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ABSTRACT: 

Photoacoustic imaging based on laser pulses is a promising method for clinical detection of vulnerable 
arterial plaque that is a potential trigger for cardiac infarction. With a custom-designed combination of 
pulse laser and OPO (optical parametric oscillator), Elforlight and AMS Technologies contribute to 
substantial acceleration of this imaging method’s intravascular application. 
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Introduction 

According to the WHO (World Health Organization), cardiovascular diseases (CVDs, disorders of the heart 
and blood vessels) such as ischemic heart disease or strokes are the number one cause of death globally. 
For 2015 the WHO statistics state that 17.7 million people died from CVDs, representing 31% of all global 
deaths. Of these 11.7 million deaths, an estimated 7.4 million or 42% were due to coronary heart disease, a 
constriction of the coronary arteries mostly caused by arteriosclerosis[1]. 

In the majority of cases, these constrictions are caused by deposits (plaque) in the vessels, consisting mainly 
of lipids i.e. fats or fatty substances. During imminently life-threatening acute coronary syndrome (ACS) the 
flow of blood through the coronary arteries is critically reduced or fully blocked by (in most cases) a sudden 
aggravation of this constriction situation. Various forms of heart attacks fall into this category of coronary 
syndrome.  

Until today it has been very difficult to reliably evaluate the risk of acute coronary syndrome for individual 
patients in the clinical routine. Traditional imaging techniques such as angiography (radiologic 
representation of vessels with the aid of contrast agents) or ultrasound are able, within certain boundaries, 
to detect the presence and dimensions of plaque in the vessels and to display the constriction caused by the 
plaque. But these methods don’t tell us if this plaque is stable and therefore relatively harmless or 
“vulnerable” with a higher risk of rupture of the plaque causing the formation of blood clots (fig. 1, left). 

http://www.sedoptica.es/
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Fig. 1: “Vulnerable” plaque is prone to rupture resulting in blood clots (a). This plaque comprises a lipid-rich necrotic core (b,L) 
covered by a thin fibrous cap (b,F) and infiltered by scavenger cells (macrophages, b,M). Picture adapted from [2]. 

 

Photoacoustics can identify vulnerable plaque 

Therefore, it is no surprise that researchers worldwide are working intensively on new imaging techniques 
that can reliably localize, characterize and quantify arterial plaque. Photoacoustics turns out to be an 
especially promising method for this task. For this technique, short laser pulses are directed onto the tissue. 
The absorption of laser light in the tissue leads to a transient pressure rise due to thermoelastic expansion. 
This pressure rise generates an ultrasound signal that can be detected by an appropriate ultrasound 
detector. With the aid of this method different tissues can be characterized with high resolution (approx. 
50 µm) – not only at the surface but in depths from a few millimeters up to a few centimeters depending on 
the tissue. 

As the generation of a photoacoustic signal is based on the optical contrast of the tissue, the selection of the 
optimum laser wavelength is key for best and meaningful photoacoustic imaging results. This wavelength 
depends on the examined tissue’s absorption spectrum as well as the properties of further tissues or liquids 
that may be present (like water or blood). 

Vulnerable plaque is commonly described as comprising a lipid-rich necrotic core, covered by a thin fibrous 
cap, that is infiltered by scavenger cells (macrophages, fig. 1, right). Lipids show a characteristic light 
absorption peak at around 1718 nm and macrophages can be imaged with the help of suitable exogenous 
imaging contrast agents. In order to be able to positively distinguish lipids in vulnerable plaques from other 
lipids naturally present in the outer artery wall, photoacoustic imaging has to be done at a minimum of two 
wavelengths – with subsequent subtraction of both recorded signals and thus extraction of relevant image 
information performed by sophisticated software algorithms. 

