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Supplementary Note 1: 3D-DAT improves elevational resolution by single-slit 
diffraction 

The Fraunhofer approximation gives the far-field pressure distribution of an acoustic wave 

passing through an aperture as the Fourier transform of the aperture geometry function. 

In the case of 3D-DAT, the single-slit aperture geometry 𝐴  can be defined as a two-

dimensional rectangular function along the lateral (𝑥ଵ)  and elevational axes (𝑦ଵ) of the 

linear-array transducer: 

𝐴(𝑥ଵ, 𝑦ଵ) = rect ቀ
௫భ

ு
ቁ rect ቀ

௬భ

ௐ
ቁ . (1)  

Here, 𝐻 and 𝑊 are the height and the width of the single-slit, respectively. Given that the 

single-slit is effectively infinite in height and its diffractive effect is negligible (i.e., 𝐻 is 

much larger than the acoustic wavelength), we have rect ቀ
௫భ

ு
ቁ ≈ 1, and thus our aperture 

function becomes dependent only on the single-slit width and elevational position, 

𝐴(𝑥ଵ, 𝑦ଵ) ≈ rect ቀ
௬భ

ௐ
ቁ . (2)  

By the Fraunhofer approximation, we have the acoustic pressure 𝑝 at axial distance 𝑧 

and lateral and elevational offsets 𝑥଴ and 𝑦଴ as the 2D Fourier transform of the aperture 

function evaluated at the spatial frequencies 𝑘௫ = −
௞௫బ

௭
  and 𝑘௬ = −

௞௬బ

௭
  , where 𝑘 =

ଶగ

ఒ
 , 

and 𝜆 is the acoustic wavelength [1] (see Supplementary Fig. 2a): 

𝑝(𝑥଴, 𝑦଴, 𝑧) ≈
௝ఠఘబఔబ

ଶగோ
𝑒

ି௝௞൤௭ା 
ೣబ

మశ೤బ
మ

మ೥
൨
ℱ{𝐴(𝑥ଵ, 𝑦ଵ)}. (3)  

Here, 𝑅 is the distance from the origin of the transducer plane to the observation point 

(𝑥଴, 𝑦଴, 𝑧), 𝜔 is angular frequency, 𝜌଴ is the equilibrium density of the medium, and 𝜈଴ is 

the sound velocity amplitude. We can note that only the Fourier transform of the aperture 

geometry term has a real effect on the relative pressure field profile at the 𝑥/𝑦 location of 

the observation point. We can reduce this term as 

ℱ{𝐴(𝑦ଵ)} = 𝑊
ୱ୧୬൫ௐ௞೤ ଶ⁄ ൯

ௐ௞೤ ଶ⁄
=  𝑊sinc ቀ

ௐ௬బ

ఒ௭
ቁ . (4)   
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We can now define the directivity function of the pressure distribution, 𝐷(𝜃), where we 

approximate that in the far-field sin 𝜃 ≈
௬బ

௭
 (𝑤ℎ𝑒𝑛 𝑦଴ ≪ 𝑧), as 

𝐷(𝜃) = sinc ቀ
ௐ ୱ୧୬

ఒ
ቁ . (5)  

Defining the acceptance angle of the single-slit aperture as the full width at half maximum 

(FWHM) of the main lobe of the directivity function, we get the relationship 

𝜃ிௐுெ = 2 sinିଵ ቀ
଴.଺ఒ

ௐ
ቁ . (6)  

From Eq. (6), it is clear that a narrow single-slit, i.e., a small W, leads to a large 

acceptance angle by the slit. We can define the total effective aperture as the collection 

of synthetic transducer elements made by scanning the slit along the elevational axis. 

The total effective aperture width, 𝑇஺, that we can achieve depends on the acceptance 

angle of each synthetic element, which is defined above as 𝜃ிௐுெ. We can define the 

maximum effective aperture as the largest elevational distance, for a given axial distance, 

between two synthetic transducer elements at which their acceptance aperture intersects 

(see Supplementary Fig. 2b). Here, as the first-order approximation, we simply treat the 

acceptance aperture as a step function. Then the total aperture is calculated as 

𝑇஺ ≈  
ଶ௭

୲ୟ୬ቀ
ഏషഇಷೈಹಾ

మ
ቁ

. (7)  

