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Supplementary Fig. 1 | 1K3D-fPACT schematic. A Q-switched Nd:YAG laser (Quanta-Ray PRO-350-10, 
Newport Spectra-Physics, Ltd.) and a Q-switched ruby laser (QSR9, Innolas UK, Ltd.) are interleaved to fire 

pulses at 1064 nm and 694 nm, respectively (see Supplementary Fig. 2 for the interleaving scheme). The 

laser beams are partially reflected to a photodiode (DET36A, Thorlabs, Inc.) to sample the pulse energy 

fluctuations before being diffused and expanded by an engineered optical diffuser (EDC-50, RPC, Inc.). The 

generated PA signals are recorded by four 256-element quarter-ring ultrasonic transducer arrays (designed 

in-house and custom-built by Imasonic, Inc.) and amplified by 1024 customized one-to-one-mapped pre-

amplifiers of 51-dB gain. Four 12-bit 256-channel programmable DAQs (LEGION ADC256, PhotoSound 

Technologies, Inc.), configured to 20-MHz sampling rate, 6-dB gain, and 7.5-MHz analog anti-aliasing cut-off 
frequency, digitize the amplified PA signals and stream them to a computer via four USB 3.0 ports. The 

system is controlled by an in-house developed software programmed in Python 3.7.0, LabVIEW 2018 

(National Instruments, Corp.), and MATLAB 2018b (MathWorks, Inc.). To configure the scan, one sends the 

scanning parameters and stimulation paradigms to the control and synchronization box via the digital I/O.  
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Supplementary Fig. 2 | 1K3D-fPACT infrastructure and a subject being imaged on it. a, The press-fit 

holder and the tensioned PVC film support and constrain the head in six degrees of freedom (DOF), 
minimizing motion artifacts and providing long-lasting comfort. b, The hemispherical bowl transducer array 

consists of four 256-elements quarter-ring arrays. The convex mirrors on the light recycler surface are used 

to help align the subject’s head to the FOV center for maximum illumination efficiency. c, The front-end 

electronics and DAQs are located beneath the top panel. The transducers, pre-amplifiers, and DAQs are 

inter-connected via plug-in interfaces to avoid cable-induced electrical noise. Not shown are the scanning 

motor and optical components (mirrors, beam sampler, and photodiode) under the bottom frames.  
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Supplementary Fig. 3 | Laser interleaving scheme. a, In the baseline mode, the Nd:YAG and ruby lasers 
are interleaved in a way that combining five round-trip (one round trip consists of one forward and one 

backward scan) acquisitions at 694 nm provides an equal spatial sampling density to that of each one-way 

acquisition at 1064 nm. b, In the functional mode, a fixed interleaving pattern is used in all one-way scans 

resulting in an imaging rate of 0.5 Hz for both wavelengths. In both modes, two successive laser pulses of 

different wavelengths are fired at a 500-μs fixed delay, during which the transducer element at the bowl 

equator will be displaced by ~10 μm (baseline mode) and ~50 μm (functional mode). Given that most 

biological activities are considered stationary in a 500-μs time interval, and the element displacement is 
much smaller than the acoustic wavelength (~650 μm at 2.12 MHz in D2O at room temperature), the 

illumination at the two wavelengths is essentially simultaneous.  
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Supplementary Fig. 4 | Characteristics of the 1K3D-fPACT performance. a, Impulse response and its 

normalized Fourier transform amplitudes measured using a PA point source placed at the center of the 

hemispherical transducer bowl. Data are presented as mean ± SD (n = 1024 transducer elements). b, The 

spatial resolution, defined as the FWHM of the PSF, was measured to be isotopically 350 µm in acoustically 
homogeneous D2O at 25°C. The image was normalized by its maximum voxel PA amplitude (a.u.). c, Noise-

equivalent molar concentrations (NECs) of Hb vs. depths in functional mode. Data are presented as mean ± 

