmol/kg.

TaeLe 3 Diagnostic performance of DCE-MR breast imaging as a function of contrast dose — Equivocal Lesions Negative

Reader 1 Reader 2 Combined

Dose <0.1 >0.1 >0.13 <0.1 >0.1 >0.13 <0.1 >0.1 >0.13

Sensitivity  66% (19/29) 81% (21/26), 83% (15/18), 59% (17/29) 88% (23/26), 89% (16/18), 66% (19/29) 92% (24/26),  94% (17/18),
P=0.10 P =0.09 P = 0.0066 P =0.014 P =0.0081 P =0.011

Specificity 92% (45/49) 93% (43/46), 95% (35/37), 67% (33/49) 87% (40/46), 86% (32/37), 65% (32/49) 87% (40/46), 86% (32/37),
P =0.38 P=0.33 P =0.012 P = 0.036 P = 0.0069 P = 0.025

PPV 83% (19/23) 88% (21/24), 88% (15/17), 52% (17/33) 79% (23/29), 76% (16/21), 53% (19/36) 80% (24/30), 77% (17/22),
P=0.32 P =0.30 P =0.011 P = 0.039 P =0.010 P =0.037

NPV 82% (45/55) 90% (43/48), 92% (35/38), 73% (33/45) 93% (40/43), 94% (32/34), 76% (32/42) 95% (40/42), 97% (32/33),
P=0.13 p=0.11 p = 0.0070 P =0.016 P = 0.0063 P =0.011

Accuracy  82% (64/78) 89% (64/72), 91% (50/55), 64% (50/78) 88% (63/72), 87% (48/55), 65% (51/78) 89% (64/72), 89% (49/55),
P=0.12 P=0.14 P =0.00045 P =0.011 P =0.00034 p =0.0084

Dose in mmol/kg; PPV, positive predictive value; NPV, negative predictive value

(BIRADS 3). However, for the purposes of this study we required
that each examination be classified as benign or malignant. Since the
indeterminate classification could be considered either, diagnostic
performance was calculated for both and as well with these lesions
removed from the analysis. Interobserver agreement was calculated
using Cohen's kappa statistics with three diagnostic categories tested
for agreement (benign, malignant, and indeterminate lesion classifica-
tion). During the image read, image quality was scored on a scale of
0-4 corresponding to poor/inadequate, fair/adequate, good, very
good, and excellent. Image quality was assessed by considering the
signal-to-noise ratio, blurring due to patient motion, fat saturation,
image shading, streaking, and artifacts. The average score for each
dose group was calculated.

Diagnostic performance (sensitivity, specificity, positive predictive
value (PPV), negative predictive value (NPV), and overall accuracy)
was calculated on a per case basis for each reader as well as a com-
bined assessment for which a true positive by either radiologist
scored the case as true positive and a false positive by either reader
scored the case a false positive. For examinations with multiple

lesions, the correct assessment of any of the lesions as positive

scored the case a true positive. For a case in which any positive
lesion was incorrectly assessed, then the entire case was scored as
false negative, regardless of the of whether the other lesions were
correctly identified as true negatives. For bilateral cases, perfor-
mance was calculated on a per breast basis. Dose response was
measured by comparing performance between sets of cases binned
by dose: <= 0.10; >0.10; and >0.13 mmol/kg. The >0.13 mmol/kg
dose cutoff was chosen after inspection of the initial reader results
that showed a predominance of false negatives for cases using doses
<=0.13 mmol/kg, with only one false negative at the highest dose.
Note that the two higher dose groups were formed by setting the
dose threshold; therefore, cases in the highest dose group were also
included in the >0.10 mmol/kg analysis. Stratifying the dose groups
into more specific bins was not feasible since there would be too
few positive cases in each group to achieve significance. Statistical
significance was calculated using a one-sided Z-test for differences in
proportions between the low-dose group and each of the higher
dose groups. The one-sided test was justified since there are no
reports that diagnostic performance decreases with increased con-

trast dose. Statistics were analyzed using Microsoft Excel 2013.
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Diagnostic performance as a function of contrast dose. (a,b) Sensitivity and specificity when equivocal lesion were considered a positive

finding. (c,d) Sensitivity and specificity when equivocal lesion were considered a negative finding. (e,f) Sensitivity and specificity when equivocal lesion
were removed. Performance is shown for each reader and for a combined assessment. Error bars show 95% confidence intervals (Wilson score).

