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Abstract

Photoacoustic imaging (PAI) is an evolving real-time imaging modality that combines the higher 

contrast of optical imaging with the higher spatial resolution of ultrasound imaging. In this paper 

we utilize dual-wavelength PAI for the diagnosis and monitoring of myocardial ischemia by 

assessing variations in blood oxygen saturation (% sO2) estimated in a murine model. The use of 

high frequency ultrasound in conjunction with PAI enabled imaging anatomical and functional 

changes associated with ischemia. Myocardial ischemia was established in eight mice by ligating 

the left anterior descending artery (LAD). Longitudinal results reveal that PAI is sensitive to acute 

myocardial ischemia, with a rapid decline in blood oxygen saturation (p <0.001) observed after 

LAD ligation (30 min: 33.05% ± 6.80; 80 min: 36.59% ± 5.22; 120 min: 36.70% ± 9.46; 24 h: 

40.55% ± 13.04) when compared to baseline (87.83% ± 5.73). Variation of % sO2 is found to be 

linearly correlated with ejection fraction (%), fractional shortening (%) and stroke volume (μL) 

with Pearson’s correlation coefficient values of 0.66, 0.67 and 0.77 respectively (p <0.001). Our 

results demonstrate that PAI has the potential for real time diagnosis and monitoring of acute 

myocardial ischemia.
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Introduction

Coronary heart disease including myocardial infarction (MI) is one of leading causes of 

mortality accounting for 1 in 7 deaths in the US with over 360,000 fatalities each year 

(Benjamin et al. 2017). MI results from necrosis of heart cells, typically caused by ischemia; 

a diminished supply of blood which causes hypoxia in cardiac muscle cells (Thygesen et al. 

2007). Conventional diagnostic tools for MI includes electrocardiography (ECG), laboratory 

tests such as assays of creatine kinase MB (CK-MB) and non-invasive imaging such as 

echocardiography (Bolooki and Askari 2010). However, ECG is not always specific to the 

extent of ischemia and assays of CK-MB may take up to 12 hours ruling out the possibility 

of real time diagnosis and treatment of acute MI (Puleo et al. 1994).

Non-invasive imaging methods include clinical echocardiography (Eaton et al. 1979; Pfeffer 

et al. 1979; Kanno et al. 2002), tissue Doppler, and myocardial strain imaging (Konofagou et 

al. 2002; Varghese et al. 2003; Bauer et al. 2011; Bhan et al. 2014; Ma et al. 2016). These 

methods assess cardiac performance by tracking structural changes in heart muscle 

movement after MI but do not provide specific information regarding perfusion of cardiac 

muscle which might be more definitive in indicating the extent of ischemia. Position 

emission tomography (PET) and contrast enhanced magnetic resonance imaging (MRI) have 

also been used to obtain 3D mapping of perfusion (Schwaiger and Muzik 1991; Kober et al. 

2005; Wiemer et al. 2009). However, these methods do not function in real-time, are time 

intensive and expensive. Myocardial contrast echocardiography (MCE) has been used to 

evaluate myocardial perfusion and identify perfusion defects in ischemia models (Gao et al. 

2011). MCE involves intravenous injection of contrast agents (micro bubbles) to enhance the 

myocardial B-mode image (Gao et al. 2011). However, performing MCE in a small animal 

model with a rapidly beating heart is quite demanding both in terms of surgical procedures 

and image acquisition with a high resolution scanner (French et al. 2006).

Photoacoustic imaging (PAI) is an evolving real-time biomedical imaging modality that 

combines optical imaging contrast with ultrasonic spatial resolution (Xu and Wang 2006; Hu 

and Wang 2010; Su et al. 2010; Beard 2011; Mallidi et al. 2011; Wang and Hu 2012). PAI 

illuminates tissue with short pulses of electromagnetic radiation typically ranging from 700–

900 nm (Needles et al. 2013; Rich and Seshadri 2016). Light energy is selectively absorbed 

by endogenous chromophores present in tissue resulting in rapid thermo-elastic expansion 

(Xu and Wang 2006; Su et al. 2010; Beard 2011; Wang and Hu 2012; Rich and Seshadri 

2016). This thermo-elastic expansion generates broadband acoustic waves which are 

detected using ultrasound transducers (Needles et al. 2013). Photoacoustic (PA) images 

provide anatomical information with ultrasound imaging coupled with tissue specific 

information such as oxygen saturation via the optical absorption contrast.

