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Abstract: We reported an initial clinical study of in vivo human thyroid by a 
photoacoustic/ultrasound handheld probe. Our dual-modality system is based on a high-end 
clinical ultrasound machine. Both healthy and cancerous thyroids were imaged non-
invasively, and we compared the photoacoustic imaging with color Doppler ultrasound. The 
results of photoacoustic thyroid imaging could reveal many blood vessels that were not 
sensitive for Doppler ultrasound. Our study demonstrated that photoacoustic imaging could 
provide important complementary information for traditional ultrasound thyroid examination, 
which has a great potential for clinical diagnosis. 
© 2017 Optical Society of America 
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1. Introduction 

Thyroid is an important organ that primarily influences the metabolic rate and protein 
synthesis. The prevalence of thyroid nodules is more than 60% [1, 2]. The malignant cases of 
all the discovered thyroid nodules were about 10%, mainly composed of differentiated 
thyroid cancer, including papillary thyroid cancer and follicular cancer [3]. The key of the 
treatment of thyroid nodules highly relies on early detection of thyroid cancer with high 
accuracy [4]. 

According to the American Thyroid Association (ATA) guidelines in 2006 [5], ultrasound 
(US) is recommended as a routine examination of thyroid for all patients with thyroid lesions, 
as well as healthy people. However, conventional color Doppler ultrasound has limited 
capacity in discriminating untypical benign and malignant nodules. In recent years, several 
emerging ultrasound imaging technologies, such as elastography and contrast-enhanced 
ultrasound (CEUS), have been applied for the clinical evaluation of the thyroid nodule. 
However, these new imaging techniques have limitations as well. Elastography can only 
evaluate the stiffness of thyroid nodule semi-quantitatively, and CEUS is rather invasive for 
the intravenous injection of contrast agent. Therefore, a noninvasive functional imaging 
modality, with the ability of evaluating the morphological, structural and vascular information 
simultaneously, will be beneficial to the early diagnosis and clinical management of thyroid 
cancer. 

Photoacoustic (PA) imaging (PAI) is a novel state of the art hybrid imaging modality, 
which relies on sensitive tissue optical properties, but breaks through the barrier in the 
imaging depth of high-resolution optical method in living tissue [6–8]. Besides structural 
imaging, PAI can also provide important functional information, such as the oxygen 
saturation. Over the past decade, PAI has gained substantial progresses in both technology 
development and implementations [9]. Besides animal studies, many clinical PAI studies 
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have been going on worldwide, including breast cancer [10–13], skin diseases [14, 15], 
ovarian cancer [16], and thyroid [17]. Among those translational studies, integrating PAI with 
the traditional ultrasound handheld linear probe is always very attractive [16, 18–21]. Not 
only because the physicians are used to this probe, but also because it has the great potential 
for PA/US dual modality imaging. 

In this study, we developed a dual-modality PA/US system based on a high-end clinical 
US machine, and performed initial clinical study of in vivo human thyroid, including both 
healthy and cancerous nodules. We compared PAI with the color Doppler ultrasound image, 
and our results demonstrated PAI could provide important complementary information for 
thyroid ultrasound examination. 

2. Methods and material 

2.1 System setup 

Figure 1 shows the system setup, which was based on a modified commercial clinical US 
system (Resona7, Mindray Bio-Medical Electronics Co., Ltd., China). This high-end US 
machine is capable to perform parallel data acquisition required by PAI. Besides preserving 
all US imaging functions, this machine was able to work on receiving-only mode when 
performing PAI. In this study, we used a clinical linear probe centered at 5.8 MHz and with 
192 elements (L9-3U, Mindray Bio-Medical Electronics Co., Ltd., China). The laser source 
for PAI was a Q-switched Nd:YAG laser (LS-2137/2, LOTIS TII, Minsk, Belarus), which 
generates 1064-nm laser pulses at 10Hz. A one-two bifurcate optical fiber bundle (made by 
Nanjing Chunhui Science and technology Industrial Co. Ltd., Nanjing, China) was used to 
deliver the laser. At this wavelength, hemoglobin in blood serves as the primary optical 
absorber for PAI. 

 

Fig. 1. PA/US imaging system. (a) Schematic. (b) Photograph of the prototype system. 

A custom-made holder mounted two bundle terminals on the two sides of the probe, as 
shown in Fig. 2. To avoid light reaching probe surface that could generate unwanted PA 
signals, a thin film made of silica gel mixed with TiO2 particles covered the front surface of 
the probe. In addition, a 7 mm-thick transparent soft gel pad was placed between the tissue 
surface and the probe. This pad provided a gap that can allow light shining on the interested 
area just under the probe without sacrificing US imaging. The area of illumination on the skin 
was measured to be 10 cm2, and the optical fluence on the skin surface was 5.5mJ/cm2, well 
below the ANSI recommended maximum permissible exposure (MPE) of 100 mJ/cm2 for this 
wavelength [22]. 
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Fig. 2. Dual-modality handheld probe. (a) Schematic. (b) Photograph. 

The laser was triggered by the data acquisition system. To guarantee PAI and US to image 
the same area simultaneously, which is crucial for accurate image co-registration, the US 
machine triggered the laser to start PAI data acquisition 500 μs after last US imaging frame. 
The total dual-modality acquisition time was only one second. After data acquisition, PA 
imaging results were reconstructed off line with the delay and sum algorithm, and each PAI 
result had been averaged over five frames. Then, gray scale US B-san and PAI fusion image 
can be constructed. 

