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Abstract: With advancements in aesthetic medicine, breast augmentation has become a popular
plastic surgery worldwide, typically performed using either fine-needle injection or silicone implants.
Both carry complication risks from rupture over time. In this study, we aimed to reduce misjudgments
and increase diagnostic value by developing an MRI technique that can produce water- and silicone-
specific images from MRI scans of phantoms (Natrelle® saline-filled breast implants) and human
bodies. Pig oil, soybean oil, and normal saline were used to simulate human breast tissue, and two
common types of breast implants, saline bags, and silicone bags, were selected as well, resulting in
five materials scanned. Six pulse sequences were applied: T1W fast spin echo (FSE), T1W SPGR/60,
T2W, T2W fat-saturation, STIR, and STIR water-saturation. Human body scans were additionally
investigated using 3D SPGR fat-saturation dynamic contrast enhancement. Results show that the
best way to enhance tissue contrast in images of silicone implants is to apply STIR combined with
water suppression, and the best way to enhance saline bag implants is to apply T2W fat-saturation
combined with fat suppression. Both offered very high sensitivity and specificity, rendering this
method especially useful for distinguishing normal mammary glands from siliconoma.

Keywords: breast implant; magnetic resonance imaging; T2W; STIR

1. Introduction

Advancements in aesthetic medicine have allowed breast augmentation to become
a popular plastic surgery worldwide. Two common techniques are fine-needle injection
and silicone implants. In the former, injections of various biological materials or gel
fillings are placed into the pectoralis major muscle beneath the breasts using a fine needle.
Complications such as nodule or blood clot formation, evidenced by lumps, inflammation
or infection, pain, or secretions, can result [1,2]. On the other hand, silicone implants can
leak or deform. Both types present a risk of rupture, resulting in complications over time.
In 2003, Hölmich studied the rate of rupture among silicone implants, finding that the risk
increases with implant age and that it is at least 15% 3 to 10 years after augmentation [3].
In 2017, Hillard analyzed the rupture rates of three types of commercial silicone implants
and found that the risks started to increase 6 to 8 years after augmentation [4]. In 2018,
Bretaudeau reported a case of pericarditis originating from breast implant rupture. An
implant rupture can be symptomless, but it can result in isolated silicone granulomas
or serious systemic diseases [5,6]. Although new-generation silicone implants can last
longer than legacy implants, the risk of rupture in the long term remains high [7], and once
rupture results in complications, the conventional practice is to perform reconstructive
surgery, removing the implant or resecting the lesion.
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For many years, breast implant leaks have been diagnosed using medical imaging such
as mammography, computed tomography, ultrasound, or magnetic resonance imaging
(MRI), each providing its own sensitivity and specificity [8–11]. Of these, MRI is recom-
mended for evaluating implants, given its ability to show the distribution of whatever
substance was injected for breast augmentation and to detect certain complications. It
can locate the leak, and it provides high diagnostic accuracy [12–16]. However, when the
inner layer of the breast implant ruptures, leaving the outer shell intact, MRI can lead to
erroneous diagnoses [17]. Many studies of diagnoses based on only MRI and ultrasound
recruited symptomatic participants, and because the sensitivity of MRI might not be as
great with asymptomatic cases or with screenings, the accuracy of MRI-based diagnoses
might be overestimated [18]. Breast cancers and complications originating from implants
can be identified using gadolinium-enhanced MRI [19]; however, fibromas from silicone
injections are likely to be confused with breast cancers.

Long-term complications from silicone injections can result in siliconoma or calcifi-
cations, either of which can mimic breast cancer or even normal mammary gland tissue
in a mammogram [20]. Therefore, a silicone-specific MRI technique is needed for patients
with breast augmentations. With this study, we aimed to develop an MRI technique that
can produce water-specific and silicone-specific images, allowing differentiation between
breast augmentation and lesions.

2. Materials and Methods
2.1. Homemade Phantom for MRI Scan

In this study, MRI scans were performed on a phantom breast implant filled with
saline (Natrelle®; Allergan, Santa Barbara, CA, USA) and on human bodies. Human breast
tissue was simulated using one of three materials, namely pig oil, soybean oil, or normal
saline. Two common types of breast implants, the saline bag, and the silicone bag, were
also selected, resulting in a total of 5 types of implants scanned using MRI.