Given that the elevational resolution ER of the array transducer is inversely proportional 

to its total elevational aperture [2], 

𝐸𝑅 =  
ఒ௭

்ಲ
, (8)  

we can therefore attain 

𝐸𝑅 ≈  
ఒ

ଶ
tan ቀ

గିఏಷೈಹಾ

ଶ
ቁ , (9)  

which can be simplified to 

𝐸𝑅 =  
ହ

଺
√𝑊ଶ − 0.36𝜆ଶ. (10)  
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Firstly, given that W is much larger than 𝜆 , Eq. (10) yields an approximately linear 

relationship between the slit width W and the elevational resolution ER for the slit-width-

dominated regime, which is consistent with our experimental findings. Secondly, this 

result indicates that for 3D-DAT using a higher frequency transducer (i.e., shorter 

wavelength), the slit width must decrease accordingly to maintain the same total effective 

aperture width and the elevational resolution. Thirdly, it is interesting to note that, 

assuming a sufficiently large scan range, the elevational resolution for 3D-DAT is 

independent of the depth (i.e., z axis), which is different from traditional PA/US imaging 

that relies on fixed elevational focusing. This is an important advantage of 3D-DAT over 

traditional PA/US imaging, which allows for a more consistent elevational resolution along 

the depth, as shown in Figs. 3g-h.  
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Supplementary Note 2: Characterization of FFL reconstruction and investigation of 
synthetic aperture width. 

We compared the computational efficiency of our FFL reconstruction algorithm with the 

traditional delay-and-sum (DAS) reconstruction method (Supplementary Fig. 6a). Both 

reconstruction methods were written and executed in MATLAB, using a computer with 

256 GB of random-access memory (RAM), an AMD Ryzen Threadripper 3970X central 

processing unit (CPU) (32 cores, 64 threads), and an NVIDIA RTX A6000 graphics 

processing unit (GPU) with 48 GB of GDDR6 VRAM and 10,752 CUDA cores. 

In the traditional DAS method, a delay matrix was first calculated based on the distance 

between each transducer element and the reconstruction voxel. The dimensions of this 

delay matrix are [𝑛௫ , 𝑛௬ , 𝑛௭ , 𝑛௘ , 𝑛௦௔] , where 𝑛௫ , 𝑛௬ , and 𝑛௭  are the dimensions of the 

reconstructed volume, 𝑛௘ is the number of elements in the linear transducer array, and 

𝑛௦௔ is the number of elements of the synthetic aperture (i.e., the scanning positions along 

the elevational axis). For a reconstruction volume of 40 x 40 x 10 mm (or 24 million voxels), 

the traditional DAS method needs ~8.7 minutes in total: ~42 seconds to calculate the 

delay matrix, ~8 minutes to reconstruct the volume using a CPU.  

Similarly, the computational process in FFL can be divided into two tasks: the construction 

of the sparse matrix, and the multiplication of the sparse matrix with the RF data. The 

sparse matrix is of size 𝑚 × 𝑛,  where 𝑚  is the number of voxels in the reconstruction 

volume (i.e., 𝑚 = 𝑛௫ ∙ 𝑛௬ ∙ 𝑛௭ ) and 𝑛  is the total number of signal samples from all 

transducer elements in the synthetic aperture (i.e., 𝑛 = 𝑛௘ ∙ 𝑛௦௔ ∙ 𝑛௦ , where 𝑛௦  is the 

number of samples in a single A-line). The location of the nonzero values in the sparse 

matrix corresponds to a certain index in the RF data. The values in the sparse matrix are 

either 0 or 1 (>99% of the values are 0, making this a highly sparse matrix). In this method, 

the reconstruction is performed by multiplying the RF data with the precalculated sparse 

matrix. For 24 million voxels, FFL needs ~1.5 minutes to calculate the sparse matrix, ~1.5 

minutes to reconstruct the volume using a CPU, and ~10 seconds to reconstruct the 

volume using a GPU, which is ~50 times faster than the traditional method. It is important 

to note that the delay matrix in the traditional method and the sparse matrix in FFL need 

to be calculated only once and can be reused in any subsequent reconstructions.  
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Using FFL with a slit width of 0.8 mm, we further investigated the dependence of 3D-

DAT's elevational resolution and SNR on the synthetic aperture width 𝑛௦௔ 

(Supplementary Fig. 6b-d). DPAT and DUST images were reconstructed using a 

synthetic aperture width ranging from 0.1 mm to 12 mm (Supplementary Fig. 6b, 

Supplementary Movie 11 and Supplementary Movie 12). For DPAT, the elevational 

resolution plateaued at a synthetic aperture width of ~6 mm, while DUST plateaued at ~3 

mm (Supplementary Fig. 6c). This difference is because DUST benefits from the round-

trip acoustic diffraction by the slit. We observed that SNR peaked with a synthetic aperture 

width of ~2.5 mm for both DPAT and DUST (Supplementary Fig. 6d), due to the joint 

effect of the wave diffraction and wave attenuation by the slit. Based on these results, we 

used a synthetic aperture of 6 mm (or 𝑛௦௔ = 60) for all in-vivo experiments in this work. 
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Supplementary Note 3: Validation of 3D-DAT by phantom imaging. 