In recent years, efforts have concentrated on in-vivo quantitative imaging by capitalizing on 

the absorption spectra of endogenous contrast agents such as hemoglobin (Xu and Wang 

2006; Wang and Hu 2012), leading to use of dual-wavelength PA to estimate blood oxygen 

saturation (% sO2). Differing absorption spectra of oxyhemoglobin (HbO2) and 

deoxyhemoglobin (HHb) enables quantification of blood oxygenation with this approach 

(Beard 2011). Literature reports have described the use of % sO2 to depict organ 
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microvasculature (Beard 2011; Mallidi et al. 2011; Yao et al. 2011; Laufer et al. 2012; Wang 

and Hu 2012) and hypoxia (Gerling et al. 2014; Rich and Seshadri 2016; Arthuis et al. 2017) 

in real time. Dual-wavelength will enable studying myocardial perfusion changes without 

requiring any exogenous contrast agent when compared to MCE. Real-time PAI and its 

sensitivity to blood oxygenation levels coupled with the recent development of PA integrated 

micro-ultrasound systems (Needles et al. 2013) make it suitable for diagnosis and 

monitoring of myocardial ischemia in-vivo. Initial reports of PAI for murine cardiovascular 

dynamics was reported in (Zemp et al. 2008). They utilized a 30-MHz linear array to image 

the beating heart of athymic nude mice at ~50 frames per second. Li et al. (2011) tried to 

establish a correlation between the extent of myocardial ischemia and variation of PA signal 

intensity in rats submerged in water under tracheal intubation, on a section of the left 

ventricular wall. They used a wavelength of 532 nm and a single element transducer with 

center frequency of 3.5 MHz for reception (Li et al. 2011). They reported an exponential 

decay in the PA signal intensity with time after left anterior descending (LAD) artery 

occlusion.

In this paper, we use a commercially available PA imaging system for the diagnosis and 

monitoring of myocardial ischemia in murine models. Dual-wavelength PAI was utilized to 

generate parametric maps of blood oxygen saturation, % sO2 that were overlaid on high 

resolution high-frequency ultrasound images of the myocardium. PAI is shown to be 

sensitive to changes in myocardial oxygenation associated with acute myocardial ischemia.

Materials and Methods

Animal Models

Ten 10–12 weeks old male BALB/CJ mice obtained from Jackson Labs (ME, USA) were 

studied using PAI and high frequency ultrasound (HFUS) imaging. Myocardial ischemia 

was established in each murine model using the procedure described below. All in vivo 
procedures were performed under an approved protocol by the Institutional Animal Care and 

Use Committee (IACUC) at the University of Wisconsin-Madison.

Murine model of Myocardial Ischemia

Following induction of isoflurane anesthesia (3%), the mouse was intubated with an 18-

gauge catheter and placed on a ventilator at 120–130 breaths per minute with a stroke 

volume of 150 μL and maintained on 2% isoflurane. A left lateral incision through the fourth 

intercostal space was made to expose the heart. After visualizing the left coronary artery, a 

7–0 clear prolene suture was placed through the myocardium in the anterolateral wall and 

secured (Kumar et al. 2005; Singla et al. 2006). Coronary artery entrapment was confirmed 

by observing blanching of the distal circulation (ventricular apex) and ECG changes 

indicative of myocardial ischemia. The lungs were over inflated and the ribs and muscle 

layers were closed by absorbable sutures. The skin was closed by additional suturing using 

6–0 clear nylon or silk sutures. The mouse was then recovered from anesthesia and 

extubated.
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Photoacoustic (PA) and High-frequency Ultrasound Imaging

Longitudinal variations of perfusion and cardiac function of the heart after ischemia, was 

evaluated using PA and HFUS. Imaging sessions were performed before LAD ligation 

(baseline) and at 30 minutes, 80 minutes, 120 minutes and 24 hours after LAD ligation. The 

objective of imaging after LAD ligation (from 30 minutes to 24 hours) was to study the 

ability of PAI in the early detection of ischemia in the ventricular wall. All imaging was 

performed using a Vevo LAZR imaging system (FUJIFILM VisualSonics, Inc., Toronto, 

Canada). During imaging sessions, mice were anesthetized using 1.5 % isoflurane and a 

constant flow of oxygen was maintained. Hair was removed from the chest region using 

depilatory cream to ensure better transmission of light energy. Mice were placed supine on a 

heated imaging platform for imaging with continuous monitoring of physiological 

parameters.

