Supplemental Material, Materials and Methods
Gd Administration 

That is, the left ear was injected first in some animals, and the right ear was injected first in others. Both were diluted with 0.9% NaCl to avoid potential ototoxic effects Kakigi et al., 2008[]
, and the final concentration was matched at 0.1 mol/L. 

Transtympanic injection was performed the same way as in previous studies 
 ADDIN EN.CITE 
[Zou et al., 2010]
. Briefly, with the subject under general anesthesia using inhaled 1.5% isoflurane in pure O2, the tympanic membrane was visualized using a surgical microscope (Opmi Pico, Zeiss, Oberkochen, Germany). Using a 24-gauge angiocatheter needle (Becton-Dickinson Inc., Franklin Lakes, NJ), a small air vent was first made on the anterior superior quadrant of the tympanic membrane. Afterwards, a 1 mL syringe was filled with 0.7 mL Gd, attached to the needle and inserted into the posterior superior quadrant of the tympanic membrane. The Gd was pushed manually until the tympanic cavity was completely filled, which required approximately 0.04–0.10 mL Gd in each ear. The quality of Gd injection was evaluated each time and divided into good, fair, and poor, based on how completely the tympanic cavity was filled. Poor was defined as less than 0.01 mL Gd injected in the tympanic cavity due to air bubbles; fair was defined as nearly complete filling in the inferior portion of the tympanic cavity but a small air bubble left in the superior portion; good was defined as complete filling of Gd with no air bubble left in the tympanic cavity. After practicing the procedure several times we were able to perform a good or fair injection in every case, and only animals with good or fair injections were included in the study. After the injecting the gadolinium agents into one ear, the other side was injected immediately without time delay. The time difference between the two ears of injection ranged from several seconds to two minutes at maximum. Immediately after injecting both ears with the gadolinium agents, the animals were kept in straight prone position until the end of the experiment to avoid an advantageous position for either gadolinium agent.

MRI measurement protocol 

Initially, scout images were acquired using a 2D gradient echo (GE) sequence in all three directions. The imaging parameters were: repetition time (TR)/echo time (TE) = 16.9/2.8 ms; flip angle (FA) = 30 deg; field-of-view (FOV) = 40 × 40 mm2; matrix size = 128 × 128; 7 slices; slice thickness (TH) = 2 mm (no gap); bandwidth = 50 kHz; average of two signals. Afterwards, the 3D images were acquired using a 3D fast spin echo (FSE) with the following imaging parameters: TR/TE = 500/12 ms; FA = 90/180 deg; echo train length (ETL) = 8; FOV = 14 × 7 × 7 mm3 (slab thickness = 7 mm); matrix size = 128 × 64 × 64; bandwidth = 50 kHz; average of six signals. Spatial saturation was performed in all three directions with two saturation bands for each direction.
Quantification of Signal Intensity

For each time point, the midmodiolar section image was selected for quantitative analysis. The three compartments (scala vestibuli [SV], scala media [SM], and scala tympani [ST]) of each cochlear turn (basal turn, middle turn, and apical turn) were identified and analyzed for nine regions of interest (ROIs). All intensity values were normalized by dividing the intensity of the ROI by that of the brain (midline circular area between bilateral cochleas, approximately 1517 mm2) on the same image to account for the variance in MR receiver gain.

Histological evaluation 

To identify cochlear microstructures from the MRIs, four ears from two rats were processed for histological evaluation after the seventh MRI scan. The animals were sacrificed under general anesthesia. Cardiac perfusion was performed with phosphate-buffered saline (PBS, pH 7.2) then with 4% paraformaldehyde (PFA) in PBS. The cochleae in the middle ear bullae were harvested and fixed with 4% PFA overnight. The specimens were soaked in decalcifying solution (10% EDTA, pH 7.2–7.4) for 1 week and then embedded in paraffin. Sections of 5 μm thickness and in 50 μm intervals were taken in a direction similar to the MRI cross-section. The slides were stained with haematoxylin & eosin (H&E), examined using a light microscope (Olympus, Tokyo, Japan), and photographed using a digital capturing system.
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Basal turn versus apical turn

For Gd-DO3A-butrol, the normalized SI of the SV was 2.36±0.61–2.62±0.69 in the basal turn and 0.98±0.56–1.75±0.37 in the apical turn. The signal enhancement was stronger in the basal turn than in the apical turn. Similar results were observed for Gd-DOTA; the normalized SI of the SV was 1.13±0.30–1.48±0.51 in the basal turn and 0.00±0.00–1.21±0.87 in the apical turn. The signal enhancement was also stronger in the basal turn than in the apical turn.