The performance of 3D-DAT was quantified experimentally by imaging phantom targets. 

To validate the results obtained by our acoustic simulation, a crosshair phantom was 

imaged at various slit widths ranging from 0.08 mm to 2.0 mm (Fig. 2c, d, Supplementary 

Movie 3, and Supplementary Movie 4). The crosshair was fabricated from two black 

hairs (diameter: ~70−100 µm). The crosshair was sandwiched between two layers of agar, 

each layer being 5 mm thick. The agar was mixed with intralipid (1 mL intralipid per 35 

mL solution) to incorporate optical scattering. The same imaging procedure at multiple slit 

widths was also performed with a star phantom (Thorlabs) to better investigate the 

angular dependence of resolution with various slit widths (Supplementary Fig. 13).  

To quantify the depth of field and signal-to-noise ratio (SNR) of 3D-DAT as a function of 

depth, we imaged a staircase graphite phantom (Fig. 2e, f). The phantom was fabricated 

from four pieces of graphite (diameter: 300 µm) in agar mixed with intralipid. The four 

pieces of graphite were aligned with the lateral axis and arranged in a staircase fashion, 

ranging up to ~2 cm deep. The phantom was imaged with both DPAT and DUST using a 

slit width of 0.8 mm. DPAT characterization was performed at 1064 nm for all phantoms, 

except the blood oxygenation measurement (700 nm, 800 nm, and 870 nm). 

To validate the functional imaging of DPAT, a blood tube phantom was fabricated (see 

Figs. 2i-j and Supplementary Fig. 15). Two silicon tubes (internal diameter: 300 μm) 

were sandwiched between two layers of agar (thickness: 5 mm) mixed with intralipid (1 

mL intralipid per 35 mL solution). The outer tube was filled with oxygenated blood (100% 

oxygenation), made by mixing whole bovine blood with sodium bicarbonate (37 mg/mL). 

The inner tube was filled with deoxygenated blood (0% oxygenation), made by mixing 

whole bovine blood with sodium hydrosulfite (2.5 mg/mL) [3, 4]. Both tubes were attached 

to a syringe pump to induce blood flow and prevent clots from forming in the tubes. Three 

wavelengths of 700 nm, 800 nm, and 870 nm were used to image the phantom with DPAT. 
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Supplementary Note 4. Image metric definitions. 

For all image quantifications used in these studies, we define signal-to-noise ratio (SNR) 

and contrast-to-noise ratio (CNR) as the following: 

𝑆𝑁𝑅 = 20 logଵ଴  ൬
𝜇௧

𝜎௕
൰ (11) 

𝐶𝑁𝑅 =  20 logଵ଴  ൬
|𝜇௧ − 𝜇௕|

𝜎௕
൰ (12) 

Here, 𝜇௧  is the average signal of the target region, 𝜎௕  is the standard deviation of the 

background region, and 𝜇௕  is the average signal of the background region. All target 

regions and background regions used for SNR and CNR calculations are marked in the 

respective images. 
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Supplementary Note 5: Estimation of oxygen saturation of hemoglobin (sO2). 

Estimation of sO2 in the pregnant mouse study was performed by spectral decomposition 

of three excitation wavelengths: 700 nm, 800 nm, and 870 nm. By imaging at three 

separate wavelengths, we estimated the relative concentrations of oxyhemoglobin (HbO2) 

and deoxyhemoglobin (HbR) by solving the following overdetermined system of linear 

equations using a least squares regression: 

⎣
⎢
⎢
⎢
⎡
𝜀ு௕ைమ

଻଴଴ 𝜀ு௕ோ
଻଴଴

𝜀ு௕ మ

଼଴଴ 𝜀ு௕ோ
଼଴଴

𝜀ு௕ைమ

଼଻଴ 𝜀ு௕ோ
଼଻଴

⎦
⎥
⎥
⎥
⎤

⎣
⎢
⎢
⎢
⎡
𝐶ு௕ைమ

(𝑟)

𝐶ு௕ோ(𝑟)
⎦
⎥
⎥
⎥
⎤

=

⎣
⎢
⎢
⎢
⎡
𝜇଻଴଴(𝑟)

𝜇଼଴଴(𝑟)

𝜇଼଻଴(𝑟)⎦
⎥
⎥
⎥
⎤

. (13) 

Here, 𝜀ு௕ைమ

ఒ represents the molar extinction coefficient of HbO2 at wavelength λ. 𝐶ு௕ మ
(𝑟) 

represents the concentration of HbO2 at voxel 𝑟, and 𝜇ఒ(𝑟) represents the reconstructed 

PA signal at voxel 𝑟  with excitation wavelength λ. By performing a least squares 

regression using this overdetermined system to approximate 𝐶ு௕ைమ
(𝑟)  and 𝐶ு௕ோ(𝑟) ,we 

can estimate the sO2. 