2-D PAI was performed in “Oxy-Hemo” mode to obtain parametric maps of oxygen 

saturation (% sO2) and hemoglobin (Hbt) concentration in the anterior myocardium. In this 

mode, an automated imaging sequence is used to perform dual-wavelength PAI at 750 and 

850 nm. Parametric maps of % sO2 and Hbt are then generated using the algorithm reported 

in (Laufer et al. 2005; Wang et al. 2006; Needles et al. 2013), implemented on the system. 

Mice hearts were imaged in a parasternal long axis (PSLAX) view using a LZ 400 

transducer (FUJIFILM VisualSonics, Inc., Toronto, Canada) with broadband frequency 

range from 18 – 38 MHz and operating at a center frequency of 30 MHz. The imaging 

parameters used for PAI are presented in Table 1.

A large amount of centrifuged acoustic gel was applied on the chest and in the transducer 

cavity to ensure that no air bubbles were present in the imaging plane. This precaution was 

taken in order to avoid reverberation artifacts which can interfere with PA images. Special 

attention was also paid to keeping the heart in the imaging plane such that the anterior 

myocardium lies within a depth of 9–11 mm where laser energy is focused. The transducer 

was also placed horizontally keeping the skin surface at a depth of 7.5 mm or higher to avoid 

any reverberation artifacts from the skin whenever possible. Manual time gain compensation 

(TGC) was applied to improve the signal to noise ratio at this depth setting and to 

compensate for the attenuation of light as its energy drops with depth in the tissue. The 

imaging parameters were optimized by experimenting on two mice models in the group and 

then saved as a preset in the scanner for the remainder of the animal models. Figure 1 

presents a representative Oxy-Hemo PA image of the mouse heart using the above-

mentioned preset. Note that our study focused only on the anterior myocardium, since most 

of the light energy is absorbed here leaving very little energy for posterior myocardium to 

generate any reasonable PA estimates which is also evident from Figure 1. 3-D PAI was then 

performed using the acquisition motor with a scanning range of 6 mm and step size of 0.16 

mm resulting in 37 2-D slices/volume. Persistence (frame averaging) of 10 was also 

maintained during 3-D PA acquisition. Figure 2 illustrates a representative case of 3-D Oxy-

Hemo PA image.

HFUS was performed using two transducers - MS 550D (broadband frequency range of 22 – 

55 MHz) operating at center frequency of 40 MHz and LZ 400 transducer (broadband 

frequency range of 18 – 38 MHz) operating at center frequency of 30 MHz. 2-D B-mode 
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images were collected in both PSLAX and short axis (PSAX) views using MS 550D while 

LZ 400 was used to collect only PSLAX views. Image width, depth, gain and TGC were 

adjusted carefully to optimize image quality by maximizing the signal-to-noise ratio and 

adjusting for the attenuation of light with depth. A 235 Hz frame rate was maintained over 

all ultrasound only imaging sessions. This frame rate ensured optimal temporal resolution 

and captured the motion of the rapidly beating mouse heart without distortion which is 

critical in performing 2-D echocardiographic measurements. Cine loops containing 1000 

frames per imaging plane were stored digitally for further analysis.

3-D imaging was performed along the parasternal long axis view using the acquisition motor 

by translating the transducer perpendicular to the long axis imaging orientation. For all mice, 

scanning range of 5 mm with step size of 0.14 mm was maintained resulting in 36 2-D 

slices/volume.

Photoacoustic (PA) Image Analysis

Quantitative analysis of Oxy-Hemo PA images were performed offline using VevoLab 

Software commercially available with Vevo LAZR imaging system. For each imaging 

session, an average of 20 frames per cine loop of Oxy-Hemo data were collected and 

digitally stored. Given that frame averaging was used while acquiring OxyHemo images 

(average of 10 frames per wavelength), each frame represents an average of % sO2 values 

throughout multiple cardiac cycles. The system is therefore not sensitive enough to detect 

variation of % sO2 over one cardiac cycle. However, in this work, our main focus was to 

detect the general trend in the variation of % sO2 after induction of LAD ligation which is 

still measurable using the frame averaging scheme. Even with persistence of 10, we 

experienced signal dropouts in some of the collected frames. Therefore, a single frame with 

reasonable amount of % sO2 estimate was chosen for analysis. A ROI was delineated 

manually in the anterior myocardium based on the anatomical ultrasound images. Delineated 