 

Imaging inside the artery 

A group of scientists at the Erasmus University in Rotterdam, Netherlands is working on a method that 
utilizes photoacoustic imaging based on a catheter inserted into the vessel (Intravascular Photoacoustics, 
IVPA, see fig. 2). They use an optical fiber port located at the catheter’s tip to deliver the laser light to 
illuminate the vessel wall as well as a miniature broadband ultrasound transducer for detection of the 
resulting photoacoustic signal (fig. 3). In addition to the laser pulse the ultrasound transducer also emits a 
“common” ultrasound pulse whose reflection is also recorded. Rotating this setup aims at a full 360-degree 
scan of the vessel. Together with an additional lateral motion along the vessel’s topography a complete 
picture of the morphology and composition of a relevant vessel segment can be generated that lays the 
substantial foundation for a decision on the suitable therapy made by the attending physician. Previous 
research showed that the method basically can deliver the desired imaging results but is significantly too 

http://www.sedoptica.es/
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slow for clinical use on the living patient – with the laser’s pulse repetition frequency as the main roadblock. 
Research projects in recent years have mainly used lasers with pulse repetition frequencies of 30 Hz to 
50 Hz and even the fastest lasers used to date - with pulse frequencies of several hundred Hertz - yielded a 
frame rate of only about 1 fps (frame per second).  

Fig. 2: IVPA (Intravascular Photoacoustics) imaging works with an optical fiber port at the tip of a catheter inserted in the vessel 
emitting laser pulses that are absorbed differently by different tissues, depending of their composition. This absorption results in a 

thermal expansion of the tissue which again creates an ultrasound wave the amplitude of which is measured by an ultrasound 
detector also located at the catheter tip. (Picture adapted from [2]) 

 
Fig. 3: Structure of the catheter tip with optical fiber, a quartz cap and the miniature ultrasound transducer. The optical fiber’s core 

diameter is 100 µm. (Picture adapted from [2]) 

In their most recent work [2] the Rotterdam scientists increased the frame rate substantially to 20 fps. Using 
a laser specifically custom-designed for this method’s very special challenges by the British laser 
manufacturing company Elforlight was essential for this success. The laser can emit 10 ns short 100 µJ 
pulses with exactly the required wavelength in a frequency of 5 kHz. To realize this solution, Elforlight – 
part of AMS Technologies since 2017 – developed and built an optical parametric oscillator (OPO) pumped 
by a Nd:YAG solid state laser with 1064 nm wavelength and acousto-optic Q-switch. The pumping source 
for the laser is a continuously emitting 808 nm laser diode coupled to the laser via optical fiber. Compared 
to a pulsed operation, this continuous operation of the laser diode allows triggering of the laser pulse on-
demand and without a periodical waiting time – resulting in significantly more flexible system operation. 
Varying the OPO’s temperature enables output wavelength tuning over a range of about 1700 nm to 1750 
nm (fig. 4). While many of the common IVPA systems (often still pumped by flashlights with huge losses) 

http://www.sedoptica.es/
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are water-cooled, the AMS Technologies solution requires only air cooling. This is mainly due to the very 
good optical conversion of about 23% (efficiency from 1064 nm pump energy to OPO output energy). 

Fig. 4: An optical parametric oscillator (OPO) converts the output of the ND:YAG solid state laser (1064 nm) into the desired 
wavelength range at 1700 nm. OPO temperature variation enables tuning its output between 1700 nm and 1750 nm. (Picture: 

Elforlight/AMS Technologies) 

 

Custom-built pulse laser speeds things up 

Initially AMS Technologies provided the Erasmus research team with the laser in its series enclosure and 
the custom-built OPO in a separate box. During the trials, this setup turned out to show insufficient 
mechanical (and optical) stability for the high requirements. As a result, the AMS laser experts took all parts 
out of both devices, rebuilt them on a larger baseplate – and succeeded in reaching the necessary mechanical 
and optical stability with this fully custom-built design (fig. 5). 