Histology

When the MRIs and histological images were matched and compared (Fig. S2 and S3), the SV, ST, and SM were easily identifiable and the boundary layer between the perilymphatic (SV and ST) and endolymphatic space (SM) was sharply defined. We were also able to identify the Reissener’s membrane (RM), basilar membrane (BM), and modiolus on the MRIs (Fig. S3). However, the endolymphatic space (SM) and the osseous spiral lamina (OSL) space were not distinguishable because neither compartment was enhanced at all (Fig. S2). Although it was impossible to clearly separate these two compartments on the MRIs, we were able to draw a general outline of the two compartments. The cross-sectional area of the SV was fan-shaped in most cases (especially visible in the basal turn, Fig. S2). We were able to draw a line corresponding to the RM and a line corresponding to the upper boarder of the OSL. The point at which these two lines crossed seemed to be the area that separated the endolymphatic space (SM) from the bony OSL: the lateral triangle with low SI was apparently the endolymphatic space (SM) and the medial triangle with low SI was apparently the OSL.
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Although it is somewhat unclear why inner ear enhancement was superior with Gd-DO3A-butrol compared to Gd-DOTA, the physicochemical properties of Gd chelates could hold the answer Anzalone et al., 2009


[ ADDIN EN.CITE ; Kuhn et al., 2007; Maravilla et al., 2006]
. The physicochemical characteristics of Gd-DO3A-butrol and Gd-DOTA are described in Table S2 Rohrer et al., 2005


[ ADDIN EN.CITE ]
. Gd-DO3A-butrol, formulated at 1 M, is a nonionic macrocyclic Gd3+ chelate with a T1-relaxivity of 5.2 L mmol-1s-1 (measured in plasma, at 1.5 T and 37ºC) Anzalone et al., 2013


[ ADDIN EN.CITE ; Runge, 2001]
. In contrast, Gd-DOTA formulated at 0.5 M is also macrocyclic but ionic (with a net -1 charge of the gadoterate chelate) contrast agent with a T1-relaxivity of 3.6 L mmol-1s-1 (measured in plasma, at 1.5 T and 37 ◦C) Anzalone et al., 2013


[ ADDIN EN.CITE ; Runge, 2001]
. Among these characteristics, the relaxivity, viscosity, formula weight, and/or polarity of the contrast agent may be important in determining the SI of the inner ear enhancement Anzalone et al., 2013


[ ADDIN EN.CITE ]
. Although the target organs and drug-delivery methods have differed among studies, most previous studies also focused on relaxivity as the main reason for superiority of Gd-DO3A-butrol over Gd-DOTA. The relaxivity is influenced by various factors such as paramagnetic metal chelates. The origin of paramagnetic relaxation enhancement is generally divided into two components, the inner sphere and outer sphere Caravan et al., 1999[]
. Detailed theoretical descriptions become more complex when contrast agents are considered in vivo because the properties of the agent depend on the physiological environment (e.g., blood, interstitial fluids, intracellular spaces) Runge, 2001[]
. However, it seems that the content of metal chelates is higher in Gd-DO3A-butrol even when the concentration of the contrast agents is adjusted, which may partly explain the difference in inner ear enhancement. Another factor that may affect the relaxivity is the binding of the contrast agent to blood proteins Runge, 2001[]
. Protein binding influences the pharmacokinetic properties of the contrast agents (e.g., hepatobiliary sequestration, prolonged blood half-life) and the degree of relaxation rate enhancement. The relaxivities of contrast agents differ depending on magnetic field strengths and tissues. Table S1 shows relaxivities in plasma under a magnetic field of 1.5 T and 3.0 T. However, the relaxivity in cochlear fluid under a magnetic field of 9.4 T is currently unknown. Although more studies are needed, we suspect that the relaxivity of Gd-DO3A-butrol will be higher than that of Gd-DOTA in cochlear fluid under a magnetic field of 9.4 T.

The viscosity may also affect inner ear enhancement. The viscosity of Gd-DO3A-butrol is 4.96 mPa · s at 37°C and that of Gd-DOTA is 2.0 mPa · s at 37°C, indicating that Gd-DO3A-butrol is stickier than Gd-DOTA. The viscosity may not be particularly important when administered into the bloodstream, because the contrast agent is instantly diluted in a much larger volume of circulating blood after intravenous injection. However, in this study, the contrast agent was delivered through the middle ear, which has very limited contact with the inner ear fluid space. Because fluid in the middle ear is easily washed out through the Eustachian tube, contrast agent of a higher viscosity may have a longer duration of contact with the round and oval windows, resulting in higher chance of diffusing through the round and oval windows. In addition, the molecular size may contribute to the amount of inner ear enhancement. The formula weight of Gd-DO3A-butrol is 605 g/mol von Tengg-Kobligk et al., 2003[]
 and that of Gd-DOTA is 753.9 g/mol : the formula weight of Gd-DO3A-butrol is a smaller than that of Gd-DOTA. This may contribute to the greater entry amount observed for Gd-DO3A-butrol and is consistent with the fact which the diffusion speed of Gd-DOTA is slower. As for the last factor, the polarity may also affect SI. Gd-DO3A-butrol is non-ionic, while Gd-DOTA is ionic. Because the cochlear fluid consists of many different electrolytes, it is possible that the polarity of contrast agents also affects inner ear enhancement. 