ROI encompassed the entire myocardium and sometimes a thin portion of ventricular 

chamber adjacent to endocardium. Both the OxyZated™ and HemoMeaZure™ tool were 

utilized to quantify oxygen saturation (% sO2) and total hemoglobin (Hbt) respectively 

within the ROI. The software reports two measures of oxygen saturation, namely % 

sO2 Average and % sO2 Total. Values of % sO2 Total calculates the average oxygen saturation in 

all pixels including those with a zero/void estimate within the ROI while % sO2 Average 

calculates the average oxygen saturation within the ROI after excluding the zero/void 

estimates (Rich and Seshadri 2016). After LAD ligation we sometimes observe loss of PA 

signal in the ROI due to presence of a suture in the path of light transmission. This also 

resulted in higher numbers of zero/void estimates within ROI than for the baseline case 

which could introduce a small bias in the longitudinal study. To avoid this issue, % 

sO2 Average was chosen as the measure of oxygen saturation in our study. The percent change 

of oxygen saturation (% sO2 Average) between baseline and post-LAD ligation cases were 

calculated using the following formula:

∇ % sO2 =
% sO2 Post − % sO2 Baseline

% sO2 Baseline
× 100 (1)
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Quantitative results from VevoLab software were exported to excel files for statistical 

analysis using MATLAB (The MathWorks, Inc., Natick, MA, USA).

Two-Dimensional Echocardiographic Measurements

Conventional echocardiographic measurements were derived from both grayscale B-mode 

and M-mode images acquired along the PSLAX views. PSLAX cardiac measurement 

protocol for VevoLab software was utilized for performing the measurement of left 

ventricular (LV) ejection fraction (% EF), fractional shortening (% FS) and stroke volume 

(SV μL). EF and SV were derived from PSLAX B-mode images obtained using LZ550D 

transducer. For performing the measurements, endocardial wall was delineated at end 

diastole and end systole of a cardiac cycle. Software then automatically traces out the 

intermediate frames and calculates the left ventricle volume diastole (LVvol;d) and left 

ventricle volume systole (LVvol;s). Finally, EF (%) was calculated as 

EF( % ) =
LVvol; d − LVvol; s

LVvol; d
× 100 while SV (μL) was calculated as SV (μL) = LVvol;d − 

LVvol;s.

M-mode PSLAX images were used to derive the measure of FS using LZ400 transducer. A 

section of the cine loop without breathing motion artifacts was chosen for analysis. LV trace 

tool was used to delineate the left ventricular anterior wall (LVAW) and posterior wall 

(LVPW). Based on the delineation, the software automatically calculates the end diastolic 

diameter (LVEDD) and end systolic diameter (LVESD). Finally, FS (%) was calculated as 

FS( % ) =
LVEDD − LVESD

LVEDD
× 100.

These measurements provide anatomical information about the heart after induction of 

myocardial ischemia. Quantitative results from VevoLab software were exported to excel 

files for statistical analysis using MATLAB.

Statistical Analysis

All data are represented as mean ± standard deviation. One-way analysis of variance 

(ANOVA) with Tukey-Kramer post hoc test was performed for the five observation time 

points (Baseline, 30 minutes, 80 minutes, 120 minutes and 24 hours) to determine the 

statistical difference between observations. A p <0.05 was considered statistically 

significant. Correlation obtained using linear regression and Pearson correlation coefficient 

(r-value) was reported. All statistical analysis was performed using MATLAB (Statistics and 

Machine Learning Toolbox Release 2017b, The MathWorks, Inc., Natick, Massachusetts, 

United States).

Results

In this study, we used a commercially available PA imaging system for monitoring 

myocardial ischemia in a murine model of ischemia. The main results of the study are 

visualization and quantification of alterations in oxygen saturation levels post LAD ligation 
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using dual-wavelength PA imaging. The variation in the % sO2 Average also exhibits a 

positive linear relationship with conventional echocardiographic measurements.

