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Supplementary Text 

Note S1. RF field distribution / homogeneity and coupling in RThAM 

To test our assumption of a homogeneous electric field in the TxLine, we performed simulation studies 

(see Materials and Methods) of the RF field distribution at 300 MHz using commercial EM simulation 

software (CST studio), with and without a sample present. Figure S1D shows the result without sample, 

and fig. S1E shows that with a water-rich sample installed (spherical egg with permittivity of 80.1 and 

conductivity 1 S/m). Less than 3 dB in E-field inhomogeneity is observed inside the water sample and 

therefore we assumed the E-field is homogeneous inside aqueous samples. For lower frequencies, the field 

is expected to be more homogeneous than the simulation. This simulation supported the validity of our 

choice of an open TxLine for near-field coupling and represented one of the key advantages of this RF 

coupling method (confirmed with suture in fig. S3, A and B). Compared to other coupling methods (32, 

35–37), the open TxLine is capable of homogeneously ‘concentrating’ the pulsed RF energy in a tight 3D 

space between the two conductor plates. Therefore, for spherical absorbers such homogeneous field 

distribution in sample chamber would yield homogeneous contrast in RThAM 3D FOV. 

We evaluate the coupling efficiency of RF energy to the antenna by the percentage of power that is 

transmitted through open transmission line and finally absorbed by the 50-ohm terminator. Figure S1C 

shows the voltage standing wave ratio (VSWR) measured at the input to TxLine with a vector network 

analyzer (VNA Master MS2036A, Anritsu). The VSWR at 300 MHz of 1.36 indicates >97% power 

transmission. The pulse energy of our RF pulser Epulse = Vp
2 / Z0 × τ = (10 × 103 volt)2 / 50 Ohm × 1.5 × 

10-9 second = 3 × 10-3 J, which is 3 mJ. Here Vp is the peak voltage, Z0 the resistance of RF load, τ the 

pulse width. As a result, this design of open TxLine enabled RF energy coupling of 0.97 × 3 mJ = 2.91 mJ 

was coupled through a cross-section of 1 × 3 mm2 of TxLine, laying down the foundation to high SNR 

RThAM signal generation.  

The coupling efficiency from open transmission line to tissue, which is in fact the thermoacoustic 

generation efficiency, can be estimated by the conductivity (σ) loss via Joule heating: H0 = σ|E|2 where E 

is the electric field strength in dielectric medium that reduces the strength of external electric field by a 

factor of the dielectric constant εr [Chapter 10. Dielectrics, Feynman Lectures on Physics Volume II (56)]. 

Here we applied a simplified electrostatic analysis because we considered the dielectric relaxation of polar 

molecules to be instantaneous [for water (40) the relaxation time is 1.1 ps at 298 K]. 

Note S2. Coupling media for RF energy and US wave 

Table S1 summarizes the theoretical RF field strength decrease and US attenuations in different coupling 

modes of RThAM using the same open transmission line, with the same dielectric gap, and assuming ideal 

impedance matching to 50 ohm. We have shown the simulation results in fig. S1 (D to E) to show the 

electric field strengths in oil and in aqueous egg sample. Inspecting the field strength relative to the peak 

in the cross-sectional plane shows a decrease of -37 dB at the sample center and -14 dB in the oil region 

that is undisturbed by the sample. Thus, the simulated field strengths indeed are close to the predicted 

values, shown in table S1 (obtained by a simplified theoretical analysis considering only the polarization 

field effect). We note that the difference in the simulated field strengths between the oil and aqueous 

samples (23 dB) is lower than the predicted difference of 30.29 dB (table S1). However, this difference 

between the simplified theoretical prediction and simulation does not change the conclusion of table S1 

— hybrid coupling is better than either pure oil or pure water coupling in our scenario considering both 

RF field and US coupling. For finer predictions, we believe it would be necessary to carry out more 



 

detailed modeling, for example by considering the local fields at the conductors’ edges, sample properties, 

imperfections in engineering, etc. 