2.2. MRI Scanning Parameters and Image Acquisition

All MRI scans were acquired using a GE Medical Systems Signa EXCITE HD, a 1.5-T
scanner with a dedicated phased-array breast surface coil. To investigate the performances
and characteristics of the MR signals from the 5 materials, the phantom was scanned using
6 sets of scan parameters: T1-weighted fast spin-echo (T1W FSE), T1W SPGR/60 degrees,
T2-weighted (T2W), T2W fat-saturation, STIR, and STIR water-saturation. The specific
parameters used are summarized in Table 1. When scanning either oil, silicone, or water,
inversion recovery (IR) was adopted, applying a repetition time (TR) of 1600 ms, an echo
time (TE) of 45 ms, and an inversion time (TI) that started at 50 ms and increased in 50 ms
increments to 3000 ms. Signal changes and image contrast were then analyzed for these
3 materials.

Table 1. Pulse sequences and parameters used in magnetic resonance imaging.

Pulse Sequence TR (ms) TE (ms) TI (ms)

T1W FSE 400 14
T1W SPGR/60 200 1.7

T2W 3000 103
T2W fat-saturation 3000 103

STIR 4000 45 170
STIR (water-saturation) 4000 45 170

FSE, fast spin echo; SPGR, spoiled gradient recalled; STIR: Short-tau inversion recovery.

Human bodies were scanned, applying the 3D SPGR fat-saturation dynamic contrast
enhancement technique. After administering gadolinium, the synchronized scan was
performed every minute for 5 min using a delayed-phase T1W fat-saturation.

The software GE Advantage Workstation 4.2 was used to further enhance dynamic
curve processing, analyze development rates, and observe the wash-in and wash-out
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phenomena of the contrast agent in the blood. This allowed evaluation of the vascularity
of the tumor or the perfusion and fade-away phenomena of the contrast agent through the
arteries and tissues, distinguishing malignant breast tumors from benign siliconoma or
normal mammary glands.

A saline bag and a silicone bag were placed under the left and right breasts, respec-
tively, of each participant, and both were scanned simultaneously, as shown in Figure 1.
The signals from normal mammary tissues, the saline bag, the silicone bag, and the phan-
tom were compared to find saline and silicone leaks. Dynamic contrast-enhanced imaging
was also performed to distinguish siliconoma from malignant breast tumors.
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Figure 1. A magnetic resonance image comparing silicone-injected augmented breasts with a saline
bag and a silicone bag, each placed under a breast.

2.3. Scanning Participants who Received Fine-Needle Silicone Injections

Of the 15 women (30 breast implants) selected from those referred by a breast clinic at
one institution, 10 received silicone injections, 2 received single-lumen silicone prostheses
(1 also underwent a saline-bag mammoplasty), and 3 received single-lumen saline implants.
Age range was 36 to 73 years. All participants were referred by clinical routine, and all
images were retrospectively reviewed; therefore, informed consent was waived. This
study was conducted according to the guidelines of the Declaration of Helsinki, and it was
approved by the Ethics Committee of Yuanpei University of Medical Technology (Protocol
Code 106-008, approved 08/2018).

2.4. Data Analysis

The images were de-identified and randomly interspersed for training an MRI radiologist
with more than 25 years’ experience and a radiological technologist with 20 years’ experience
how to use a signal grading scale. The scale used ratings that ranged from “+++” to indicate
the strongest signal to “—” to indicate the weakest. Images of phantoms containing known
materials were used as reference standards. After 1 month, the images were blinded and
presented in a new random order to both readers. Finally, both readers repeated the entire
process following the first assessment. All imaging signals were enhanced and quantified,
then presented to the readers, who independently scored the signal intensities of the
breast glandular tissues, tumors, and benign lesions (granulomas/siliconomas), resolving
disagreements by consensus. Results are shown in Table 2.
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Table 2. Comparisons between the magnetic resonance images from three types of implants, normal
mammary glands, and breast carcinomas.

Implant Sequences
Phantom Breast Tissue

Silicone Normal
Saline Oil Gland Carcinoma

T2W FSE - ++ + - -
T2W (fat-saturation) — +++ – + +
STIR + +++ – + +
STIR (water-saturation) +++ — – – -
T1W FSE + – +++ - –
T1Wcs SPGR/60 (-C) – + – + +
DCE T1Wcs SPGR/60 (+C) - + - + +++
T1Wcs SPGR/60 (+C) – + – ++ ++

“+++” represents the greatest signal intensity; “—” represents the lowest intensity. cs: Chemical-saturation; DCE:
Dynamic contrast enhancement.

