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Abstract—We present a new technique for photoacoustic (PA)
image formation, termed 'F-Mode', which capitalizes on
variations in the power spectrum of PA signals to produce images
with object specific contrast. The technique is applied to a PA
dataset by calculating the signal power spectrum at each scan
location, segmenting it into discrete frequency bands, and then
forming an image representing the spatial power distribution for
each band. The appearance of differently sized objects in the
resultant F-Mode images is dynamic, and is dictated by the
presence of structure specific features in the power spectra. To
demonstrate the technique, black polystyrene microspheres with
diameters of 6 and 10 pm were scanned using a PA microscope
equipped with a 400 MHz transducer and 532 nm laser. The
images demonstrated that with appropriate selection of
frequency band, visualization of either population of spheres
could be selectively enhanced; the 6 pm spheres being more
prominent at 249 MHz, while the 10 pm spheres dominated in
the 425 MHz F-Mode image. Further, unique frequency
dependent patterning in images of individual spheres pointed
towards sub-micron diameter fluctuations in spheres from the
same population. This proof-of-concept work paves the way for
future in vivo applications, such as selectively analyzing blood
vessels of different diameters.

1. INTRODUCTION

In recent years, the use of Photoacoustic Microscopy
(PAM) for the imaging of micron sized structures has rapidly
increased [1]-[3]. The PAM technique leverages the intrinsic
optical absorption of both organic (e.g. hemoglobin, DNA)
[4], [5] and inorganic (e.g. dyes, nanoparticles, metals) [2]
[6]-[8] materials to create striking images rich in contrast.
Due to the short penetration depths required, transducers with
central frequencies ranging from 20 — 80 MHz are typically
utilized in PAM setups, as diffraction-limited lateral resolution
is readily attainable through use of a tightly focused laser [3],
[9].

The maximum amplitude projection (MAP) technique is
the current gold standard for image formation in PAM. In
MAP, images are formed by projecting the maximum
amplitude of the RF-line acquired at each scan position onto a
2D grid. While the technique provides high-resolution lateral
maps of optical absorption, it provides no detail in the depth
dimension. Furthermore, this approach neglects the abundance
of information encoded in the frequency domain of the
broadband PA signals. For example, absorbers of different

geometry and composition have unique spectral signatures in
the frequency domain [10]-[13], which can be used for the
assessment of the 3D structure of biological cells and stained
organelles [14], [15].

In this work a new technique for PA image formation,
termed 'F-Mode', is presented. The technique capitalizes on
variations in the power spectrum of PA signals to produce
images with object specific contrast not attainable in
conventional MAP images. As a proof-of-concept, the
F-Mode technique was used herein to selectively generate
images of polystyrene microspheres of a specific diameter,
and further, to visualize otherwise unresolvable sub-micron
variation in the diameter of beads from the same population.

II. THEORY

An illustration of the F-Mode algorithm is provided in
Fig. 1. In this scenario, two spheres (shown as blue and red) of
different radius are scanned with a PA microscope. First
(Fig. 1i) each acquired RF line in the scan dataset is converted
to its frequency domain representation via the Fast Fourier
Transform (FFT), and the power spectra are computed. Next
(Fig. lii), the spectrum is partitioned into K discrete frequency
bands of equal length in a manner similar to that of [16]. The
total power in each band is then calculated (Fig. liii), and

stored in an array of size Kymxn. From this, K ‘F-Mode’
images of size mxn can then be created (Fig. 1iv).

In an F-Mode image, pixels which capture minima in the
summed power spectra will appear darker relative to the other
pixels in the image. However, these same pixels may exhibit
the highest summed power in a different frequency band, and
thus will be the brightest pixels in the corresponding F-Mode
images. The two bottom images in Fig. 1 demonstrate this
inversion of contrast depending on frequency band used. In the
F-Mode image generated from band denoted f;, pixels
corresponding to the larger sphere (blue power spectrum) have
negligible total power compared to pixels from the smaller
sphere (red power spectrum), due to the presence of a
minimum in the blue power spectrum. The contrast between
the two objects is reversed in band fj, as now the red spectrum
contains a minimum while the blue does not.
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Fig 1: An overview of the F-Mode algorithm. PA signals are acquired from a large sphere (blue) and a small sphere (red). The power spectrum of each PA
signal in the scan dataset is calculated, and partitioned into discrete frequency bands. The total power in each band at is computed at each scan position, and