Detection of alterations in oxygenation level in anterior myocardium after LAD ligation

Representative PA images of myocardial ischemia are presented in Figure 3. Figure 3(a) 

shows baseline PA image with very high oxygen saturation (dark red) in the anterior 

myocardium indicating high perfusion. Figure 3(b) – (e) illustrates the oxygen saturation 

levels at 30 minutes, 80 minutes, 120 minutes and 24 hours after LAD ligation. Qualitative 

observations indicate a reduction of % sO2 level shown in blue in the PA-US co-registered 

images. We also observed a decrease in the total colored area in post-surgery cases when 

compared to the baseline indicating lower % sO2 level in the anterior myocardium.

To obtain statistically significant results, the experiment was repeated over seven additional 

mice. All mice experienced similar rapid decreases in blood oxygen saturation (% sO2) 

starting at 30 minutes after LAD ligation with p <0.001. One-way ANOVA with Tukey-

Kramer post hoc test indicate statistical difference of blood oxygen saturation (% sO2) at 

baseline compared to post ligation time points (p <0.001). There was no statistically 

significant difference of % sO2 level among post ligation observations compared to each 

other. Figure 4 shows the box-and-whisker plots of blood oxygen saturation (% sO2) at five 

time points of observation. The plot illustrates that % sO2 level at 30, 80, 120 minutes and 

24 hours are close to each other and lower than baseline % sO2 level. One outlier is observed 

at 120 minute’s which can be attributed to the physiological variability among the mice. 

Highest variability is observed at 24 hours which might be caused by the variation in 

response to ischemia among mice. Even then, the oxygenation level after 24 hours remained 

significantly lower than the baseline (p <0.001) showing the effect of permanent ligation on 

anterior myocardium. In general, LAD ligation was associated with significant decrease (p 
<0.001) in blood oxygen saturation (% sO2) post-LAD ligation (30 min: 33.05% ± 6.80; 80 

min: 36.59% ± 5.22; 120 min: 36.70% ± 9.46; 24 h: 40.55% ± 13.04) when compared to 

baseline (87.83% ± 5.73). This reduction of oxygenation level is a clear suggestion of 

ischemia revealing the sensitivity of PAI for real time monitoring.

Relationship between variation of % sO2 Average and echocardiographic measurements

To obtain a relationship between cardiac perfusion and cardiac structural changes, PA in 
vivo oxygen saturation measurements were correlated with % EF, % FS and SV μL derived 

from 2-D echocardiographic measurements. It has been reported previously that myocardial 

infarction in mice models were associated with declines in EF, FS and SV with time after 

ligation (Patten et al. 1998; Gao et al. 2000; Kanno et al. 2002; Yang et al. 2002; Bauer et al. 

2011). Our results corroborate these previous reports revealing declines in % EF, % FS and 

SV μL over time. Table 2 summarizes results obtained from echocardiographic 

measurements. Statistically significant difference was observed in post-ligation cases 

compared to baseline (p<0.001).

Correlation analysis of % sO2 was performed with EF, FS and SV to understand the 

relationship between functional and perfusion changes associated with myocardial ischemia. 

Our analysis reveals a positive linear (p <0.001) relationship of blood oxygen saturation with 
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each of the conventional echocardiographic measurements as shown in Figure 5. In Table 3, 

we present the Pearson correlation coefficient (r) along with the corresponding p-values for 

blood oxygen saturation with EF, FS and SV respectively for all mice.

Discussion

Our results indicate that cardiac dysfunction associated with myocardial ischemia in a 

murine model can be detected using PAI. In Figure 4, we show that blood oxygen saturation 

decreases over time when compared to baseline measurements (p <0.001). We consider this 

alteration of % sO2 being indicative of myocardial ischemia. PAI contrast is “absorption-

based” because the PA signal can be considered to be proportional to optical absorption 

properties of tissue (Beard 2011). In dual-wavelength PAI, the absorption spectral difference 

between oxyhemoglobin (HbO2) and deoxyhemoglobin (HHb) is utilized to generate 

estimates of relative blood oxygen saturation, % sO2. In particular, equation (2) is utilized in 

the Vevo 2100 LAZR imaging system to estimate blood oxygen saturation of blood (Needles 

et al. 2013).

sO2 =
[HbO2]

[HbO2] + [HHb] =
Aλ2εHHb

λ1 − Aλ1εHHb
λ2

Aλ1ΔεHHb
λ2 − Aλ2ΔεHHb

λ1 (2)

where [HbO2] and [HHb] are the molar concentrations of oxyhemoglobin and 

deoxyhemoglobin respectively, Aλ is the PA signal intensity at wavelength λ, εHHb and 