It is important to note that depth-dependent fluence at different wavelengths is not 

considered in the sO2 estimation [5]. Therefore, the oxygenation estimation in deeper 

tissues becomes less accurate. Nevertheless, the three wavelengths were chosen to 

have relatively similar optical attenuation in tissue, mitigating the effect of wavelength-

dependent fluence in our sO2 estimations. 
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Supplementary Note 6: Animal preparation and imaging. 

BALB/C mice (2-6 months old, Charles River labs) and glassfrogs of the species 

Hyalinobatrachium fleischmanni were used for our studies. Animals were housed on a 12 

hour light 12 hour dark cycle, at a temperature of ~23°C, and humidity of 40-60%. A total 

of 13 mice were enrolled for our studies (1 mouse for validation imaging, 6 for the PFAS 

pregnancy study, and 6 for the GNS studies), and 1 glassfrog was enrolled for the BBS 

study. All animal procedures were approved by the Duke University Animal Care and Use 

Committee (protocol numbers A203-22-12 and A174-21-08), and were conducted in 

accordance with the United States Public Health Service’s Policy on Humane Care and 

Use of Laboratory Animals. 

Anesthesia was induced in mice using 5% isoflurane mixed with 30% O2/70% N2. After 

induction, the isoflurane was reduced to 1.5-2.0%. Hair was then removed from the area 

being imaged by first shaving the mouse with an electric razor, then applying a hair 

removal cream to the shaved region and wiping the remaining hairs away with a wet 

cotton swab. The mouse was then moved to the imaging platform which was filled with 

circulating warm water (maintained at 38ºC). The water cushion between the imaging 

platform and the linear-array transducer was filled with warm water (~40 ºC) to keep the 

area in contact with the mouse body warm. 3D-DAT was then performed, where the US 

and three PA wavelengths (532 nm, 1064 nm, and the OPO wavelength) were acquired 

concurrently at 10 Hz. Only one US plane wave and one laser pulse at each wavelength 

was transmitted at each elevational scanning position. The elevational scanning range 

was 3-4 cm, depending on the target area being imaged, with a step size of 0.1 mm. Thus, 

each scan was completed in 30-40 seconds. When more OPO wavelengths were needed, 

the transducer returned to its start position and the scan was repeated with the new 

wavelength (Supplementary Fig. 4). 

Glassfrogs were anesthetized using 3-aminobenzoic acid ethyl ester (MS222, Sigma) 

0.04%, buffered with 0.1% sodium bicarbonate (pH 7). This treatment is known to result 

in extensive blood perfusion [6]. Frogs were placed in a custom-made circular imaging 

chamber lined with an optically and acoustically transparent PVC membrane (thickness: 

10 μm). The imaging platform was filled with water at room temperature (21 ºC). 3D-DAT 
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was then performed, where one US and three PA images (532 nm, 1064 nm, and 673 nm) 

were acquired at 10 Hz. The wavelengths were selected to target hemoglobin absorption 

peaks (532 and 1064 nm) and the Q-band of the biliverdin-binding serpins of the glassfrog 

H. fleischmanni (673 nm) [6, 7]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Supplementary Information 

Supplementary Note 7. Statistical analysis. 

We performed statistical comparisons for our tumor oxygenation study and our pregnancy 

study. In our tumor oxygenation study, the tumor region and the contralateral main blood 

vessel were manually segmented, and the average sO2 value was calculated (n = 3 mice). 

We employed a two-sample t-test to determine with significant confidence (p < 0.05) that 

the oxygenation in the tumor differed from the oxygenation in the blood vessel. For our 

pregnancy study, both embryos and maternal vessels were manually segmented in the 

DPAT data and validated with the corresponding high-frequency US for all gestational 

days. The average sO2 for maternal vessels regions and each individual embryo region 

was calculated, and the embryo sO2 values were normalized to the corresponding 

maternal vessel sO2 to attain the EV/MV ratio. For both control and PFAS exposed groups 

(n = 3 mice/group), all EV/MV ratios for each embryo and mouse were grouped based on 

the gestational ages shown in Fig. 5d. Two-sample t-tests were used to determine with 

significant confidence (p < 0.05) that EV/MV ratios of corresponding gestational ages 

differed between the control and PFAS-exposed groups. All statistical data are presented 

with standard deviation. 
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Supplementary Figure 1. 3D resolutions of 3D-DAT with a 0.8 mm slit width. (a) PA 

image of a cross-hair target. The dashed lines indicate where lateral/axial and 

elevational/axial cross sections were analyzed to quantify the resolutions. The hair 

diameter is about 0.1 mm. (b) Corresponding US image of the cross-hair target. The 

dashed lines indicate where lateral/axial and elevational/axial cross sections were 
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analyzed to quantify the resolutions. (c) PA (top) and US (bottom) image profiles. The full 

width at half maximum (FWHM) of each profile is quantified for each profile as the spatial 

resolution. Scale bars, 1 mm. 
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Supplementary Figure 2. Single-slit diffraction can improve elevational resolution. 

