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We describe a finite-element-based algorithm for the reconstruction of absolute temperature distribution in.tissue
using photoacoustic measurements. Assuming a linear temperature dependence of the Grueneisen parameter in
tissue, the algorithm aims to recover the temperature-dependent acoustic speed while a heating mechanism is used.
The absolute temperature over time is then calculated using the recovered temperature-dependent acoustic speed.
To validate our method, photoacoustic measurements were conducted using a graphene nanosheet-containing tar-
get embedded in a 20-mm-diameter tissue-like phantom with varied heating power. The results obtained suggest
that quantitatively accurate temperature images can be produced, suggesting that our method mayssezve as a tookhto
guide and monitor the temperature distribution in tissue in real time noninvasively and todimprove thesafety.and
efficacy of thermotherapy. © 2014 Optical Society of America

OCIS codes:
http://dx.doi.org/10.1364/0L.39.005355

Photoacoustic tomography (PAT) is an emerging noninva-
sive imaging technique for visualizing the internal struc-
ture of soft tissue with excellent spatial resolution and
satisfactory imaging depth [1-3]. Since tissue acoustic
properties such as thermal-expansion coefficient and
acoustic speed are temperature dependent [4,5], PAT
has been applied to obtain temperature changes in tissue
[6,7], taking advantage of its rich optical absorption con<
trast, high detection sensitivity, and deep penetration
depth. The current methods, however, can provide/only
the information of temperature changes compared to a
baseline and cannot measure the absolute temperature
in tissue, because these methods extract the temperature
information directly from the measured{photoacoustic
signals themselves [8]. It is known that the knowledge
of absolute temperature is critical for effective thermal
therapies, because such knowledge provides the neces-
sary control of the boundary of the heated abnormal tissue
and minimizes thermal damagertoithe surrounding normal
tissue. Initial effort has been made te quantify absolute
photoacoustic thermometry using the temperature de-
pendence of the acoustic speed in tissue [9]. However,
in this initial effort, a nonmedel-based technique was used
where(the optical fluence was assumed as uniformly dis-
tribtited across the object and background media, which
could be satisfied only when temperature-induced change
in optical attehuationsis,small and localized. In addition,
the assumption that both the Grueneisen parameter and
acousticsSpeed can be approximated as a linear function
of temperature is not correct apparently, and the two
equations _used to quantify the absolute temperature
should not" be, considered independently, since the
Grueneisen parameter is actually a function of acoustic
speed, thermal expansion coefficient, and specific heat
at constant pressure. Therefore, there is a clear need
for developing new model-based PAT methods to provide
truly accurate photoacoustic temperature imaging.

Here we describe a reconstruction method that can
provide absolute temperature distribution in tissue by
rigorously solving the Helmholtz-like photoacoustic wave
equation coupled with an inverse strategy using the
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finite element'metheod (FEM). While we have previously
reported the development of FEM-based reconstruction
algorithms forrrecovery)of tissue optical and acoustic
propeftties [10,11], in thiswork we extend these PAT algo-
rithms to include the@ability of recovering temperature dis-
tribution in tissue.'As a result, absolute temperature in
tissue can be quantified accurately without any estimation
or. measurement at a known baseline temperature, which
means thatthis technique could be apowerful tool to mon-
itor temperature in deep tissue, especially for internal or-
gans where the temperature might be significant different
from pther parts of the body during thermotherapy.

Our reconstruction algorithm consists of three steps.
The first step is to recover the distribution of absorbed
energy density through a time-domain finite-element-
based PAT algorithm previously developed [10]. Here,
the following time-domain Helmholtz-like equation is used
to describe the propagation of photoacoustic wave in
tissue:
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where Pisthe pressure of the generated acoustic wave; vis
the reference acoustic speed of the medium, which is
homogenous and can be determined experimentally; ®(r)
is the absorbed optical energy density; f is the thermal ex-
pansion coefficient; Cp is the specific heat at constant
pressure; and J(f) = 6(t - t;) is assumed in our study,
which is the short laser pulse that irradiates the medium.