The round window is a pathway into the ST and the oval window is a pathway into the SV. With IT injection, it has been assumed that the route of entry of most drugs is through the round window Salt and Plontke, 2005[]
. Therefore, it should not be possible to have a higher drug level in the SV than the ST. But from our results, the SI of the SV was always higher than that of the ST. This finding has several possible explanations. First, there is a potential additional passage through the annular ligament around the stapes footplate of the oval window King et al., 2011


[ ADDIN EN.CITE ]
. The annular ligament around the stapes footplate is porous and mainly composed of fibrillin, a 36-kDa microfibril-associated glycoprotein, and hyaluronic acid Ohashi et al., 2008


[ ADDIN EN.CITE ]
. Somehow, the annular ligament of the oval window may allow easier entry of the Gd into the inner ear than into the round window. Second, perilymph is simultaneously, continually secreted through the cochlear glomeruli of Schwalbe, linked with the spiral modiolar artery, and this structure is located near the ST 
 ADDIN EN.CITE 
[Zou et al., 2005; Zou et al., 2010]
. Third, there is a slow influx of cerebrospinal fluid (CSF) via the cochlear aqueduct which is located in the ST Salt et al., 2012


[ ADDIN EN.CITE ]
. Fresh perilymph from the cochlear glomeruli of Schwalbe and fresh CSF from the cochlear aqueduct may have diluted the Gd in the ST of the basal turn. 
 This study had several limitations. First, the results of any animal study may not be applicable to humans. Previous studies have reported a difference in SI and time of inner ear enhancement using Gd between animals and humans Zou et al., 2009


[ ADDIN EN.CITE ; Zou et al., 2005]
. To apply our results to humans, additional clinical studies are needed King et al., 2011


[ ADDIN EN.CITE ; Zou et al., 2005]
. Second, although a volume coil was used for RF transmission, a surface coil was used for signal reception. Because the inner ear is located quite far underneath the brain, the surface coil designed to visualize the brain did not seem to be the best coil for inner ear visualization. It would have been better to use a volume coil, which is more compatible for visualizing deep structures such as the inner ear, but we did not have a volume coil available in our institute. We believe that the quality of MRIs may be improved if we perform the same experiment with a more adequate coil in the future. Third, the safety of these two Gd agents was not verified. That is, it is unknown whether topical application of these Gd agents into the middle ear of rats causes hearing loss or any damage to the mucosa of the middle ear. More detailed studies exploring the possibility of middle and/or inner ear toxicity of these agents are necessary. Fourth, this study might be unpractical in some countries because Gd-DO3A-butrol and Gd-DOTA are relatively new drugs which are not available in clinical situation. Similar future studies with Gd-DTPA (Magnevist®, BayerSchering Pharma AG, Berlin, Germany) and Gd-DTPA-BMA (Omniscan®, Nycomed Amersham, Princeton, NJ) may be clinically more relevant
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Supplemental Material, Figure S1. Normalized signal intensities in the scala vestibule (SV), scala media (SM), and scala tympani (ST) at the basal turn, mid turn, and apical turn. The normalized signal intensity of Gd-DO3A-butrol was always higher than that of Gd-DOTA in the corresponding cochlear fluid compartments. In the SV of the middle turn, Gd-DOTA reached maximum normalized signal intensity at 2.5 h post intratympanic injection, whereas Gd-DO3A-butrol had already reached maximum enhancement at the middle turn at 1.0 h, indicating that the enhancement of Gd-DO3A-butrol is not only higher but also faster than that of Gd-DOTA. The vertical arrow indicates the time point when maximum signal intensity of the SV was reached in the basal, mid, and apical turns. 

* Statistically significant difference in normalized signal intensity (SI) between Gd-DO3A-butrol and Gd-DOTA

Supplemental Material, Figure S2. MRI (A) matched with light microscopy (B) of a rat inner ear (paraffin embedding and H&E staining). Reissner’s membrane (RM), basal membrane (BM), and modiolus on MRI could be identified by comparison with histological slides. However, the endolymphatic space (SM) and the osseous spiral lamina (OSL) space were not distinguishable because neither compartment was enhanced at all. Although it was impossible to clearly separate these two compartments on the MRIs, we were able to draw a line corresponding to the RM and a line corresponding to the upper boarder of the OSL. The point at which these two lines crossed seemed to be the area that separated the endolymphatic space (SM) from the OSL: the lateral triangle with low SI was apparently the endolymphatic space (SM) and the medial triangle with low SI was apparently the OSL.

Scale bar = 500 μm.

Abbr.: OSL, osseous spiral lamina; SM, scala media; RM, Reissner’s membrane; BM, basal membrane
Supplemental Material, Figure S3. A detailed MR view of rat cochlea with T1-weighted images 3 h after IT injection of Gd-DO3A-butrol. The SV, SM, and ST of the basal, middle, and apical turn can be observed in separation. 
Abbr.: SV, scala vestibuli; SM, scala media; ST, scala tympani. 
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