(a) Schematic of single-slit diffraction producing a sinc-shaped pressure field. Reducing 

the slit width W will increase the main lobe of the sinc waveform, thus increasing the 

diffraction angle and acceptance aperture. (b) Diagram of resolution enhancement due to 

increased angular sensitivities of individual synthetic elements. The maximum elevational 

aperture TA depends on the receiving angle of each individual element. For a given depth 

z, we can consider the maximum aperture to be defined by two farthest elements whose 

receiving apertures can still intersect. 
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Supplementary Figure 3. k-Wave simulation of slit diffraction in 3D-DAT for on-axis 

and off-axis point targets. (a) Simulation of photoacoustic point sources P1 and P2. P1 

is on the elevational axis of the linear-array transducer and P2 is off the elevational axis. 

The PA signals from P1 and P2 are propagating to the elevationally-focused linear 

transducer array with and without a slit present. With a slit present (i.e., 3D-DAT), all 

ultrasound waves that propagate through the slit, independent of the source location (both 

P1 and P2), are redirected by the slit at the focal position. This leads to coherent 
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integration of the diffractive waves at the transducer surface. Without the slit present (i.e., 

traditional PA imaging), only the ultrasound waves from P1 are received by the transducer 

in a coherent manner, while the waves from P2 are not received coherently. (b) 

Ultrasound signals detected by the transducer over the time course of the simulation for 

three different simulation settings. 0.3 mm slit, 0.7 mm slit, and no slit. The top row shows 

individually normalized signals, and the bottom row shows corresponding globally 

normalized signals. With the slit present, the P1 signals decrease but P2 signals increase, 

reflecting the broadening of the receiving aperture of the transducer. The ability to detect 

off-axis signals from P2 allows for the generation of a synthetic matrix aperture when 

scanning the transducer along the elevational axis. 
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Supplementary Figure 4: Imaging and data processing pipeline of 3D-DAT. 

Ultrasound is first acquired by a zero-angle plane wave transmission. This is followed by 

an OPO laser pulse, then 1064 nm laser pulse, then 532 nm laser pulse. Each pulse is 
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separated by 10 ms, allowing sufficient time for the photoacoustic wave to be collected 

by the transducer without mixing. Following each data acquisition cycle, the transducer 

and slit are scanned one step along the elevational axis, and the process is repeated. 

Once the transducer and slit have been fully scanned across the sample, the data can be 

reconstructed via the sparse-matrix-multiplication-based FFL reconstruction. Created in 

BioRender. Menozzi, L. (2025) https://BioRender.com/l50m675. 
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Supplementary Figure 5. FFL reconstruction algorithm. Example radio frequency (RF) 

data recorded by the linear transducer array in 3D-DAT, arranged as elements (ne) by 

total samples per element (ns) by synthetic aperture positions (nsa, also the elevational 

scanning positions). The sparse matrix (S) is constructed by calculating the focal line path 

from each element to each reconstruction voxel and converting the distance to a time 

delay. S is m x n, where m is the total number of reconstruction voxels and n is the number 

of samples times the number of elements times the size of the synthetic aperture. 

Multiplying the flattened RF data by the sparse matrix yields the complete reconstruction 

vector, which is then reshaped into a 3D volume.  
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Supplementary Figure 6. Characterization of FFL reconstruction and investigation 

of synthetic aperture width. (a) Comparison of FFL reconstruction speed using CPU 

and GPU with delay matrix indexing. A synthetic aperture of 6 mm was used for FFL 

reconstructions, allowing for a large reduction in computation time with minimal change 

in image quality. (b) PA and US images of a cross-hair target reconstructed using different 

synthetic aperture widths. The slit width was 0.8 mm. (c-d) Resolution (c) and SNR (d) of 

DPAT and DUST as a function of synthetic aperture width.  
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Supplementary Figure 7. 3D image formation in traditional PA imaging by scanning 

a linear-array transducer.  

Left. Each cross-sectional image (lateral-axial image plane) with a linear-array is formed 

by beamforming reconstructions that utilize the wide acceptance angle of small elements 

and large lateral transducer aperture, with a high lateral resolution.  