Because the mechanism of RF-induced thermoacoustic generation (p0 ≈ Γσ|E|2) relies on the E-field 

strength to generate detectable thermoacoustic signals, our energy coupling strategy is to maximize the 

electric field strength (E) established in the coupling medium that supports the sample, as allowed by the 

output voltage of our pulser and the limiting electric breakdown voltage of the medium. Only impedance 

matching does not satisfy the requirement and we need to further optimize the portion of energy/strength 

in the form of electric field relative to magnetic field. However, to combine RF field excitation and US 

wave detection for high resolution RThAM imaging, one of the challenges lies in coupling the RF field 

and US wave. Usually, a couplant that is efficient to deliver electric field energy is suboptimal for US 

wave coupling. For example, if we optimized for US wave coupling, and used de-ionized water as a 

dielectrics for the open TxLine, the delivered RF field would be a result of the external electric field minus 

the polarized electric field in water, which results in an RF field that is reduced by the dielectric constant 

of water, εr = 80.1 at 293 K. That is the case in the copper wire characterization experiments (Fig. 1 and 

fig. S2). We chose de-ionized water as the dielectric to fill the TxLine (dielectric gap 6 mm) in order to 

optimize for US coupling and biological experiments. This water-filled TxLine has characteristic 

impedance of 25 ohm and matched with two 25-ohm RF resistors before and after it. It is not 50 ohm 

because a 50 ohm line will have unrealistic dielectric gap of 110 mm. Since the RThAM generation of 

copper is strong, this energy coupling element is sufficient. But such TxLine design was found 

experimentally insufficient to excite detectable RThAM signal from biological tissue. Instead, we chose 

oil as dielectrics to fill TxLine because of its low dielectric constant (negligible polarization E-field) which 

gives us in return shorter dielectric gap (1 mm, see Materials and Methods) than a 25-ohm TxLine using 

de-ionized water, and therefore higher electric field strength and desirable energy flux delivered to sample. 

But oil-filled TxLine brings challenge in US wave coupling.  

Due to viscosity of oil (30 cSt for mineral oil, same for kitchen oil) and low speed of sound (SoS; 900 m/s), 

oil attenuates US wave strongly. According to Stokes’ law of acoustic attenuation, we calculated and 

showed in fig. S1F the US attenuation in mineral oil (viscosity 30 cSt; specific gravity 870 kg/m3; SoS 

985 m/s; M8410, Sigma Aldrich), silicone oil of 2 cSt (viscosity 2 cSt; specific gravity 872 kg/m3; SoS 

931 m/s; PSF-2cSt, Clearco Products), silicone oil of 0.65 cSt (viscosity 0.65 cSt; specific gravity 

760 kg/m3; SoS 891 m/s; PSF-0.65cSt, Clearco Products), and in de-ionzed water (viscosity 0.89 cSt; 

specific gravity 980 kg/m3; SoS 1480 m/s). Water is the best US couplant among all not only because our 

transducers have been optimized for water immersion applications like biological tissue imaging, but also 

because water attenuation (0.97 dB/mm at 50 MHz) for US wave is the least among these four couplants. 

The mineral oil is the worst because it attenuates 20.62 dB/mm for 50 MHz US wave. Between 2-cSt and 

0.65-cSt silicone oil we did not choose 0.65-cSt because in this viscosity range silicone oil is volatile in 

air at room temperature. The 2-cSt silicone oil though has an US attenuation of 5 dB/mm, we manage to 

mitigate the attenuation by using another de-ionized water bag to couple the RThAM wave generated from 

biological sample.  

Lastly the acoustic impedance difference between de-ionized water/tissue and 2 cSt oil is only 80%, 

suggesting a negligible transmission loss of 0.83 dB for one transmission. Given tissue-oil and oil-water 

interfaces, the total transmission loss due to acoustic impedance mismatching would be 1.66 dB. As a 

result, if given a RThAM wave generated inside a tissue and later reached the surface, assuming the oil 

path is 1 mm and water/tissue path in sum is 5 mm (the focus of transducer is at 6 mm), the total loss 

before the RThAM signal is detected by US transducer, is 1.66 dB + 0.97 dB/mm × 5 mm + 5 dB/mm × 

1 mm = 11.51 dB which is far less than the 31.66 dB loss when using 2-cSt oil only for US coupling. As 



 

also illustrated in table S1, pure oil coupling induces 38.61-dB total loss, while pure water coupling 

induces 43.89-dB total loss, among which the hybrid coupling solution demonstrates 20.95-dB total loss—

the least among the three coupling modes. 