The finite-element discretization of Eq. (1) can then be
written as
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where y; is the basis function. Here the following first-
order absorbing boundary conditions are used:

VP f=——— &)

where 7 is the unit normal vector.
The matrix form of Eq. (2) can be expressed as
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We use a regularized Newton’s method to update the
initial distribution of the absorbed energy density ®(x)
iteratively to minimize an object function composed of
a weighted sum of the squared difference between com-
puted and measured data at the medium’s surface. The
core procedure in this reconstruction algorithm is the
iterative solution to the following regularized matrix
equation [11]:

7T+ DAy = JT(P° = P°), (5)

where J is the time-dependent Jacobian matrix formed by
0P /o® at the boundary measurement sites at each time
step, P°“ is the time-dependent measured and calculated
acoustic fields for A= 1,2, 4 M locations, Ay =
(AD, AD,, .- ADy)T is the mpdating vector, I is the
identity anatrix,'and A is thefegularization parameter de-
termined by combined Marquardt and(Tikhonov regulari-
zation schemes. The distributioniof the absorbed energy
density ®(r) can then be reconstructed iteratively.

The second steprofrour. method is to recover the dis-
tribution of the acoustic speed during the heating proc-
ess. Previous experimental studies confirmed that almost
no changes,in optical properties from 25°C to 50°C were
observed{7,8;12], until the tissue temperature was raised
to more than 60°C when protein started to denature [12].
Thus, we assume that the optical properties are temper-
ature insensitive in this study, which allows us to apply
the reconstructed absorbed energy density, ®(r) (from
the first step) as known values during the heating process
to further our investigation.

Based on the time-domain Helmholtz-like equation
[Eq. (1)] and its boundary conditions, we have the follow-
ing new finite-element discretization during the heating
process:
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where P! and v, are the acoustic pressure and acoustic
speed at time point ¢, respectively, and®.is the absorbed
optical energy density obtained from the first step. In this
study we neglected the temperature-dependency of tis-
sue thermal expansion g, since it is typieally moere than
two orders of magnitude smaller than that induced by the
change of acoustic speed [13]. The temperature depend-
ency of the specific heat capacity at constant pressure Cp
is also ignored, since for most solids this,dependeney is
very weak at room temperature [14].

The inverse procedur€ to obtain the acoustic speed
iteratively is based on the following regularized matrix
equation:
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where J,_is,the Jacobian matrix formed by oP/dv at
the botndary measurement{sites at the time point ¢,
P7 is the measured and calculated acoustic fields for
1=1012,---M locations at the time point ¢, Ay, =
(AV, 1, AV, 5, - - Av, )T is the updating vector, I is the
identity matrix, and 4 'is the regularization parameter de-
termined by'ecembined Marquardt and Tikhonov regulari-
zation schemes. By solving Eq. (7) at each time point, the
distribution of the acoustic speed v(r, t) during the whole
heating process can then be reconstructed iteratively,
which leads us to obtain the distribution of absolute
value of temperature in the third step.

In PAT, the Grueneisen parameter I, which is the
conversion efficiency of optical energy deposition to
pressure, is defined as

P
—.
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Linear dependence of the Grueneisen parameter I" on
temperature in water or water-based and fatty tissues
has been demonstrated [4,5,15,16]. Since we neglected
the effect of tissue thermal expansion, the acoustic speed
v can be expressed by an empirical equation:

= VA + BT, )

where A and B are constants that can be determined
experimentally and T is the temperature. Thus, the dis-
tribution of absolute temperature can be expressed
as T(r,t) = (v*(r,t) - A)/B.

We demonstrate our reconstruction algorithm using
several tissue-like phantom experiments under various
practical scenarios. The photoacoustic imaging system
we used in this study has been described in detail
elsewhere [17]. For PAT, a pulsed light from a tunable
Ti:Sapphire laser (690-950 nm) was vertically delivered
to a 20-mm-diameter rounded background phantom
(prepared with agar). A graphene nanosheet solution





with a concentration of 0.06 mg/ml (fabricated by
microwave-assisted oxidation reaction) was injected
into a 2-mm-diameter hole located at almost the center
of the phantom. The intensity of each laser pulse was
monitored by a photodiode for calibration. A 120-element
transducer array was used to record the photoacoustic
(PA) signals, and a 64-channel data acquisition system
coupled with a 2-1 electronic multiplexer was used to
collect the PA signals with a temporal resolution of
150 ms. The 6-mm-diameter ultrasonic transducers had a
central frequency of 5 MHz and a 70% nominal bandwidth
(Blatek, Inc.), and were located inside a water tank to
receive the acoustic signals. To simulate thermal therapy,
an 808-nm continuous-wavelength (CW) laser (Apollo
Instruments, Inc.) was used to heat the phantom [18].
Three different laser powers (3, 2, and 1 W/cm?, respec-
tively) were used in these experiments to illuminate the
graphene nanosheets for 2 min to evaluate the perfor-
mance of the photothermal efficiency of the nanogra-
phene, while as the reference a thermometer was used
to measure the temperature of the nanographene in
real time during the whole heating process. In this study,
the initial temperature of the phantom was around 22°C,
the thermal-expansion coefficient was 6.9 x 107°/°C,
and the specific heat at constant pressure Cp was
1.0 cal/g - °C.