Right. By scanning the linear-array transducer, a synthetic aperture can be generated 

along the elevational axis. However, the fixed acoustic focus results in a large synthetic 

element size with small acceptance angles, resulting in a poor elevational resolution. 
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Supplementary Figure 8. k-Wave simulation of acoustic pressure and angular 

sensitivity in 3D-DAT. (a) Design of 2D k-Wave simulation, where a focused ultrasound 

transducer was scanned across a point source with a scanning step size of 0.2 mm, 

simulating the elevational scanning in 3D-DAT. The point source acted as the signal 
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pressure either in the PA or US imaging mode. Two types of scenarios were simulated, 

depicted on the right. In the traditional (TD) imaging scenario, the point source was placed 

at the focal position of the transducer with a focal length of 25 mm. In the 3D-DAT scenario, 

a slit was placed at the focal position of the transducer, and the point source was placed 

25 mm from the slit. The point source was placed 25 mm away from the slit to avoid the 

effect of geometric spreading for the fair comparison between the TD imaging and 3D-

DAT, since the slit aperture becomes the effective synthetic transducer for the 3D-DAT 

method. (b) Hilbert-transformed pressure data for five different slit widths in the 3D-DAT, 

as well as the corresponding TD imaging. For smaller slit widths, the reduced acoustic 

pressure is due to less acoustic energy passing through the slit, while the increased 

spread of the pressure is due to increased acceptance angle. (c) Angular sensitivity plot 

of traditional imaging and 3D-DAT. 3D-DAT shows nearly ten-fold increase in the 

acceptance angle at 0.8 mm slit width. (d) Integrated peak pressures over all angles for 

traditional imaging and 3D-DAT at varying slit widths, showing that 3D-DAT achieves 

comparable total detected pressure at the slit width of 0.8 mm and above.  
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Supplementary Figure 9. 3D k-Wave simulations of 3D-DAT on a cross-hair 

phantom. (a) Geometry of the 3D k-Wave simulation. The linear-array transducer and slit 

remain stationary while the cross-hair is scanned along the y-axis (elevational) for each 

simulation. One 3D simulation is performed per cross-hair y-axis position. (b) 

Reconstructed DPAT and DUST images using different slit widths. (c) Plots of resolution 

and SNR as a function of slit width for both PA and US modes. E, elevational axis; L, 

lateral axis. A slit width of 0.8 mm provides the most balanced resolution enhancement 

and SNR improvement for the elevational axis. 
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Supplementary Figure 10. Signal to noise ratio (SNR) and contrast to noise ratio 

(CNR) in 3D-DAT. (a) SNR and CNR as a function of slit width in 3D-DAT of a cross-hair 

phantom. (b) SNR and CNR at four depths of a graphite phantom. Trends in both SNR 

and CNR are similar. The same regions were used to compute the background signals 

and noise. 
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Supplementary Figure 11. Illustration of different elevational resolution regimes of 

3D-DAT. (a) Three elevational resolution regimes of 3D-DAT, depending on the 

elevational scanning range, slit width, and elevational focusing of the transducer. The gray 

plots are the Fraunhofer approximations of far-field diffraction patterns, showing the width 

of the main diffraction lobe (directly corresponding to the transducer’s angular sensitivity 
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along the elevational axis). (b) Elevational resolution regimes of 3D-DAT overlaid with the 

SNR and resolutions as a function of the slit width.  
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Supplementary Figure 12. Regions used for SNR and CNR calculations of the 

staircase graphite phantom. The complete photoacoustic (top) and ultrasound (bottom) 

cross-sectional images of the staircase graphite phantom in both traditional imaging and 

3D-DAT methods. The four target regions (R) and the background region (B) from the 

elevational/axial cross-section used to compute SNR and CNR are marked. The same 

regions were used for both traditional imaging and 3D-DAT. For CNR calculations, B was 

used for calculating both the background standard deviation and the background mean. 
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Supplementary Figure 13: Imaging a star phantom using DPAT. (a) DPAT and 

traditional PA images of a star phantom (Thorlabs) at various slit widths. The degradation 

in elevational resolution of DPAT with the increasing slit width is clear, while its lateral 

resolution remains independent of slit width. The traditional PA imaging has no slit present. 

(b) Traditional PA and DPAT images of a star phantom. (c) Profiles along white dashed 

line in (b) for traditional PA and DPAT images. In the DPAT image, the lines are clearly 

resolvable at all regions through the profile.  
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Supplementary Figure 14. Implementing 3D-DAT with a GE 9L-D transducer. Depth-

encoded traditional PA/US and corresponding 3D-DAT images of a skeleton leaf target. 

The GE 9L-D transducer has a frequency range of approximately 3-8 MHz, yielding a 

similar central frequency as the L7-4 transducer of about 5.2 MHz. The array has 192 

elements with a pitch of 0.23 mm, yielding a total lateral aperture of ~44 mm. Additionally, 

the individual element height is 6 mm, and the transducer is built with an acoustic lens 

focused at a distance of 40 mm. 