To evaluate the effect of coupling methods in RThAM images, we also characterized the imaging 

resolution using a NaCl-soaked suture with a diameter of 50 µm, as shown in figs. S3 (A and B). Despite 

the overall low image contrast, we found that contrast along suture varied by <6 dB and that the narrowest 

width of suture appeared to be ~50 µm, while in the thicker oil the suture appeared to be ~100 µm in size. 

This result implies that there is only little difference between the system coupling configurations for 

resolution characterization if the oil path is <1 mm, justifying the use of water-coupled 25-ohm TxLine to 

characterize hybrid coupled RThAM imaging resolution. A longer path of silicone oil may deteriorate the 

resolution of RThAM. However, due to the short path of oil between the sample and water couplant, we 

did not see obvious effects in the zebrafish embryo sample, in which fine features <38 µm in size are 

visible in the yolk region (Fig. 2D). Similar fine structures (45 µm) were also observed in fig. S4. In 

zebrafish larvae measurements, due to the thinner size of the sample, the oil path may increase, resulting 

in a degradation of resolution. This is why in these experiments the sample bed was brought closer to the 

water bag so that the oil path is smaller than 1 mm. We therefore considered the difference negligible in 

resolution between hybrid oil/water coupling and pure water coupling. 

Note S3. Skin depth of RF energy into copper 

One might ask why copper wire of 50 µm in diameter can give in RThAM image a resolution 

characterization found to be 23 µm axial and 33 µm lateral resolution in RThAM 50 MHz configuration 

(Fig. 1). Figure S1G shows a relation between skin depth in copper along frequency of RF energy. Keeping 

second harmonic thermoacoustic generation in mind, the RF absorption at 𝑓𝑅𝐹 in conductive matter gives 

rise to thermoacoustic/RThAM wave of 𝑓𝑅𝑇ℎ𝐴𝑀 = 2 × 𝑓𝑅𝐹. If we simplified the detection model, a 

50 MHz central frequency transducer detects a RThAM signal of 𝑓𝑅𝑇ℎ𝐴𝑀 = 50 MHz. This means the 

RThAM signal is induced due to a conductive absorption of the 25-MHz RF energy. The layer that absorbs 

has a thickness of 13 µm, meaning reaching at this depth the RF field strength decreases to 1/e and RF 

energy to 1/e2. In contrast, the apparent lateral FWHM is a result of the cylindrical shape of the copper 

wire and the limited acceptance angle of the US transducer. 

Note S4. RThAM 100 MHz setup and characterization 

Figure S2 illustrates the performance in terms of imaging resolution and signal-to-noise ratio (SNR), 

measured from a pair of copper wires (Ø50 µm) using transducer of 100 MHz central frequency 

(spherically focused; focus 1.5 mm; diameter 1.5 mm; HFM18, Sonaxis). Figure S2 (A and B) show the 

xy and yz images of the copper, respectively. Some signal from the background area could be the instant 

glue we applied to fix the position of copper wire sample. Figure S2C shows the profiles of lines in the yz 

image which demonstrates the achieved lateral FWHM of 16 µm and axial FWHM of 7 µm. Figure S2D 

is a temporal sequence of maximum RThAM amplitude showing the 28-dB SNR achieved and the signal 

frequency components up to 150 MHz. This experiment shows that the resolution of RThAM imaging is 

scalable and determined only by the applied RF pulse width, 𝑓-number and the detection bandwidth of 

transducer. But before applying RThAM 100 MHz to biological studies, US attenuation in the detection 

acoustic path would have to be reduced to <10 dB with proper design. The energy coupling element used 

for this experiment is a 25-ohm open TxLine with de-ionized water as dielectrics (6-mm dielectric gap 

and 3.5-mm conductor width). The wide gap and polar dielectric medium have substantially reduced the 

RF field strength (table S1). We tried to image biological samples with this TxLine with 50-MHz 

transducer but failed to obtain RThAM signals.  