3 | RESULTS

Representative images from positive cases are shown in Fig. 1.
Image quality was scored as 2.8 for the low dose and 2.6 for both
higher dose groups, which places all three dose groups between
good and very good on the quality scale. Diagnostic performance
was calculated on a per case basis for both readers as well as a com-
bined assessment. Comparison was made between the low-dose
cases (<=0.10 mmol/kg) and the two higher groups, >0.10 mmol/kg
and >0.13 mmol/kg. Interobserver agreement using assessment cate-

gories: benign, malignant, or indeterminate at each dose group (low

to high) were 0.46, 0.63, and 0.59. Agreement increased when the
indeterminate lesions were classified as negative (k = 0.56, 0.79,
0.77). There were 12 false negatives common to both readers of
which 10 were in the low-dose group (DCIS,®> ILC,® IDC?). The two
common false negatives at the higher doses were both DCIS.

Taking lesions classified as indeterminate as a positive finding
(Table 2), sensitivity for reader 1 was 72% (21/29) at the low dose
and rose to 81% (21/26) and 83% (15/18) at the higher doses, with
specificity of 82% (40/49), 78% (36/46), and 78% (29/37). For reader
2, sensitivity increased from 72% (21/29) to 88% (23/26) and 89%
(16/18) with specificity also rising from 61% (30/49) to 87% (40/46),
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Reader 1 Reader 2 Combined

Dose <0.1 >0.1 >0.13 <0.1 >0.1 >0.13 <0.1 >0.1 >0.13

Sensitivity  72% (18/25) 81% (21/26), 83% (15/18), 72% (18/25) 88% (23/26), 89% (16/18), 76% (19/25) 92% (24/26), 94% (17/18),
P=0.23 P=0.19 P = 0.069 P = 0.090 P = 0.055 P =0.053

Specificity 90% (38/42) 92% (36/39), 94% (29/31), 64% (27/42) 85% (33/39), 84% (26/31), 62% (26/42) 85% (33/39), 84% (26/31),
P =0.38 P=0.34 P =0.018 P = 0.051 P =0.011 P = 0.036

PPV 82% (18/22) 88% (21/24), 88% (15/17), 55% (18/33) 79% (23/29), 76% (16/21), 54% (19/35) 80% (24/30), 77% (17/22),
P=0.29 P =029 P =0.019 P = 0.065 P =0.014 P =0.051

NPV 84% (38/45) 88% (36/41), 91% (29/32), 79% (27/34) 92% (33/36), 93% (26/28), 81% (26/32) 94% (33/35), 96% (26/27),
P =0.32 P =0.25 P =0.072 P =0.083 P = 0.050 P =0.047

Accuracy  84% (56/67) 88% (57/65), 90% (44/49), 67% (45/67) 86% (56/65), 86% (42/49), 67% (45/67) 88% (57/65), 88% (43/49),
P =025 P =023 P = 0.0050 P =0.041 P = 0.0024 P =0.025

Dose in mmol/kg; PPV, positive predictive value; NPV, negative predictive value.

and 86% (32/37) at the higher doses. The increased sensitivity for
reader 1 was not statistically significant (P > 0.2); however, the
improved performance for reader 2 showed significance of P < 0.10
for the increase in sensitivity and P < 0.01 for the increase in speci-
ficity. The combined reader assessment showed the sensitivity rising
from 79% (23/29) to 92% (24/26, P < 0.10) and 94% (17/18,
P < 0.10) with the specificity also increasing from 53% (26/49) to
72% (33/46, P < 0.05) and 70% (26/37, P < 0.10).