Supplementary Information 

 

Supplementary Figure 15. Oxygenation measurement by DPAT on a blood tube 

phantom. (a) Photograph of the blood tube setup (oxygenated tube on the outside, 

deoxygenated tube on the inside). The oxygenation (sO2) of the tubes were measured by 

using three different methods. Traditional PA (no slit) with direct delay and sum image 

reconstruction, traditional PA with fast focal line (FFL) reconstruction, and DPAT (0.8 mm 

slit width) with FFL reconstruction. (b) sO2 profiles along the tubes as indicated by white 

dashed lines in (a). In both traditional PA images, the oxygenation profiles merge as the 



Supplementary Information 

tubes align more with the lateral axis. In the DPAT image, the oxygenation profiles remain 

consistent, showing the importance of isotropic resolutions for accurate functional 

measurements. (c) sO2 profiles across the tubes as shown by the green dashed line in 

(a). In the DPAT image, the oxygenated and deoxygenated tubes are clearly 

distinguishable along the profile, while in both traditional PA images the two tubes become 

blurred together due to poor elevational resolution. 



Supplementary Information 

 

Supplementary Figure 16. 3D-DAT of a glassfrog in-vivo. Multiwavelength DPAT 

shows clear improvement in both resolution and sensitivity over traditional PA imaging in 

the close-up bladder images. DUST similarly shows clear improvements compared to 

traditional US image in the close-up lung images. Scale bars, 2 mm. 
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Supplementary Figure 17. Comparison of the spatial frequency spectrum in 

traditional PA/US imaging and 3D-DAT. (a) Traditional PA and DPAT images of a 

glassfrog (top row) and the corresponding spatial frequency spectrum images (bottom 

row). An ellipse was fit to the spatial frequency spectrum, and the FWHM was quantified 

along the long and short axes crossing the origin. A reduction in the eccentricity of the 

ellipse in DPAT compared to traditional PA is due to the improved elevational resolution. 

(b) Corresponding traditional US and DUST images of the same glassfrog. The spatial 

frequency spectrum of the DUST image similarly shows a lower eccentricity as a result of 

the improved elevational resolution, when compared to the traditional US image. Scale 

bar 2 mm. 
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Supplementary Figure 18. 3D-DAT of a mouse in-vivo. DPAT shows a clear 

improvement in both resolution and sensitivity over traditional PA imaging in the close-up 

images of liver blood vessels. DUST similarly shows clear improvements compared to 

traditional US imaging in the close-up images of the vertebrae. Scale bars, 2 mm. 
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Supplementary Figure 19. Quantitative analysis of traditional PA/US imaging and 

3D-DAT in a mouse in vivo. (a) Multispectral traditional PA and DPAT images of a mouse 

abdominal region. (b) Traditional PA (top) and DPAT (bottom) image profiles along the 

dashed blue line over a vessel shown in (a). The FWHM of the image profile shows 

significantly improved resolution for DPAT. (c) Corresponding traditional US and DUST 

images of the mouse abdominal region. (d) Traditional US (top) and DUST (bottom) image 

profiles along the dashed blue line over a vertebra shown in (c). The FWHM of the image 

profile similarly shows improved elevational resolution for DUST. 
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Supplementary Figure 20. In-vivo comparison of SNR and CNR between traditional 

PA/US imaging and 3D-DAT. (a) Traditional PA and DPAT images of a glassfrog. (b) SNR 

and CNR comparisons of three regions of interest (R) and background (B) shown in (a). 

(c) Corresponding traditional US and DUST images of the glassfrog. (d) SNR and CNR 

comparisons of regions of interest (R) and background (B) shown in (c). (e) Traditional 

PA and DPAT images of a mouse abdominal region. (f) Corresponding traditional US and 

DUST images of the mouse abdominal region. (g) SNR and CNR comparisons of regions 

of interest (R) and background (B) shown in (e). (h) SNR and CNR comparisons of 

regions of interest (R) and background (B) shown in (f).  
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Supplementary Figure 21. Functional DPAT of hypoxia challenge in a mouse. (a) 

DPAT images of a mouse liver region at 1064 nm during normoxia and hypoxia conditions, 

showing the hypoxia-induced signal decrease. L, liver; V, vessel. (b) Fractional signal 

change of the mouse liver region from normoxia to hypoxia. The decrease in blood 

oxygenation of the two landmark blood vessels is clear. (c) The time course of the 

averaged PA signal intensity over three cycles of normoxia and hypoxia challenges. The 

aqua solid line is the moving-averaged data over a 20-points window of the gray raw data 

points. The shaded boxes indicate the duration of hypoxia challenges. Scale bars, 2 mm.  
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Supplementary Figure 22. Characterization of caged gold nanostars for a tumor 

model and fluorescence validation. (a) Molar extinction coefficient spectra of cGNS, 

oxyhemoglobin (HbO2), and deoxyhemoglobin (HbR). DPAT images were acquired at 700 

nm. (b) Transmission electron microscopy (TEM) images of the cGNS particles. (c) 