Distribution of the absorbed energy density was first
reconstructed through our FEM-based algorithm, and
the images are shown in Fig. 1(a). We see that the target
(graphene nanosheet solution) can be identified clearly
with correct location. We then tried to determine!the
parameters A and B in Eq. (9) based on recorded photo-
acoustic signals and temperatures measured bysthe'ther-
mometer [9]. The acoustic speed of the target can be
calculated by v = d/At, where d is the dimension of the
target and Af is the photoacoustie, wave propagation du-
ration inside the target, which could/be quantified from
the acoustic signals since the front and backward boun-
daries of the target could be clearly imaged. Figure 1¢b)
shows the results on quantification of these, two param-
eters in Eq. (9), and it confirms thatit is the square of the
acoustic speed, not the speed itself, that can be approxi-
mated as a linear function ofdtemperature within the
range froms22°C to 33°C in these experiments. We used
A = 0.016 %10 mm?/(s?- °C) and B = 1.6 x 10'> mm?/s?
in the following calculations.

In Fig. 2, we present the reconstructed temperature im-
ages with diffefent CW laser powers (3, 2, and 1 W/cm?)
at four different time points'(10-s, 20 s, 30 s, and 40 s) after
the'CW laser was on. We can see that during the heating
process, the increase in temperature over time for the
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Fig. 1. (a) Reconstructed absorbed energy density image and

(b) experimental determination of the parameters in Eq. (9).
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Fig. 2. Reconstructed temperature images for case 1 [(@)=(d),
CW laser power: 3 W/cm?], case 2 [(e)+(h), CW laser power:
2 W/em?], case 3 [(1)—(D), CW laser power: '\l W/cm?] at four
different time points after the CWalaser was on: 10 s (&), (e),
(®; 20 s (b), (0, (1); 30 s (c)f(8), (k); and 40's (d)(), (D).

target is clearly notable, especially for the first case
[Figs. 2(2)-2(d)] with CW laser power 8 W/cm?, which
means that higher laser power leads/to higher perfor-
mance of thefphotethermal efficiency for the nanogra-
phene. A moderate), temperature increase for the
background can also be observed. We also note that
the artifacts in the background were smaller with higher
laser power. Extensivie quantitative analysis can be found
in Fig. 3, where we provide comparisons between the tem-
peratures recovered by our method and those measured
by the thermometef. For the high laser power (3 W/cm?in
case 1), thetemperature of the target increased from 22.0°
€10 33.0°C in 40 s during the heating process, while for the
moderate laser power (2 W/cm? in case 2) it reached to
29.7°C in 40 s, and for the low laser power (1 W/cm? in
case 3) it could only reached to 26.7°C in 40 s. The relative
error between the temperature recovered by our method
and that measured by the thermometer is in the range of
0.6%—-1.6% for high laser power (3 W/cm? in case 1), 1.4%-
2.0% for moderate laser power (2 W/cm? in case 2), and
2.0%-2.7% for low laser power (1 W/cm? in case 3). Thus,
itis clear that higher CW laser power (as long as it remains
in the safety range) will provide more accurately recov-
ered temperature distribution with larger photothermal
efficiency.

In summary, we have demonstrated that our PAT-
based temperature reconstruction algorithm is capable
of imaging absolute temperature distribution quantita-
tively. The experimental results obtained have shown
that the relative error between the FEM-calculated tem-
perature and the actual value can be less than 1%, which

w
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o
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N
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Temperature (°C)

0 20 40 60
Heating time (s)
Fig. 3. Comparison between the temperature calculated by

our method (scattered points) and that measured by thermom-
eter (solid lines).
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indicates that this method has the potential to be used for
noninvasive, real-time temperature monitoring during
thermotherapy. Further evaluation of the technique using
in vivo animal experiments is underway in our labora-
tory and the results will be reported in the future.

This research was supported in part by the J. Crayton
Pruitt Family Endowment.
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Hi Kelly
Where are we in the UF paper retraction. UF is asking (see below).

Regards
Tony

From: Scian,Michael P [scianmp@ufl.edu]

Sent: Thursday, June 8, 2017 1:52 PM

To: Campillo, Anthony

Subject: RE: UF Investigation Support Letter for Retractions: (39 5355-5358)

Dear Tony,

Could you please provide an update as to where you are in the retraction process? Also, please let me know if we
can answer any questions you have.