3. Results

One participant had breast carcinoma proven by her history, 3 silicone implants leaked,
and all participants had siliconomas. Figure 2 shows scans of implants made with silicone,
oil, or saline.
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Figure 2. The MR images of three implants, one each of silicone, oil, and saline, using four
MRI pulse sequences: (A) T1-weighted (T1W); (B) T2-weighted (T2W); (C) T2W fat-saturation;
and (D) short-tau inversion recovery (STIR) water-saturation.
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The T2W FSE technique provided the strongest signal intensity from the saline-bag
implant but the weakest from the silicone-bag implant, resulting in the greatest difference
between the two. The STIR water-saturation technique also resulted in the greatest dif-
ference between the two, but in the opposing direction—it provided the strongest signal
intensity from the silicone-bag implant and the weakest from the saline-bag implant. Breast
cancer was distinguishable only when dynamic contrast enhancement was added. Signal
intensity from cancerous tissue was rated “+++”, whereas those from mammary glands and
saline-bag implants were rated “+”. The rating of “-” given to silicone was also relatively
high in contrast, as shown in Figure 3.

Appl. Sci. 2021, 11, x FOR PEER REVIEW 5 of 10 
 

Figure 2. The MR images of three implants, one each of silicone, oil, and saline, using four MRI 
pulse sequences: (A) T1-weighted (T1W); (B) T2-weighted (T2W); (C) T2W fat-saturation; and (D) 
short-tau inversion recovery (STIR) water-saturation. 

The T2W FSE technique provided the strongest signal intensity from the saline-bag 
implant but the weakest from the silicone-bag implant, resulting in the greatest 
difference between the two. The STIR water-saturation technique also resulted in the 
greatest difference between the two, but in the opposing direction—it provided the 
strongest signal intensity from the silicone-bag implant and the weakest from the 
saline-bag implant. Breast cancer was distinguishable only when dynamic contrast 
enhancement was added. Signal intensity from cancerous tissue was rated “+++”, 
whereas those from mammary glands and saline-bag implants were rated “+”. The 
rating of “-” given to silicone was also relatively high in contrast, as shown in Figure 3. 

 
Figure 3. Siliconoma with in-situ carcinoma using various imaging techniques. 

Figure 4 shows MR images of a participant who received fine-needle injections for 
augmentation. Magnetic resonance spectroscopy was also applied to the silicone bag, 
saline bag, and human breast fat for analysis and comparisons. Results are shown in 
Figure 5. The center frequencies of water, fat, and silicone were 63,876,706 Hz, 63,876,515 
Hz, and 63,876,425 Hz, respectively. These differences allowed the chemical shift 
saturation technique to be applied with STIR (cf-fat, water-saturation) to further remove 
the signals from water and from fat in a more precise way. 

Figure 3. Siliconoma with in-situ carcinoma using various imaging techniques.

Figure 4 shows MR images of a participant who received fine-needle injections for
augmentation. Magnetic resonance spectroscopy was also applied to the silicone bag, saline
bag, and human breast fat for analysis and comparisons. Results are shown in Figure 5.
The center frequencies of water, fat, and silicone were 63,876,706 Hz, 63,876,515 Hz, and
63,876,425 Hz, respectively. These differences allowed the chemical shift saturation tech-
nique to be applied with STIR (cf-fat, water-saturation) to further remove the signals from
water and from fat in a more precise way.

One of our 25 participants had both silicone and saline bags implanted, as shown in
Figure 6. Using two MRI techniques, STIR water-saturation, and T2W fat-saturation, the sili-
cone in the images could be enhanced, as shown in Figure 6B. Using chemical saturation at the
silicone frequency (+220 Hz) or the water frequency (6,386,706 Hz—61 Hz = 63,876,645 Hz)
removed the silicone signals to obtain a water-enhanced image, as shown in Figure 6C. Both
techniques were applied to identify the location of a leak, if any. Using any one technique
(STIR water-saturation, T2W fat-saturation, or fluid-attenuated inversion recovery) could
not allow breast cancer to be diagnosed, but adding dynamic contrast enhancement did
allow that diagnosis. This conclusion was consistent with the literature [20].
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Figure 5. Magnetic resonance spectroscopy results for water, fat, and silicone.

Besides using STIR water-saturation to obtain the silicone-enhanced image and T2W
fat-saturation to obtain the water-enhanced image, IR was also adopted to change TI
while scanning silicone, oil, and saline, measuring the corresponding signal intensity. The
inversion equation is:

S = So * (1 − 2e -t/T1),

where S represents Signal intensity; t: Inversion Time (TI); T1: Longitudinal relaxation
time.

