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The measurement procedure and evaluation of modified sinusoidal phase modulation (SPM) interferometry

We developed the modified SPM interferometer as depicted in Supplementary Fig. 1a with a program for analysis of the interference signals.
Prior to in vivo experiments, we evaluated the performance of the interferometry with a piezoelectric element (Supplementary Fig. 1b—g).
This target was electrically stimulated multiple times; in a pilot experiment, each stimulus lasting 18 ms consisted of an AC voltage of 21 kHz,
0.28 V peak to peak, with a rising phase of 1 ms and a falling phase of 1 ms, as well as a DC offset voltage of 0.2 V, followed by an 82 ms
interval, as shown in Supplementary Fig. 1b. This figure also illustrates a set of recorded raw time domain interference signals. The signals
during time points 2—7 ms after the onset of the stimulus were analysed for measurement of the amplitude of the sinusoidal vibrations. A
comparison of such signals with those observed for 5 ms immediately before the onset was intended for determination of the offset
(Supplementary Fig. 1b; sce Materials and Methods). This protocol, which is characterised by extremely brief data acquisition [ST2],
stemmed from the expectation that in vivo measurement of the offset of the cochlear partition in live animals would be sensitive to low-
frequency noises such as breathing and heartbeat. The 5 ms data recorded without and with the stimulation in every cycle were converted to
the frequency domain signals by means of fast Fourier transform in real time. In this analysis, the first- and second-order reference signals
elicited by vibrations of the reference mirror were visible in a resting state of the piezoelectric element (Supplementary Fig. 1¢). Upon the
stimulation at 21 kHz, an additional signal at the same frequency as the object’s oscillations was detected with mild modification of the first-
and second-order reference signals (Supplementary Fig. 1d). These three signal types (i.e. five signals in total) were necessary for
characterisation of both the sinusoidal vibrations and the offset in the sample (sec Materials and Methods).

Supplementary Fig. 1e depicts the workflow of an experiment. We first determined the limit of detection (LOD) with the
unstimulated piezoelectric element. In this procedure, we recorded the interference signals for 5 ms with an interval of 95 ms and measured
the magnitude of the frequency domain signal at 21 kHz, which mimicked the stimulus frequency used for acoustic stimuli in animal
experiments (see Supplementary Fig. 1c). This cycle was repeated 80 times. The mean + 3 SDs of the 80 data points were calculated and
served as the LOD. Next, the sample was challenged with multiple cycles of the stimulus protocol presented in Supplementary Fig. 1b. In
every cycle, the following two indices were automatically examined in the absence and presence of the electrical stimulation: (1) intensities of
the interference signals elicited by the motions of the reference mirror and sample, and (2) the signals’ phase information that mirrors slow
background motion of the sample. When the former exceeded the LOD (Supplementary Fig. 1¢ and d) and the latter satisfied the criterion
that rules out significant contamination with background noise (see Materials and Methods for details), the dataset was assumed to be valid

and was used to compile a dataset of the vibration amplitude and offset magnitude of the target. The computer software that we developed
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continued the recording until it successfully acquired 80 datasets; the average of all the measurements for each of the two parameters was
finally computed as a data point (Supplementary Fig. 1e). Of note, the modified SPM method can determine whether the sample’s offset is
directed upwards or downwards over time (sec Materials and Methods).

In the experiments displayed in Supplementary Fig. 1f, the piezoelectric element was provided with the same AC voltage as
that used in Supplementary Fig. 1b and simultaneously a DC offset voltage of 0, 0.025, 0.05, 0.075, 0.1, or 0.25 V. A strain gauge was
attached to the element to monitor the length change. Overall, the values of the offset detected by the modified SPM interferometer were
consistent with those of the mean length change measured by the gauge within the range less than 18.6 nm (Supplementary Fig. 1f;
coefficient of correlation, 7* = 0.9977). A Bland-Altman plot indicated a small bias: 0.12 £ 0.53 nm (i.c. the mean difference between the
values obtained with the two methods + SD; Supplementary Fig. 1g). All the data points fell within the range of 95% confidence: —0.92 to

1.16 nm. These observations confirmed the quantitativity of the method that we developed for offset detection.

Acquisition of data for tuning curves to verify the experimental methods

To verify our animal preparation and experimental approach, we quantified sinusoidal vibrations of a cochlear partition while stimulating a
guinea pig with tone-burst sounds of different combinations of frequencies (10 and 13-30 kHz spaced by 1 kHz) and intensities (40-90 dB
SPL; 10dB step; Fig. 1¢). The duration of stimulation for a measurement was set to 10 s in total (ie. 500 ms stimulus x 20 times;
Supplementary Fig. 3a) in order to roughly compare the acquired data with the literature data [ST?3]. In this context, the LOD was determined
beforehand with frequency domain signals that were recorded over a period of 10 s from the cochlear partition in a resting state. When the
magnitude of the stimulation was >40 dB SPL, the object’s interference signals exceeded the LOD [ST4]. At the stimulus frequencies of 18—
30 kHz, the response of the partition was highly tuned (Fig. 1¢). At sound pressure 40 dB, the vibration amplitude ranged from 0.19 to 0.35 nm
and sharply peaked at 23 kHz. The peak was observed at 50 dB stimuli of the same frequency but shifted to a lower frequency of 21 kHz at
60 dB SPL [ST1]. Compressive nonlinearity was obvious from sensitivity, which was calculated as the ratio of vibration amplitude to stimulus
intensity (Fig. 1d). Among various frequencies, the 23 kHz stimuli evoked the largest difference (28 dB) in the sensitivity between 40 and

90 dB SPL. These properties of the tuning curve are similar to those described elsewhere [ST1, ST4].
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