εHbO2 are molar extinction coefficient of deoxyhemoglobin and oxyhemoglobin 

respectively, ΔεHHb = εHbO2 − εHHb. In cardiac muscle, PAI contrast can be attributed to 

oxygenated hemoglobin present in blood perfused into the anterior myocardium. At 

baseline, the continuous flow of arterial blood contributed to the PAI contrast with high 

oxygen saturation values in the PA image. In our experimental setup, a permanent LAD 

ligation was performed to restrict the flow of arterial blood into the myocardium. We then 

observed a significant decline in % sO2 from baseline measurements after ligation at the 30 

minute time step. The decline in % sO2 can be caused either by a decrease in arterial blood 

with rich oxygenation affecting the HbO2 term or by possible pooling of venous blood 

affecting the HHb term in equation (2). In the current setup, it is difficult to state with 

specificity the exact contributing factor to the % sO2 decline. We hypothesize that the major 

contributor is reduced arterial blood flow as LAD ligation was performed in these mice.

In this study, we present observations from baseline to 24 hours post-LAD ligation to image 

changes in perfusion of the heart at possible initial stages of myocardial infarction. Acute 

ischemic insult of heart shortly following the beginning of MI is well reported in literature 

(Swan et al. 1972; Weber et al. 1978; Pfeffer et al. 1979). Our results indicate that PAI is 

able to track a rapid fall in the oxygenation due to LAD ligation which could lead to an MI. 

The accuracy of measuring real tissue oxygen saturation has been previously reported in 

phantom studies (Rich and Seshadri 2014; Yamaleyeva et al. 2017). These studies support 

the use of PAI for detection of oxygen saturation changes associated with acute myocardial 

ischemia with LAD ligation. At 30 minutes post ligation, a 62.37% decrease in % sO2 was 
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observed when compared to baseline measurements. This preliminary study provides us with 

possible future directions to assess chronic changes associated with MI through the use of 

PAI.

A persistence of 10 (frame averaging) was utilized to generate reasonable % sO2 estimates 

as the estimation of % sO2 using multi-wavelength imaging is very prone to system noise. 

This persistence setting generates the % sO2 estimate in one frame by taking average of 10 

frames per wavelength (in this case 750 nm and 850 nm). Thus, each acquired frame 

represents an average of % sO2 values throughout multiple cardiac cycles. This results in 

reduced sensitivity in detecting subtle variation of % sO2 over a single cardiac cycle and 

limits us to detect less severe ischemic events. However, in this work, our main focus was to 

detect the general trend in the variation of % sO2 after induction of permanent LAD ligation 

which is still measurable using the frame averaging scheme. One possible solution is to have 

an ECG gated method for acquiring PA images. This would greatly improve accuracy and 

precision of the measurements and potentially make this much more sensitive to assessing 

less severe ischemic events.

Change of % EF, % FS and SV (μL) are indicative of left ventricular dysfunction after MI. 

We have shown statistically significant positive linear correlation (p <0.001) of tissue 

oxygenation with EF, FS and SV in this study. This linear relationship substantiates our 

claim that dual-wavelength PAI has potential to be a real-time monitoring tool for 

myocardial ischemia. While performing PAI, we were cautious to ensure that no bubbles are 

present in the images to avoid bubble related artifacts. Presence of bubbles causes unreliable 

tissue oxygenation estimates and in some case may corrupt information inside the ROI 

where analysis is performed. We recommend application of large amount of centrifuged gel 

to overcome these artifacts. Another key challenge in PAI imaging are reverberation artifacts 

appearing at a depth twice that of the skin surface. General recommendation is to use higher 

standoff to push the artifact out of the field of view. In our work, the skin surface was placed 

at depth of around 7.5 mm to avoid reverberation artifacts. Even after using clear sutures in 

our study, we sometimes observe a significant loss of PA signal. Although light propagated 

through the suture without interference, we suspect the suture was actually blocking the light 

induced ultrasound signal. Therefore, care should be taken to avoid possible suture locations 

while imaging the myocardium which can be quite challenging.

Limitations with use of PAI for studying myocardial dynamics include the following; first, 

the VisualSonics system performs Oxy-Hemo imaging with a frame rate of 5 Hz resulting in 

lower temporal resolution when compared to conventional echocardiography. Thus, it may 

not be possible to accurately time-register PA signals with ECG events in the heart. 