is used to form images

III. METHODS

A. Sample Preparation

A 0.5% (w/v) solution of low melting point agarose
(Sigma Aldrich, USA) dissolved in PBS was prepared.
Approximately 300 pL of the molten agarose was pipetted into
a glass bottom petri dish (MatTek, USA) and was allowed to
solidify at room temperature for 30 minutes. In a separate
aliquot, 2 pL of a stock PBS solution containing 6 um black
polystyrene microspheres (Polysciences, USA), and 2 pL of
another PBS solution containing 10 um black polystyrene
microspheres (Polysciences, USA), was added to 1 mL of
molten agarose. The aliquot was briefly vortexed before
pipetting approximately 40 puL of the bead containing solution
onto the top of the solidified agarose layer in the petri dish. The
phantom was allowed to solidify at 4°C for 20 minutes prior to
image acquisition.

B. Photoacoustic Measurement and F-Mode

A PA microscope (Kibero, Germany) equipped with a
532 nm laser (Teem Photonics, France) and 400 MHz
transducer (Kibero, Germany) was used to raster scan the
phantom [14]. The laser was focused using a 10X optical
objective (Olympus, Japan), which was confocally aligned with
the transducer on the opposing side of the sample. The laser
and acoustic focal spots were approximately 2 um and 4 pm,
respectively. Acquired PA signals were sampled at a rate of
8 GHz using a 10-bit digitizer (Acqiris, USA), and were
averaged 100 times to increase SNR. The FFT and power
spectrum of the averaged RF-line acquired at each scan

position was computed. The F-Mode algorithm outlined in the
previous section was applied to the dataset with a band size of
2 MHz, and F-Mode images were generated for each spectral
band.

IV. RESULTS

A conventional MAP image of the phantom depicting three
6 um spheres and one 10 um sphere is shown in Fig. 2a. From
this image a few salient observations can be made. First, the
maximum PA intensity within each sphere in the image is
comparable, regardless of size. This was expected as the
spheres were provided by the same manufacturer and were of
identical composition. Second, while the interior of the 6 um
spheres appeared to have uniform intensity, the 10 um sphere
had a prominent bright central region. Finally, there was no
significant difference in the appearance of the size and shape of
the 6 um spheres as compared to one another.

A. F-Mode comparison of 10 um and 6 um spheres

Due to the similar PA intensities of both sizes of sphere, it
is difficult to generate images depicting only spheres of a
specific size with the MAP technique alone. However, due to
the size dependent fluctuations in the power spectra, images of
this type are readily created using the F-Mode technique. The
F-Mode image created from the band centered at 249 MHz is
shown in Fig. 2b). Here, the maximum intensity of the 10 um
sphere is less than 10% of the maximum intensity of the 6 um
sphere, and thus it is easily concealed by adjusting the lower
bound of the dynamic range. This trend is reversed in the
425 MHz F-Mode image shown in Fig 2c)., where there is no
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Fig. 2: a) MAP image depicting a single 10 um microsphere and three smaller 6 um spheres. F-Mode images showing only the 6 pm spheres (b) and 10 pm
spheres (c) are formed using frequency bands centered at 249 MHz and 425 MHz, respectively. The scale bar is 10 pm, and applies to all images

indication of the 6 um spheres, and only the 10 pm sphere is
visible.