Sincerely,
Mike

From: Campillo, Anthony [mailto:ACAMPI@o0sa.org]
Sent: Wednesday, May 10, 2017 12:50 PM

To: Scian,Michael P
Subject: RE: UF Investigation Support Letter for Retractions: (39 5355-5358)

Dear Mike

Thanks for the UF Office of Research letter supporting retraction of the Yao et al 2014 paper and providing details
of your investigation into Yao's misconduct. It's very helpful to our Panel.

Sincerely,

Tony Campillo

From: Scian,Michael P [mailto:scianmp@ufl.edu]
Sent: Tuesday, May 09, 2017 1:32 PM

To: Campillo, Anthony
Cc: Cooke,lrene; Moore,Christina S; Yao,Lei
Subject: FW: UF Investigation Support Letter for Retractions: (39 5355-5358)

Dear Dr. Anthony J. Campillo,

Please see the attached letter from the University of Florida in response to your request (copied below) for
information concerning the research misconduct investigation. This investigation is associated with the retraction
relating to (2014 Sept.; 39 5355-5358.), Finite-element-based photoacoustic imaging of absolute temperature in
tissue, from Dr. Yao, the senior author.

Please let me know if you have any questions.

Sincerely,
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mailto:scianmp@ufl.edu

Mike Scian MBA JD

Assistant Director of Compliance
Office of Research

University of Florida

352 846-3533

From: Campillo, Anthony <ACAMPI@osa.org<mailto:ACAMPI@a0sa.org>>
Sent: Tuesday, May 2, 2017 11:14 AM

To: Yao,Lei; Jiang,Huabei; Huang,Hua

Cc: Ethics; Cohen, Kelly

Subject: Retraction of Optics Letters 39 (2014) 5355 (Ms OL 212008)

Dr. Lei Yao

Department of Biomedical Engineering
University of Florida

Gainesville FL 32611

Dear Dr. Yao

| am the Chair of the OSA Editorial Ethics Review Panel. Kelly Cohen has forwarded your request to the Panel to
retract your paper, "Finite-element-based photoacoustic imaging of absolute temperature in tissue", L. Yao, H.
Huang and H. Jiang, Optics Letters 39 (2014) 5355 [Ms # 212008]. As Ms. Cohen has already informed you the
OSA does not ordinarily allow paper retractions. However, we do make an exception when unethical behavior
occurs during the research or writing phase of the manuscript. | am contacting you because the Panel will need more
information from you and your Department before it approves such a retraction.

I've read the correspondence you sent regarding retraction of your 2014 paper as well as your attempt at submitting
an Erratum ( Ms # 279414). You have reported that a University of Florida investigative committee has determined
that unethical behavior occurred. It appears you 'cherry picked' experimental data (i.e., retaining data in agreement
with your theory and ignoring data that contradicted it) in order to confirm your model. If true, this is against our
Ethical Guidelines, specifically paragraph 2 of Obligations of Authors which forbids "selective reporting of data to
mislead or deceive" (see https://www.osapublishing.org/submit/review/ethical_guidelines(jan2012).pdf ). You also
didn't include error bars in published graphs as also required by paragraph 2.

Before the Panel approves the retraction, you will need to have the Chair of the investigative committee contact the
Panel and confirm that the committee found unethical behavior occurring and approves of the paper's retraction.

Furthermore, before you, your coauthors and the committee make a final decision regarding retraction 1'd like you
all to understand the process OSA employs. First, retracting a paper doesn't imply that it simply disappears and all
evidence of wrongdoing is erased and forgotten. While the OSA blocks the text of the paper from the Optics Letters
readership, the paper's title and authorship still appears in the table of contents and an abstract page is still available.
A Publisher's Note appears on the abstract page and replaces the original abstract. The Note will likely contain
wording to the effect saying:

"The paper, "Finite-element-based photoacoustic imaging of absolute temperature in tissue", by L. Yao, H. Huang
and H. Jiang, Opt. Lett. 39 5355 (2014) has been retracted at the request of the authors. This manuscript should
have not been submitted for publication because the authors inappropriately and selectively reported their data,
which is against OSA Ethical Guidelines."

The Panel looks forward to receiving a statement from the investigative committee summarizing their conclusions as
well as agreeing with the retraction of the paper.

Sincerely
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https://www.osapublishing.org/submit/review/ethical_guidelines(jan2012).pdf

Dr. Anthony J. Campillo

Chair, OSA Editorial Ethics Review Panel
OSA, The Optical Society

2010 Massachusetts Ave., NW
Washington, DC 20036 USA
acampi@osa.org<mailto:acampi@aosa.org>

703.300.2471
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