With the indeterminate lesions classified as negative (Table 3),
sensitivity for reader 1 was 66% (19/29) for the low dose and
increased to 81% (21/26, P = 0.10) and 83% (15/18, P < 0.10) for
the higher doses with specificity of 92% (45/49), 93% (43/46), and
95% (35/37) (no statistical significance for increases). For reader 2,
sensitivity increased from 59% (17/29) to 88% (23/26, P < 0.01) and
89% (16/18, P = 0.01) with specificity also rising from 67% (33/49)
to 87% (40/46, P = 0.01) and 86% (32/37, P < 0.05) at the higher
doses. The combined reader assessment showed the sensitivity rising
from 66% (19/29) to 92% (24/26, P < 0.01) and 94% (17/18,
P = 0.01) with the specificity also increasing from 65% (32/49) to
87% (40/46, P < 0.01) and 86% (32/37, P < 0.05). Graphical repre-
sentations of each reader’s performance are shown in Fig. 2.

With the indeterminate lesions removed (Table 4), sensitivity for
reader 1 was 72% (18/25) for the low dose and increased to 81% (21/26)
and 83% (15/18) for high doses with specificity of 90% (38/42), 92% (36/
39), 94% (29/31) (no statistical significance for increases). For reader 2,
sensitivity increased from 72% (18/25) to 88% (23/26, P < 0.10) to 89%
(16/18, P < 0.10) with specificity increasing from 64% (27/42) to 85%
(33/39, P = 0.01) and to 84% (26/31, P = 0.05) at high doses. The com-
bined reader assessment showed sensitivity rising from 76% (19/25) to
92% (24/26, P = 0.05) and 94% (17/18, P = 0.05) with specificity increas-
ing from 62% (26/42) to 85% (33/39, P = 0.1) to 84% (26/31, P < 0.05).

4 | DISCUSSION

These data show there is an increase in sensitivity for malignancy
with increasing contrast dose. There was no significant decrease in

specificity and a substantial improvement in the second reader's dis-
crimination of benign lesions with the higher doses. Greater confi-
dence in the lesion assessment was also shown by the interobserver
agreement, which increased at the higher doses. Most of the false
negatives common to both readers were in the low-dose group and
represented either DCIS or ILC. This supports that higher contrast
doses can increase the contrast-to-noise ratio (CNR) of lesions with
lower or inconsistent enhancement, aiding sensitivity and improving
specificity as well. The image quality score was consistent across
dose groups showing that there was no bias in the results from tech-
nical issues or subject demographics.

The first reader classified more lesions as indeterminate than did
the second reader and how those were interpreted had a large effect
on performance measures. In the true clinical setting, equivocal lesions
would not be simply classified as a group to be benign or malignant
but could instead be followed to assess changes. Additional informa-
tion from other examinations could also make a definitive diagnosis
possible in many cases. Therefore, many of these would subsequently
be correctly classified as benign or malignant and the performance
measures would be higher. However, regardless of whether the inde-
terminate lesions were classified as positive, negative to removed alto-
gether, reader performance improved at the higher contrast doses.

Our study had limitations. Although these results indicate that a
dose higher than 0.1 mmol/kg would give better diagnostic perfor-
mance, the specific optimal dose was not determined since there
were no enough cases at each dose level to show significance. More
studies, particularly positive cases, performed at various contrast
doses would allow stratification of the doses giving a better indica-
tion of which was optimal. More significant results could have been
achieved if the studies had been repeated on the same patient using
different doses. Since this was a retrospective study, that was not
an option. Another limitation was that only one contrast agent
(gadopentetate dimeglumine) was used in the study. Investigation of
the dose response using newer compounds with higher relaxivity
would be helpful since they can improve CNR at lower volumes.
However, these are often used in the reverse manner, lowering the
concentration while maintaining the CNR that was achieved with the
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older compounds at 0.1 mmol/kg. This study suggests that there
would be a benefit to taking advantage of the higher CNR that can
be achieved using these agents.