 

In current work, we chose to work with 50 MHz instead in order to guarantee substantial deposition of 

nanosecond pulsed RF energy offered by silicone oil dielectric, which attenuate US wave at 100 MHz by 

20 dB/mm (fig. S1F). But as a result, the total loss of using the optimal hybrid oil/water coupling for 

RThAM 100 MHz is 49.44 dB (table S1) and thus not applicable for biological imaging experiments. We 

noticed that the zebrafish larvae images [Fig. 2 (I to K) and fig. S5 (E and F)] seemed worse in resolution 

than that of embryos [Fig. 2 (A to G) and fig. S4 (A to D)]. We attribute the reason to dispersive attenuation 

due to longer path of silicone oil (which can be adjusted using the sample bed to keep oil path <1 mm) for 

the case of larvae than for the case of embryos because larvae are smaller in thickness than embryos thus 

inducing a longer silicone oil gap between water bag and larvae attenuating more severely the 

thermoacoustic waves.  

Note S5. Acoustic velocity mismatch in oil/water hybrid coupling and reconstruction 

We choose an SoS during reconstruction that maximizes images quality by minimizing the influence of 

acoustic velocity mismatch on image reconstruction. Acoustic velocity mismatch can cause refraction and 

has been demonstrated (52, 53) to induce reconstruction errors in localization, dimensions (smearing and 

deformation), by creating artefacts, and reducing imaging contrast and resolution, if the velocity mismatch 

is large or the acoustic paths are long. The effects are significant as well when the SoS varies with detection 

angle, such as in concaved array detection (52, 53), which relies on an SoS map to calculate the distance 

matrix and sum up the signals accordingly. An incorrect assumption of the SoS could create artefacts that 

do not exist in sample. In the case of RThAM the velocity mismatch appears large (931 m/s for silicone 

oil, and 1480 m/s for water), but the oil acts as a layer (<1 mm) between the sample (<1 mm) and water 

couplant (5 mm). However, the oil path and the sample thickness are very small compared to the water 

path. Informed by our previous work (52), we tried and selected a uniform SoS that is just below that of 

water, whereby the highest resolution and contrast reconstruction is obtained. In effect, we considered the 

effect of acoustic velocity mismatch insignificant. However, for higher image quality, precision in 

quantitative measurements, the acoustic velocity mismatch will have to be considered in a priori 

reconstructions using SoS and structural information (53, 54).  

Note S6. Effects of polarized excitation field on RThAM resolution and contrast 

We expect the resolution to be symmetric in lateral plane because RThAM resolution is acoustically 

limited as conventional optoacoustic mesoscopy (30, 41). However, for longitudinal absorbers that are 

thin and long such as muscle or neural fibers, the polarized electric field would represent the contrast 

differently depending on the relative orientation of the fibers to the polarization of the field. Such 

asymmetric contrast can be understood at the level of charge carriers. For aligned orientation, the charge 

carriers would be accelerated by the RF field for longer distance along the fiber, i.e., larger converted and 

absorbed kinetic energy, while for the orientation perpendicular to the field polarization the absorbed RF 

energy is minimum. Future applications and interpretation of the RThAM contrast would need to consider 

this asymmetry effect.  

To confirm, we have made another measurement using copper wire of 100 µm in diameter (fig. S3, C to 

E). For such experiments carbon fibers are interesting but we did not use carbon fiber (5–10 µm diameter) 

because its diameter is too small for current RThAM 50 MHz setup and the corresponding high central 

frequency US (~200 MHz) attenuates too severely for RThAM 100 MHz in hybrid oil/water coupling. 

Upon improvements in excitation energy density and acoustic coupling efficiency, carbon fiber should 

serve as a standard resolution target for thermoacoustic microscopy. The copper phantom results shown 

in fig. S3 (C to E) confirmed the homogeneous in-plane resolution, which is limited by acoustic diffraction 

and scanning step of the used transducer. The size (100 µm) of copper wires was correctly represented in 



RThAM image for both orientation along x and y axis. As expected, the image showed clearly higher 

contrast from the wire orientation that is parallel to the field polarization compared to the perpendicular 

orientation.  