Secondly, in our study we focused on the anterior myocardium as most of light energy is 

absorbed in this region. This imposed a fundamental limit on the penetration depth 

achievable using PAI. Resolving these issues will further enhance the potential of PAI for 

routine cardiovascular assessment.

Al Mukaddim et al. Page 9

Ultrasound Med Biol. Author manuscript; available in PMC 2019 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Conclusion

We demonstrate the use of photoacoustic imaging (PAI) for the real-time assessment of 

myocardial dynamics in a murine model of myocardial ischemia. Combined high-frequency 

ultrasound and PAI enabled imaging of both functional and perfusion changes associated 

with acute myocardial ischemia. A rapid decline in blood oxygenation was observed 30 

minutes post-LAD ligation when compared to the baseline, indicating an ischemic state of 

the heart muscle. Correlation analysis indicates that tissue oxygenation is positively 

correlated (p<0.001) with ejection fraction, fractional shortening and stroke volume with r 
values of 0.66, 0.67 and 0.77 respectively. Thus, perfusion changes derived from PAI 

complement findings from conventional echocardiography. This study opens new avenues 

for further exploration of PAI in studying both acute and chronic changes in cardiovascular 

dynamics and treatment monitoring for cardiac tissue repair.
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Figure 1. 
Representative Oxy-Hemo Photoacoustic (PA) Image of Mice Heart at baseline (before LAD 

ligation). Left panel shows the ultrasound image while right panel shows the corresponding 

Oxy-Hemo PA image. The region outlined in pink represents the region of interest (ROI). 

The anterior myocardium is placed within a depth range of 9–11 mm with the skin surface at 

7 mm maintained parallel to the transducer face. The reverberation artifact (indicated by 

green arrows) is seen at a depth of 13–14 mm caused due to the PA signal being reflected 

between the skin layer and transducer face. High oxygen saturation (% sO2) (in red) is 

visible in the anterior myocardium within the ROI. No estimates are obtained in posterior 

myocardium (black region in the Oxy-Hemo Image).
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Figure 2. 
Representative 3-D Oxy-Hemo PA Image of Mice Heart at baseline (before LAD ligation). 

Left panel shows the cube-view representation of %sO2 average estimates overlaid on 

ultrasound images while the right panel presents an orthogonal representation of the same 

heart.
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Figure 3. 
Dual-wavelength in-vivo PA monitoring of acute myocardial ischemia. Representative Oxy-

Hemo PA images at (a) baseline, (b) 30 minutes, (c) 80 minutes, (d) 120 minutes and (e) 24 

hours after LAD ligation. The heat map represents % sO2 levels ranging from 0% (dark 

blue) to 100% (dark red). ROI in the anterior myocardium is shown in green. Figure (b) and 

(d) represents images where a thin sliver of the ventricular chamber could have been 

included in chosen ROI for analysis (red line right against the inside of the anterior 

myocardium).
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Figure 4. 
Variation in blood oxygen saturation levels (% sO2) over time. Box-and-whisker plots of 

blood oxygen saturation (% sO2) at five time points of observation (at baseline, 30 minutes, 

80 minutes, 120 minutes and 24 hours). Box-and-whisker plot present min and max values 

(whiskers), and the 25th and 75th percentile (box), finite outlier (red plus) and median % sO2 

level. The trend indicates rapid fall from baseline to 30 minutes with a 62.97% reduction.
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Figure 5. 
Linear regression of blood oxygenation, % sO2 against parameters from 2-D 

echocardiography measurements. Positive correlation of blood oxygenation (% sO2) with (a) 

Ejection Fraction (r=0.66), (b) Fractional Shortening (r=0.67) and (c) Stroke Volume 

(r=0.77) was found. All relationships have a p value less than 0.001.
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Table 1

PAI presets

Imaging Parameter Set Value

PA Gain 52 dB 2D

Gain 27 dB

Image Width 10.36 mm

Image Depth 15.00 mm

Image Depth Offset 2.00 mm

Focus Depth 10.00 mm

Persistence 10

Correct Energy On

Threshold HbT 20 %
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Table 3

Correlation of blood oxygen saturation with EF, FS and SV.

Parameters Baseline – Day 1

r value p value <

Ejection Fraction (%) 0.66 0.001

Fractional Shortening (%) 0.67 0.001

Stroke Volume (μL) 0.77 0.001
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