After obtaining the null point of each material, this equation was applied to obtain
T1 [21]. Polynomial smooth curves were added as shown in Figure 7. Using STIR and
TI = 130 ms, the signal intensity of fat was at its lowest, and silicone, then water was greater.
When TI was between 440 ms and 450 ms, the signal intensity of silicone was at its lowest,
and oil, then water was greater. At TI = 1600 ms, the signal for water was at its lowest. Its
intensity rapidly increased as TI either increased or decreased from this point.
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4. Discussion

In this study, MRI scans of implants were initially conducted to identify the qualitative
characteristics of each material’s signals. The signals of various tissues were then compared.
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Special MRI techniques were developed and applied to breast implants made from a
variety of materials. The use of STIR water-saturation to obtain silicone-enhanced images
can help diagnose leakage from silicone-bag implants, as shown in Figure 4A, but the use
of T2W fat-saturation to obtain water-enhanced images can help diagnose leakage from
saline-bag implants, as shown in Figure 4B. Both these imaging techniques are based on
the chemical saturation technique, which suppresses signals from water and fat or fat and
silicone while enhancing signals from other tissues, further enhancing the specific tissue
contrast. As shown in Figure 4A, a silicone-enhanced image using STIR water-saturation
with TI values allows the fat signals to fall on the null point. Resonance frequency tuning
was also performed for fat (about 63,866,515 Hz). The frequency difference between
1.5 T oil and water is 220 Hz. Therefore, the signals from oil and water were shifted by
+220 Hz from the center frequency of fat. The silicone signals were not influenced (it
has a resonance frequency of about 636,686,425 Hz). As shown in Figure 4B, a water-
enhanced image is achieved using T2W fat-saturation with FSE aimed at the resonance
frequency of water (about 63,866,706 Hz) with radiofrequency excitation. Moreover, the
chemical shift saturation technique was applied at the water center frequency–191 Hz (the
fat center frequency was about 63,866,515 Hz) to remove the signals from fat completely.
As the frequency difference between silicone (63,866,425 Hz) and water (63,866,706 Hz)
is -281 Hz, as shown in Figure 5, the intensity of the silicone signals was relatively low,
allowing a rather high image contrast for the signals from water. As the chemical shift
saturation technique is constrained by magnetic homogeneity, and the frequency difference
between oil and water is only 191 Hz using auto-tuning, a silicone peak could easily be
mistaken for a fat peak, leading to incomplete chemical shift saturation when applying
STIR water-saturation and T2W fat-saturation.

Moreover, MRI scanners can vary in magnetic field strength, leading to different T1
values. As a result, the frequency difference between oil and water might not always be
220 Hz, influencing the effect of the chemical shift saturation technique. Taken together,
the recommended T1 value for STIR water saturation is between 150 ms and 170 ms.
However, in reality, when the fat signals reach the null point, the corresponding T1 values
were between 120 ms and 140 ms. This theory can also indirectly influence the frequency
difference between oil and water (approximately 200 Hz to 210 Hz).

With these three points in mind, we suggest that when applying either STIR water-
saturation or T2W fat-saturation, fine-tuning should be performed to confirm the center
frequencies of water, fat, and silicone. In addition, because the influence of magnetic homo-
geneity on IR is rather small, simply making use of each tissue’s null point characteristics
by setting up the TI value to achieve specific suppression would allow confirmation of a ma-
terial’s identity between water, fat, and silicone. In this study, when STIR water-saturation
was applied, optimized fat suppression was achieved when TI = 130 ms, and optimized
silicone suppression was achieved when TI = 440 ms to 450 ms. We also found that when
using fluid-attenuated inversion recovery and TI = 1600 ms, the signals of pure water were
completely suppressed. Signal intensity rapidly increased as TI varied from this point. In
other words, the slope of the curve was steep to either side of this point. This study is very
valuable for distinguishing bound water from free water for clinical diagnoses.

This study is limited by its small number of participants. However, it was focused on
technical development, and the participants were used to prove observations made using
images of phantoms. A major limitation is its lack of quantitative analysis. However, in
addition to validating the phantom study, our human study focused on real-life practices
using visual interpretations. Further studies recruiting more participants and including a
statistical analysis are necessary.

5. Conclusions

Siliconoma caused by silicone-bag implants or silicone gel injections can be a source
of patient anxiety, and it can influence the results of breast cancer diagnoses. This study
highlights a means of differentiating siliconoma or breast implant leaks. To obtain silicone-
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enhanced images, STIR water-saturation with water suppression is an excellent technique
in that it achieves tissue contrast when silicone implants are present. Water-enhanced
images obtained using T2W fat-saturation with fat suppression should be used when saline
implants are present. Both techniques are especially useful for distinguishing normal
mammary glands from siliconoma.
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