  



Supplementary Table  

Table S1. Coupling mode comparison: pure oil, pure water, hybrid oil/water at 50 and 100 MHz 

assuming same dielectric gap and ideal impedance matching. 

 
  



Supplementary Figure 

 

Fig. S1. Schematic and characteristics of RThAM setup. (A) Diagram of the RThAM setup. RF pulser 

generates 5–10 kV, 1.5 ns pulses which are coupled via coaxial cable to the sample in between the open 

TxLine. Conductive sample that absorbs the RF energy, generates acoustic wave (RThAM signal; dashed 

red arcs) due to thermoacoustic effect. The RThAM waves are coupled by de-ionized water (DI H2O) to 

a spherically focused US transducer. The RThAM signal is amplified by a 63-dB amplifier and digitized 

by a data acquisition card (DAQ) in a personal computer (PC). The DAQ is triggered by either the RF 

pulser or function generator used in active US imaging. The PC synchronizes the setup, scans the stages 

to perform raster scan in the xy plane, stores and reconstructs the images. The custom-built bypass circuit 

is inserted to allow for ultrasonography using function generator exciting US emission in transducer. (B) 

A profile of RF pulse (black) showing the pulse width of 1.5 ns. The Fourier transform of RF pulse (blue) 

showing -6 dB cut-off frequency at 300 MHz. (C) The measured VSWR with a sample installed in the 

open TxLine to show the matched impedance for RF energy transmission below 300 MHz. (D and E) The 

EM simulation results at 300 MHz showing (D) E-field strength distribution in oil couplant without 

sample and (E) with the ‘Egg’ sample (permittivity of 80.1; conductivity 1 S/m) installed. (F) US 

attenuation below 100 MHz at room temperature in couplants with different viscosity: 30-cSt mineral oil, 

2- and 0.65-cSt silicone oil, and 0.89-cSt water. At 50 MHz, US attenuation in silicone oil is 5 dB/mm, 

and in water is less than 1 dB/mm. (G) Skin depth in copper (Cu) of RF below 100 MHz. At 25 MHz, 

corresponding to 50-MHz RThAM signal, the skin depth is 13 µm (8.8 µm for RF at 54.5 MHz) beyond 

which only 1/e2 energy is left.   



 

 

Fig. S2. RThAM 100 MHz performance characterization. (A and B) RThAM image of a pair of ∅
50 µm copper wires in the xy plane (A) and in the yz plane (B). Signals from background could be a result 

from the instant glue applied to keep the wires in position. The dotted grey line in (A), indicates the 

cross-sectional yz image shown in (B). Scale bar in (A) is 200 µm and in (B) 10 µm. The solid blue and 

dashed orange arrows in (B) indicates the z-axial and y-axial profile shown in (C), respectively. (C) 7 µm 

axial resolution and 16 µm lateral resolution shown by the z-axis (solid blue with cross marker) and y-axis 

(dashed orange with circle marker) profiles along the lines indicated in (B), respectively. (D) A temporal 

signal (black) of 28 dB signal-to-noise ratio and its Fourier transform (blue) showing frequency 

components and central frequency at 109 MHz. (E and F) A photograph of the copper phantom used for 

resolution characterization experiments (E) with RThAM 50 MHz image (jet colormap version of Fig. 

1B) overlaid on the left and RThAM 100 MHz [jet colormap version of (A)] on the right in (F). Photo 

Credit: Yuanhui Huang, TUM.  

  



 

Fig. S3. Saline-soaked suture and copper in RThAM 50 MHz using hybrid oil/water coupling. (A 

and B) A suture (polyamide ∅50 µm) wrapped around a tubing (∅800 µm) showing the in-plane resolution 

in hybrid oil/water coupling. The suture phantom was soaked in 10% w/v NaCl solution [1.7 mM; 

~28.86 S/m according to Widodo et al. (55)] for two hours and placed wet in the open transmission line. 