 
 

Fig. 5: For operation with the necessary mechanical and optical stability the AMS laser experts integrated laser pump diode, solid 
state laser and OPO into a common enclosure. Two of these units provide 10-ns laser pulses with the two wavelengths required for 

IVPA imaging – with a frequency of 5 KHz. (Picture adapted from [2]) 

 

http://www.sedoptica.es/


ÓPTICA PURA Y APLICADA 
www.sedoptica.es  

Opt. Pura Apl. 52(1) SECPhO: 6-11 (2019)  © Sociedad Española de Óptica 

 
10 

AMS provided two of these laser/OPO units for the scientific project, each could be tuned such that one 
emits a 1718 nm output (absorption maximum of the relevant lipids), the other one 1734 nm for 
“differential detection” of all other lipids. Together with the Erasmus scientists the AMS experts optically 
combined both laser outputs and coupled them into the catheter’s fiber with 100 µm core diameter. A 
pulse/delay generator provides timing and trigger signals for all functional units, triggers both lasers 
alternately and allows synchronization of the signal acquired by the ultrasound detector. The trigger timing 
provides unambiguous assignment of the signal to the exciting wavelength by the analysing software. 

With a rotary motor (1200 rpm) and a linear drive pulling back the catheter inserted in the artery with a 
speed of 0.5 mm/s, a 3-D scan of the vessel is produced (fig. 6). Each of the 20 cross section images per 
second is composed of 250 “A lines”, generated by 250 laser pulses. 

 
Fig. 6: Structure of the entire IVPA system: A pulse/delay generator provides timing and trigger signals for all functional units 

including the PC-based image acquisition and evaluation. Rotary motor and “pullback” linear drive provide for the catheter tip’s 
movement necessary to produce a 3-D scan of the vessel. (Picture adapted from [2]) 

 

Promising results on the way to clinical use 

Experiments conducted on anatomical preparations of human arteries with plaque (ex vivo) as well as 
arteries of pigs (in vivo) have shown that intravascular photoacoustics based on a fast pulse laser in the 
wavelength range of 1700 nm combined with ultrasound allows visualization of vulnerable plaque in 
coronary arteries with sufficient depth – with a laser pulse energy of only 100 µJ and a substantially 
increased imaging rate of 20 fps. 

 
 

Fig. 7: In the IVPA image (b) of a human vessel’s preparation the lipid structures of interest are clearly visible at 3 o’clock to  7 o’clock 
direction. In combination with co-registered ultrasound image (a) the morphology and composition of the vessel’s wall can be 

displayed unambiguously (c). Picture adapted from [2]. 

http://www.sedoptica.es/
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Fig. 7 shows a typical imaging result: In the center IPVA picture (b) the vulnerable plaque of interest is 
clearly visible at 3 o’clock to 7 o’clock. This area is clearly corresponding with the thickened area of the 
inner vessel wall visible in the ultrasound image (fig. 7 a). Combining IPVA with ultrasound imaging (fig. 7 
c) results in an unambiguous visualization and thus provides the foundation on which the attending 
physician can determine further therapy. 

Until today, the activities around intravascular photoacoustic imaging have been focused exclusively on pre-
clinical research. But with a frame rate of 20 fps now realized, the transfer of this method into clinical 
practice is within reach. While current, significantly slower systems would mean an unacceptably long 
diagnosis procedure and elevated risk when applied in a living patient’s coronary artery with through-flow 
of blood, critical vessel segments could now be fully imaged within a few seconds. In order to further pave 
the way to clinical use, AMS is pursuing the goal to save as much space as possible by accommodating both 
lasers - including pump diodes, both OPOs and the optical combinator - in a case the size of a shoebox. 
Furthermore, AMS design engineers are working on a stronger laser to further increase the pulse frequency 
while maintaining sufficient pulse energy. Smaller and faster – this is the given line of attack on the way to 
a clinical usable system with the help of which physicians can reliably and at an early stage detect the 
concrete risk of a cardiac infarction in the future – based on a fast, easy-to-use imaging method without 
radiation exposure. 

 

http://www.sedoptica.es/
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