SEM (n = 4 subjects). NECs were computed using the mean of the absolute voxel values in layers of 

different depths based on the reported cortical Hb molar concentration (~51 µM) and the methods in the 

literatures51,52. The NECs at 11 mm below the cortical surface are ~1 µM (detectability of ~2% signal change) 

and ~3 µM (detectability of ~6% signal change) for 1064 nm and 694 nm, respectively. Norm., normalized; 

amp., amplitude.   
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Supplementary Fig. 5 | Co-registration between the 1K3D-fPACT and 7 T MRI results. a, Cross-

modality co-registration is based on rigid transformation and consists of eight steps. In the first two steps, the 

functional volumetric images of both modalities are registered to the first images (motion correction). The 

functional volumetric images of fMRI are registered to the T1-weighted MRI in step 3. The MRA image, 
which contains both artery and brain tissue information, is registered to the T1-weighted MRI in step 4. Using 

the superficial vasculature, the fPACT baseline image is registered to the MRA image (step 5), and the 

fPACT functional volumetric images are aligned to the baseline image (step 6). Given the relative shift 

between the brain tissue and scalp caused by the experimental non-concurrency of the two modalities, co-

registration between the cortical vasculature is required (step 7). The transformation matrix resulted from 

step 7 is applied to the functional maps of fPACT in step 8. Ultimately, the functional maps from both 

modalities are presented on the T1-weighted cortex. b, Co-registered baseline image (Subject 4) after step 5 
(top) and step 7 (bottom). The scalp and cortical regions were individually normalized by their maximum 

voxel PA or MRA amplitudes (a.u.). It is shown that although the STA vessels are well aligned (pink dashed 

lines), the example scalp and cortical vessels separate at a different distance in each modality (white dashed 

lines), demonstrating the necessity of step 7.  
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Supplementary Fig. 6 | Stimulation paradigms. a, For FT, a subject was instructed to repeat finger 

tapping (thumb–pinky) unilaterally at a uniform speed during the active state. For LP, a subject was asked to 

pucker lip at ~1-Hz frequency. For TT, a subject was asked to tap tongue against the roots of the upper front 

teeth in a closed mouth at ~1-Hz frequency. All subjects were asked to familiarize themselves with the 

paradigms by practicing the tasks with as little motion as possible. Motor paradigms comprised seven cycles 
of 60-s period (30-s active state and 30-s control state) and an additional 30-s control state at the beginning 

for baseline sampling. b, For PL, an edited speech (paragraphs of “The little match girl”) was used as the 

stimulus. A subject was asked to listen to the story carefully during the active states and think about nothing 

in the control states. There were ten cycles (20-s control state and 20-s active state for each cycle) in total. 

c, For WG, a subject was presented with a random letter and asked to think of as many words starting with 

the heard letter as possible. Due to the low starting letter frequency, letters “x, z” were excluded from the 

English cue, and letters “Ó, Í, F, J, Z, Á, É, Ñ, X, Ú, K, W, Ü” were excluded from the Spanish cue. WG 
consisted of 10 cycles with two letters presented at a 10-s separation (red arrows) in the active state to 

prevent difficulties in generating words starting with a specific letter. Auditory cues in either Spanish or 

English were presented based on the subject’s native language. 
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Supplementary Fig. 7 | t-score and F-score maps of FT for each subject. F-test was performed on the 

FT data in addition to the t-test to exam the goodness of fit of the GLM. The F-scores were calculated as 

. The presented t-score and F-score maps reflect the 

score values above 70% and 50% of their maximums, respectively. The p-values corresponding to the lower 

thresholds are displayed below the cortical images (*****p < 0.00001; one-sample one-sided Student’s t-test 

with DOF = 222, no adjustment; one-sided F-test, numerator DOF = 2, denominator DOF = 222, no 

adjustment; q (FDR) < 0.05 for all maps). The t-score and F-score maps exhibit similar distributions 

indicating that the significantly activated areas also present significantly good fitting. Sub., subject.   
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Supplementary Fig. 8 | Functional results summary. Subjects underwent repeated measurements in 

different sessions to validate the reproducibility of the fPACT results. a–d, Functional results of Subjects 1–4. 