Experimental procedure for imaging cGNS on a tumor-bearing mouse. Created in 

BioRender. Menozzi, L. (2025) https://BioRender.com/s18n479. (d) IVIS fluorescence 

images of the tumor-bearing mice taken at 48 hours following cGNS injection (Excitation: 

785 nm; Emission: 820 nm).  
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Supplementary Figure 23. DPAT of cGNS distribution on three tumor mice. Coronal 

maximum amplitude projections (MAPs) of the DPAT images acquired at 700 nm, from 

baseline (before cGNS injection) to 72 hours after the injection. Major blood vessels (V) 

became brighter right after the injection. The liver region (L) became more visible after 1 

hour, and clear accumulation in the tumor region (T) was observed after 6 hours. 



Supplementary Information 

 

Supplementary Figure 24. DPAT images of cGNS-labeled tumor mice at various 

doses. (a) Depth-encoded DPAT images at 700 nm, 48 hours after injections of cGNS at 

two different doses of 3 pmol and 5 pmol. L, liver; T, tumor; VB, vertebrae. Created in 

BioRender. Menozzi, L. (2025) https://BioRender.com/o20i194. (b) Corresponding 

fluorescence images of the tumors. (c) Averaged PA signals in the vessel (V), liver (L), 

and tumor (T) regions.  
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Supplementary Figure 25. Functional DPAT of mouse tumor. (a) DPAT images of 

blood oxygenation of a tumor-bearing mouse, with vessels (V), liver (L), and tumor (T) 

regions. A close-up image of the tumor region is also shown. (b) Comparison of averaged 

sO2 levels in the tumor region and the skin vessels (n = 3).  Scale bars, 2 mm. 
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Supplementary Figure 26. PS-DPAT of BphP1-expressing tumor cells. (a) Optical 

extinction spectra of HbO2, HbR, and BphP1 in both conformational states (Pr and Pfr). 

(b) Imaging sequence of PS-DPAT. A continuous wavelength (CW) laser at 630 nm is first 

used to convert BphP1 to the Pfr state (ON state). PS-DPAT at 750 nm then converts the 

protein back to the Pr state (OFF state). The linear-array transducer is stepped after every 

photoswitching cycle to generate a 3D volume. (c) Validation of PS-DPAT by imaging a 

drop of blood and a drop of BphP1-expressing tumor cells simultaneously. The BphP1-

expressing tumor cells are extracted by taking the difference of the ON and OFF images 

and normalizing to the ON image. (d) Five representative photoswitching cycles of the PA 

signals at different elevational positions (e) The PA signals averaged over the five cycles 

in (d). 
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Supplementary Figure 27. PS-DPAT of a BphP1-expressing tumor mouse in-vivo. 

(a) DPAT image of a mouse bearing a BphP1-expressing tumor. (b) Corresponding IVIS 

fluorescence image of the mouse, showing the BphP1 fluorescence signals in the tumor. 

Scale bar, 2 mm. 

 



Supplementary Information 

 

Supplementary Figure 28. 3D-DAT of a pregnant mouse. The DPAT image of the 

pregnant mouse at E18 is shown on the left, with a representative embryo marked by the 

dashed yellow box. In the DUST image of the same embryo, we can clearly distinguish 

the highly scattering structures, such as the skull (S), ribs (R), and vertebrae (V), which 

are not as clear in the traditional US image. The bottom right image shows the 

corresponding high-frequency ultrasound image acquired at 25 MHz. Scale bars, 5 mm. 
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Supplementary Figure 29. Longitudinal DPAT of pregnant mice exposed to PFAS 

and the control group throughout the gestations. The PFAS-exposed embryos 

showed significantly higher oxygenation levels than the control group. E, embryo. L, liver. 

MV, maternal vessel. Scale bar, 5 mm. 
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Supplementary Figure 30. The development of a single embryo in the PFAS-

exposed mouse, imaged by DPAT and high-frequency US imaging. (a) Control 

mouse embryo development from E11 to E18. High-frequency US images are shown on 
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the top row and sO2 images by DPAT are shown on the bottom row. (b) PFAS-exposed 

mouse embryo development from E12 to E18. Higher oxygenation levels can be observed 

throughout the development of the PFAS-exposed embryo when compared with the 

control embryo in (a).  
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