(A) An optical photo showing the imaged suture extending into the sample space, with central segment 

affected by a shorter oil path. (B). The RThAM image showing the small variations in the contrast of the 

suture. The slight background contrast may result from the residual NaCl saline on the surface of tubing. 

Note that the narrowest part (dashed white line) of the phantom was measured to be ~50 µm in width. (C 

to E) A coil of copper wire (∅100 µm) wrapped around tubing (∅600 µm) showing the polarization effect 

of the electric field depending on the orientation of sample. (C) An optical photo showing the imaged 

“cross” in the copper coil phantom in hybrid oil/water coupling. (D). The RThAM image showing the 

cross with similar size but different contrast intensity because of the polarized excitation field. The arrows 

indicate the profiles shown in (E). (E) Profiles along arrows indicated in (B) showing the relative contrast 

and apparent size of sample with orientations perpendicular (x axis; solid blue) and parallel (y axis; dotted 

orange) to the field polarization. Photo Credit: Yuanhui Huang, TUM. 

  



 

Fig. S4. RThAM cross-section in depth and profile. (A) A cross-sectional RThAM image of the embryo 

four hpf shown in Fig. 2 (E to H). The image is formed by using a middle slice (200 µm) in the z-axis 

direction along arrows indicated in Fig. 2H. Dotted orange arrow indicates the profile analyzed in (D). (B) 

An overlay of RThAM image slice onto the microphotograph of the embryo showing strong RF absorption 

on the interface of blastomeres and the yolk. (C) An example RThAM signal, showing the achieved 29-dB 

SNR in cells. The signal was taken from the maximum pixel in Fig. 2F. (D) The line profile indicated in 

(A), showing the relative RF absorption in the embryo and the resolution power down to 45 µm.  

  



 

Fig. S5. RThAM imaging on wild type zebrafish larvae of four dpf. (A to C) Larva in the sagittal 

position. (A) RThAM slice (~150 µm in thickness) at the depth of the spinal cord in a hot map of the 

zebrafish in sagittal view showing the major contrast from the head, abdomen, and trunk region. (B) An 

overlay of the RThAM slice (magenta) onto the reflection-mode optical image (bright field; edge filtered; 

cyan). (C) A bright-field microphotograph of the zebrafish larva with annotation of major anatomical 

features. (D to F) Larva in the coronal (see 3D distribution in movie S3) position. (D) The RThAM MIP 

in hot map of the zebrafish in coronal position showing the major contrast from the head, abdomen, and 

trunk region. (E) An overlay of the RThAM MIP (magenta), US pulse-echo image (green), and the bright 

field microphotograph (cyan, edge filtered) showing coregistered features in hybrid appearance. The 

whitish areas are a result of blending magenta and green, i.e., the overlapping area between RThAM and 

US contrast. (F) Bright-field microphotograph of the larva in coronal position with annotation of major 

anatomical features in the view. Scale bars are 500 µm.  

  



 

Supplementary Movie Caption 

Movie S1. RThAM 3D of zebrafish embryo at 1 cell stage. Dual-mode RThAM/US imaging of the 

same sample as Fig. 2 (A to D) at 0.5 hpf. The mesh sphere is added manually for localization purpose 

using ImageJ. The flat object is the polyethylene film used as water bag. The simultaneous dual-mode 3D 

image renders RThAM contrast in red and US pulse-echo contrast in green.  

Movie S2. RThAM 3D of zebrafish embryo at 512 cell stage. Dual-mode RThAM/US imaging of the 

same sample as Fig. 2 (E to H) at 4 hpf. The mesh sphere is added manually for localization purpose using 

ImageJ. The flat object is the polyethylene film used as water bag. The simultaneous dual-mode 3D image 

renders RThAM contrast in red and US pulse-echo contrast in green. 

Movie S3. RThAM 3D of wildtype zebrafish larva at 4 dpf. Dual-mode RThAM/US imaging of the 

same sample as supplementary fig. S5 (D to F). The simultaneous dual-mode 3D image renders RThAM 

contrast in red and US pulse-echo contrast in green. Some US contrast can also be seen from the exposed 

part of sample bed (tubing used to support the sample), and from copper plates of open transmission line.  
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