For each subject, the fMRI results (if available) are displayed in the first column, and the fPACT results from 

different sessions are displayed in the other column(s). For fPACT, Subject 1 was imaged three times for 
each functional task; Subject 2 was imaged once for FT, LP, TT, PL, and WG; Subject 3 was imaged twice 
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for FT, LP, TT, PL, and WG; Subject 4 was imaged twice for FT and PL. For fMRI, Subjects 1 and 2 were 

imaged once for FT, LP, TT, PL, and WG; Subjects 3 and 4 were imaged once for FT. The t-maps are 

thresholded at 70% maximum. The maximum t-value is displayed (in black) below the cortex. The p-value 

corresponding to 70% maximum t-value is displayed (in blue) below the cortex (*****p < 0.00001, one-

sample one-sided Student’s t-test, no adjustment). For fPACT, DOF = 222 for FT, LP, and TT, and DOF = 

207 for PL and WG. For fMRI, DOF = 142 for FT, LP, and TT, and DOF = 132 for PL and WG. S, session.  
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Supplementary Table 1 | Spatial correspondence between fPACT and fMRI functional maps from 
repeated measurements. a–d, DCs, SCs, and CEs between fPACT and fMRI functional maps of Subjects 

1–4. e, The DC, SC, and CE mean values ± SEM implicate a fair to moderate (DC = 0.37 ± 0.02, SC = 0.36 

± 0.02) and acceptable (CE = 5.33 ± 0.59) agreement between the fPACT and fMRI functional maps (n = 4 

subjects over 24 independent measurements for both fPACT and fMRI).  

  

DC SC CE (mm)

S1 S2 S3 S1 S2 S3 S1 S2 S3

FT 0.56 0.38 0.47 0.29 0.27 0.36 0.54 3.99 5.57

LP 0.30 0.36 0.29 0.34 0.39 0.40 5.90 3.89 3.61

TT 0.36 0.51 0.36 0.30 0.49 0.20 12.86 2.21 4.53

PL 0.49 0.48 0.45 0.51 0.46 0.32 5.78 2.81 2.18

WG 0.16 0.20 0.25 0.22 0.20 0.33 7.00 7.05 12.51

DC SC CE (mm)

S1 S1 S1

FT 0.33 0.29 4.00

LP 0.52 0.42 2.43

TT 0.30 0.37 6.86

PL 0.41 0.33 4.87

WG 0.26 0.63 5.45

DC SC CE (mm)

S1 S2 S1 S2 S1 S2

FT 0.33 0.27 0.43 0.27 6.68 4.16

DC SC CE (mm)

S1 S2 S1 S2 S1 S2

FT 0.30 0.45 0.37 0.47 7.56 5.41

DC SC CE (mm)

Mean values ± SEM 0.37 ± 0.02 0.36 ± 0.02 5.33 ± 0.59

Agreement Fair—Moderate Fair—Moderate Acceptable

a. sub. 1

b. sub. 2 c. sub. 3

e. group

d. sub. 4
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Supplementary Table 2 | Spatial correspondence among repeated fPACT measurements. a–c, DCs, 

SCs, and CEs between each two fPACT functional maps acquired in different study sessions for Subjects 1, 

3, and 4. d, The DC, SC, and CE mean values ± SEM implicate a fair to moderate (DC = 0.32 ± 0.03, SC = 

0.35 ± 0.03) and acceptable (CE = 5.35 ± 0.74) agreement among the repeated fPACT measurements (n = 3 

subjects over 27 independent fPACT measurements). WG of Subject 3 was excluded because the right 

hemispherical was not dominant for WG. 