The safety of GBCAs may be the overriding factor in choosing
the dose, but the trade-off in diagnostic performance should be
understood in order to make an informed decision. This study
showed that the diagnostic performance of DCE-MR breast imaging
was greater when subjects received a higher gadolinium dose than
the current standard of 0.10 mmol/kg.

CONFLICT OF INTEREST

None of the authors has any conflict of interest. There is no industry

support for this project.

REFERENCES

1. ACR Practice Parameter For The Performance of Contrast Enhanced
Magnetic Resonance Imaging (MRI) of The Breast. (n.d.). Retrieved
from  https://www.acr.org/-/media/ACR/Files/Practice-Parameters/
mr-contrast-breast.pdf

2. Heywang-Kébrunner SH, Haustein J, Pohl C, et al. Contrast-en-
hanced MR imaging of the breast: comparison of two different doses
of gadopentetate dimeglumine. Radiology. 1994;191:639-646.

3. Jansen SA, Fan X, Yang C, et al. Relating dose of contrast media
administered to uptake and washout of malignant lesions on
DCEMRI of the breast. Acad Radiol. 2010;17:24-30.

10.

11.

12.

. Knopp MV, Bourne MW, Sardanelli F, et al. Gadobenate dimeglu-

mine-enhanced MRI of the breast: analysis of dose response and
comparison with gadopentetate dimeglumine. AJR Am J Roentgenol.
2003;181:663-676.

. Kuhl CK. Current status of breast MR imaging. Part 2. Clinical appli-

cations. Radiology. 2007;244:672-691.

. Grobner T. Gadolinium-a specific trigger for the development of

nephrogenic fibrosing dermopathy and nephrogenic systemic fibro-
sis? Nephrol Dial Transplant. 2006;21:1104-1108.

. Marckmann P, Skov L, Rossen K, et al. Nephrogenic systemic fibrosis: sus-

pected causative role of gadodiamide used for contrast-enhanced mag-
netic resonance imaging. J Am Soc Nephrol. 2006;17:2359-2362.

. FDA. Drug Safety Communication: New warnings for using gadolin-

ium-based contrast agents in patients with kidney dysfunction.
https://www.fda.gov/Drugs/DrugSafety/ucm223966.htm

. Kanda T, Ishii K, Kawaguchi H, et al. High signal intensity in the den-

tate nucleus and globus pallidus on unenhanced T1-weighted MR
images: relationship with increasing cumulative dose of a gadolinium-
based contrast material. Radiology. 2014;270:834-841.

Errante Y, Cirimele V, Mallio CA, et al. Progressive increase of T1
signal intensity of the dentate nucleus on unenhanced magnetic res-
onance images is associated with cumulative doses of intravenously
administered gadodiamide in patients with normal renal function,
suggesting dechelation. Invest Radiol. 2014;49:685-690.

Quattrocchi CC, Mallio CA, Errante VY, et al. Gadodiamide and dentate
nucleus T1 hyperintensity in patients with meningioma evaluated by mul-
tiple follow-up contrast-enhanced magnetic resonance examinations with
no systemic interval therapy. Invest Radiol. 2015;50:470-472.

Radial VIBE Sequence | CAI2R. https://www.cai2r.net/research/radia
l-vibe-sequence. Accessed February 4, 2020.


https://www.acr.org/-/media/ACR/Files/Practice-Parameters/mr-contrast-breast.pdf
https://www.acr.org/-/media/ACR/Files/Practice-Parameters/mr-contrast-breast.pdf
https://www.fda.gov/Drugs/DrugSafety/ucm223966.htm
https://www.cai2r.net/research/radial-vibe-sequence
https://www.cai2r.net/research/radial-vibe-sequence