B. Comparison of the same object in different F-Mode images

The appearance of objects in the F-Mode technique is
dynamic, and changes considerably with the selection of
frequency band used for image generation. This is true not only
when comparing the appearance of differently sized objects in
the same frequency band (as in the previous section), but also
when comparing the appearance of the same object in different
frequency bands. To illustrate this, Fig. 3 shows how the
appearance of F-Mode images of the 10 pm sphere evolve as a
function of increasing frequency. The first band is centered at
201 MHz, with subsequent bands spaced 40 MHz apart to a
maximum of 561 MHz. Several classifications of spatial power
distribution are noted, for example: ring-like (241 MHz),
bullseye (321 MHz), homogeneous (441 MHz), and point-like
(561 MHz). Playing the entire F-Mode image stack as an
animation allows for visualization of the transition between
different appearances. While the physical basis behind these
appearances has not yet been elucidated, it is hypothesized that
they result due to inhomogeneous illumination of the
microsphere and/or resonances which are created within the
spheres. At each scan position only a fraction of the sphere is
illuminated due to the tight optical focusing provided by the
objective. This results in a variation in the optical excitation
pattern as a function of scan position, which may in turn cause
the measured spectra to deviate from those predicted for the
case of homogeneous illumination [13]. Alternatively,
resonances created in the microspheres can result in long PA
time domain signals, akin to those produced in pulse-echo
ultrasound [18], [19], and result in distinct spatial power
distributions for particular resonant frequencies.

C. Detection of small variation in sphere size

Using the theoretical framework laid out in [14], it can be
shown that a 10% increase in the radius of a liquid sphere
results in a decrease of approximately 9% in the location of
the observed spectral minima in the corresponding PA power
spectrum. For this reason, the described F-Mode technique
should be extremely sensitive to small deviations in absorber
size and shape — provided the sharp minima in the power

spectra are preserved, and that size of the spectral band is
appropriately small.

Fig. 4 compares averaged F-Mode stair plots for each of the
three 6 pm spheres shown in Fig la. The blue, orange, and
yellow stair plots were generated by averaging 16 power
spectra from the center of the top, middle, and bottom sphere,
respectively. The stair plots show that each sphere attains a
spectral minimum in a unique frequency band; all of which fall
within a range of 16 MHz. The F-Mode image corresponding
to the band containing the minimum for the bottom sphere
(denoted with an arrow in Fig 4a) is shown in Fig 4b. In this
image, the dynamic range has been dramatically reduced in
order to visualize the 6 pm beads, which would otherwise be
invisible due to the dominant 10 um sphere. There is a marked
difference in the appearance of the middle and bottom bead in
this band. The bottom most bead has a ring-like appearance
due to the presence of a spectral minimum, while the middle
bead has transitioned away from its local minimum, and has
attained a bulls-eye appearance. The top bead appears to be in
a transitionary state between the ring-like and bulls-eye
appearances. The different appearances of the spheres within
this narrow frequency interval points towards sub-micron
deviation in the sphere diameters. Furthermore, the similarity
between these patterns and those observed in Fig. 3 for the
10 um sphere, indicates the possibility of a deeper relationship
between frequency band and spatial patterning. This
relationship, as well as the minimum detectable change in

sphere diameter, is currently the subject of further
investigation.
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Fig. 3: F-Mode images of the same 10 um microsphere formed from
frequency bands spaced 40 MHz apart. The central frequency of each band,
in MHz, is indicated above each image
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Fig. 4: a) Averaged F-Mode data from the 6 um spheres shown in Fig 2a. Each sphere has a unique spectral minimum. b) F-Mode image formed from the
band indicated with an arrow in a). The difference in the appearance of the middle and bottom spheres (denoted with arrows) is substantial, even though they

have similar appearance in the MAP image

V. DISCUSSION

A new technique for the display of PA images, termed
‘F-Mode’, was presented. The technique was applied to a
conventionally acquired PA dataset to generate images with
object specific contrast not attainable with the conventional
MAP technique. F-Mode images of a single microsphere
revealed a transition between several ‘basis’ appearances
directly linked to the selected frequency band. Furthermore, it
was shown that even slight differences in the summed power
spectra are sufficient for the generation of substantially
different F-Mode images. Future work will involve applying
the technique in both in vivo and ex vivo biological models to
selectively analyze blood vessels of different diameters, and
investigating the applicability of the technique to PA datasets
acquired with transducers with central frequencies ranging
from pre-clinical (<40 MHz) to ultra-high (>1 GHz).
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