  

DC SC CE (mm)
S1-S2 S1-S3 S2-S3 S1-S2 S1-S3 S2-S3 S1-S2 S1-S3 S2-S3

FT 0.31 0.41 0.36 0.54 0.38 0.44 3.41 1.85 5.04

LP 0.24 0.15 0.23 0.39 0.14 0.27 10.80 6.61 3.10

TT 0.28 0.32 0.25 0.52 0.18 0.36 8.13 1.96 9.28

PL 0.46 0.35 0.41 0.63 0.33 0.38 3.62 3.94 2.41

WG 0.16 0.16 0.11 0.13 0.29 0.15 12.46 5.48 7.53

DC SC CE

Mean values ± SEM 0.32 ± 0.03 0.35 ± 0.03 5.35 ± 0.74

Agreement Fair—Moderate Fair—Moderate Acceptable

DC SC CE (mm)
S1-S2 S1-S2 S1-S2

FT 0.35 0.37 4.22
LP 0.80 0.74 0.32
TT 0.31 0.30 5.19
PL 0.30 0.27 10.96
WG 0.00 0.05 39.00

DC SC CE (mm)
S1-S2 S1-S2 S1-S2

FT 0.53 0.33 1.95
PL 0.32 0.23 4.09

a. sub. 1

b. sub. 3 c. sub. 4

d. group
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Supplementary Fig. 9 | Temporal signals and onset time of FT for each subject. a, Fractional changes 

of the BOLD and PA signals for each subject. Data are presented as mean ± SEM (n = 7 stimulation cycles, 

technical replicates). b, Fractional changes of HbO2 and HbR concentrations for each subject. Data are 

presented as mean ± SEM (n = 7 stimulation cycles, technical replicates). c, Scatterplots of the fractional 

changes of the PA signals vs. 1/BOLD fractional changes. The signals analyzed here are from Fig. 3r. The 

solid lines represent least-squares fits. d, Time courses of BOLD fractional changes, ∆sO2, and HbT 

concentration fractional changes for each subject. Data are presented as mean ± SEM (n = 7 stimulation 

cycles, technical replicates). The time courses were interpolated (spline) before calculating the onset time 
tonset, which was defined as the time to 50% peak signals.  

tonset = 8.3 s tonset = 7.2 s tonset = 7.5 s tonset = 8.3 s
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Supplementary Fig. 10 | Test-retest functional signals of Subjects 1, 3, and 4 for FT. a, Functional 
signals of Subject 1 who underwent three sessions. Data are presented as dots and mean ± SD (n = 3 

sessions, technical replicates). The functional signal amplitude is defined as the mean of the functional 

signals greater than 50% of the peaks. The functional signal amplitudes are presented as mean ± SD (n = 3 

sessions, technical replicates). b, Functional signals of Subject 3 who underwent two sessions. c, Functional 

signals of Subject 4 who underwent two sessions. The functional PA signals acquired at both wavelengths 

were used to derive the signals of Hb species. S1, S2, and S3 stand for Sessions 1, 2, and 3, respectively. 

The gray areas represent stimulation periods. 

S1 S2 S3 Functional signals (mean ± SD; n = 3 sessions) Functional signal amplitude (mean ± SD; n = 3 sessions)

Functional signal amplitude of S1 Functional signal amplitude of S2

a
Sub. 1

b
Sub. 3

c
Sub. 4
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Supplementary Methods 1 

1K3D-fPACT algorithms. Supplementary Fig. 11 shows the data processing stream for the 1K3D-fPACT. In 

a–d, the recorded PA signals are first corrected for laser energy fluctuations using the photodiode readings 

and filtered (7.5-MHz low pass, fourth-order Butterworth) to remove the electrical noise. The channel data of 

both baseline and functional modes are interpolated (cubic) along the azimuthal scanning direction and 

upsampled by a factor of two to suppress the backprojection-induced streaking artifacts (e,f)39. We 
decompose the ROI into tissue and D2O subdomains and assign different speeds of sound (SOS) to account 

for their acoustic property differences8. The boundary between the two subdomains is simplified as a 

truncated ellipsoid that can be determined by fitting an ellipsoid to the head surface reconstructed using the 

SOS of D2O. Accelerated by parallel computing using a graphics processing unit (GPU) card (GeForce GTX 

1080 Ti, Nvidia, Corp.), the baseline image and functional volumetric images are reconstructed using the 

universal backprojection algorithm (g,h)53. The reconstructed baseline image is then registered to each 

functional volumetric image to correct for motion (i). Using the registered baseline image as a prior to weight 

the backprojection at each voxel for each detector position, we reconstruct each functional volumetric image 
again to further improve the image SNR and reduce the streaking artifacts induced by the limited scanning 

angles (j). The weighting factor is defined as , 

where A represents the absolute voxel value at (x, y, z) in the registered baseline image,  

denotes the portion of a sphere centered at the i-th detector position, passing (x, y, z), and inside the 

registered baseline image, and n is the number of non-zero voxels on . We tap from the field of 

fMRI to study the statistics of the 1K3D-fPACT data. The foremost step is to align the functional volumetric 

images to the first image (k). Spatial smoothing with a 3-mm FWHM Gaussian kernel is applied to denoise 

the volumetric functional images (consistent with the fMRI data processing) (l). Afterwards, the time course 
of each voxel is passed through a band-pass filter (0.01 Hz–0.20 Hz, fourth-order Butterworth) to remove the 

long-term shift and non-specific high-frequency noise (m). Given the higher SNR enabled by the more 

scanning angles at 1064 nm, the functional volumetric images of 1064 nm are used to extract the activated 

voxels (n). The processed 4D spatiotemporal images are reshaped into a single 2D matrix Y of size M × N, 

where M is the number of temporal points, and N is the number of voxels. The GLM is formulated as Y = Xβ 

+ e, where X, e, and β represent the model matrix, residual error matrix, and parameter matrix to be 

estimated, respectively. The predictors in X use the canonical two-sigma hemodynamic response function 
(HRF) defined with 6-s baseline-to-peak time, 19-s baseline-to-undershoot time, and peak-to-undershoot 

ratio of 1154. A motion regressor is included in X to account for the dominant vertical motion. For the baseline 

image, a Frangi multiscale vesselness filter (scales from 0.35 mm to 3.50 mm, namely one to ten times the 

spatial resolution) is used to enhance the vessel contrasts for visualization (o)55. The enhanced and original 

images are both self-normalized, weighted by 0.5, and merged. The scalp and cortical regions are 

segmented and presented in two different colors for visualization (p). The functional responses are mapped 

onto the baseline image for comparisons with the fMRI results (q).   

', ', '   ( , , , )
( , , , ) ( , , ) / ( ', ', ')
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Supplementary Fig. 11 | Data processing stream of the 1K3D-fPACT.  
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Supplementary Methods 2 

Calculating Hb concentrations and sO2. The fractional changes of the Hb species were calculated based 

on the linear spectral fitting56,  

 

In the above equation, P represents the PA amplitudes acquired at both wavelengths,  denotes the molar 

extinction coefficients for Hb species at both wavelengths,  stands for the local optical fluence, 

and C implicates the molar concentrations of Hb species. The optical radiant exposure  was estimated 

based on Beer’s law, where wavelength-dependent effective attenuation coefficients were considered57. The 

sO2 was calculated based on , where   
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Supplementary Video 1 | Comparisons of the angiographic structures and functional maps acquired 
on 7 T MRI and the 1K3D-fPACT for Subject 1. For each stimulation type, the flashes represent the 

functional maps, namely t-scores above 70% of the maximum in the entire FOV. They physically reflect how 

well the PA or BOLD signal changes correlate with stimulation.  

Supplementary Video 2 | Comparisons of the angiographic structures and functional maps acquired 
on 7 T MRI and the 1K3D-fPACT for Subject 3. For MRI, only T1-weighted MRI, MRA, and fMRI of FT 
were obtained and presented. For each stimulation type, the flashes represent the functional maps, namely 

t-scores above 70% of the maximum in the entire FOV. They physically reflect how well the PA or BOLD 

signal changes correlate with stimulation. 

Supplementary Video 3 | Subject 1 being imaged by the 1K3D-fPACT when performing the FT task. 
The time course implicates the signals averaged across the activated voxels. The predicted hemodynamic 

response (HR) was produced by convolving the canonical HRF with the stimulation patterns. The predicted 

HR was rescaled for better visualization.   
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