The PAI image was reconstructed based on the delay&sum algorithm. A band-pass 
filtering centered at 5.5MHz with bandwidth of 3.5MHz was used on raw PA signals before 
image reconstruction. 

2.2 Phantom study 

To validate the performance of the system and the reconstruction algorithm, we did phantom 
experiments as shown in Fig. 3. A carbon rod with 3-cm long and 0.5-mm in diameter was 
immersed into a solution made of water and intralipid (1%). We set the rod at different 
orientation angles and different depths, and fused the reconstructed PAI results with US 
results. According to all results, the shape and position of the reconstructed PAI results were 
in good consistent with their US counterparts, which demonstrated that our system can 
reliably reconstructed the location of the target. In the top row of Fig. 3, the rod was within 
the imaging plane with different orientation angles: ~30°, 15°, and 0°. The results in Fig. 3(a-
c) showed that PA signal decreases with the increase in the orientation angle. It is because 
that the propagation direction of the generated PA wave from a straight rod primarily is 
perpendicular to the rod surface, so the incident angle arriving on the probe surface is 
different for these three angles. However, due to the directivity of the probe, sensitivity will 
decrease as the relative angle between the incident wave and the norm of the probe becomes 
larger. Similar results exist when the rod was in a plane perpendicular to the imaging plane. In 
the second row, Fig. 3(d)-3(f) showed the results at different depths. It is obviously the 
reconstructed value decreases with depth, primarily due to the attenuation of the optical 
fluence. All PAI images were plotted in a linear scale, and we used a threshold of 8% of the 
maximum pixel value. In general, a finite-length handheld US probe has all limitations due to 
the limited-view, as discussed in detail by Xu [23]. However, since the thyroid node lies 
relative shallow (~2 cm from the probe), the artifact caused by limited-view is not significant. 
The signal decrease caused by light fluence attenuation plays a more important role to affect 
the imaging. 
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Fig. 3. Dual-modality imaging results of a carbon rod hanged in intralipid solution with 
different orientation angles (a-c), and different depths (d-f). US results are in gray, and PAI 
results are in color. 

2.3 Patient enrollment 

Patients were enrolled consecutively from the outpatients and inpatients of surgery 
department at Peking Union Medical College Hospital (PUMCH) from Dec. 15th 2016 to Jan. 
5th 2017. Our patient enrollment criteria is as following: (1) Ultrasound suspicious malignant 
thyroid nodules with indication for fine needle aspiration biopsy (FNAB); (2) FNAB and 
histology proved malignant thyroid nodules. Of all the 10 patients, 5 patients had FNAB. The 
enrollment of the research is approved by the institutional ethics committee of PUMCH. All 
the patients have signed the informed consent before performing the examinations. 

2.4 PA/US dual mode examination and image processing 

All the patients underwent ultrasound examinations including both gray scale and color 
Doppler flow imaging ultrasound (CDFI) to evaluate the morphological and vascular 
information of the thyroid nodules, including the margin, position, intranodular structure and 
the blood flow patterns, etc. PA/US dual imaging was performed right after CDFI. All the 
examination procedures were approved by the institutional ethics committee of PUMCH. 

In the following human study, the reconstructed PA values could have a large dynamic 
range (~30dB). In order to show PAI more clearly, the reconstructed pixel value of each 
image was normalized to that image’s maximum value, and the final PA image was plotted in 
log scale. We set the thresholding to be ~10% (−20dB) of the maximum reconstructed PAI 
value in the fused PA/US image. 

Before thyroid imaging, we also imaged the cutaneous vein in the forearm of a healthy 
adult. We imaged the vessel with the probe parallel to and perpendicular to the vein, 
respectively, as shown in the top and bottom row of Fig. 4. For comparison, CDFI results 
were also presented. Due to the very limited penetration of light into blood at this wavelength 
(~0.2 cm), only boundary of the large vein were successfully reconstructed in PAI images. In 
addition, due to tissue attenuation and strong blood absorption in vein itself, the upper wall of 
the vein has a much larger PA value than the bottom wall of the vein, while CDFI does not 
has this artifact. In addition, due the limited acquisition angle [23], the two side walls of the 
vein (Fig. 4(f)) in PAI are missing. 
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Fig. 4. Imaging results of human forearm cutaneous vein with longitude section and transverse 
sections. (a) CDFI result with longitude section; (b) gray scale US B-scan with longitude 
section; (c) PA/US imaging with longitude section; (d) CDFI result with transverse section; (e) 
gray scale US B-scan with transverse section; (f) PA/US imaging with transverse section; 

3. Initial clinical study results 

In this initial clinical study, PA/US dual modality imaging was performed in 13 cases, 
including 3 healthy volunteers with normal thyroid, and 10 patients with suspicious malignant 
thyroid nodules. The 3 volunteers in our study included 2 female and 1 male, age ranging 
from 31 to 52years. Ten patients with thyroid nodules were enrolled consecutively from the 
outpatients and inpatients of surgery department at Peking Union Medical College Hospital 
(PUMCH) from Dec. 15th 2016 to Jan. 5th 2017. All of the 10 patients with thyroid nodules 
performed thyroidectomy and pathology confirmed the diagnosis of thyroid cancer, five of 
them were referred to surgery from FNAB results. There were totally 3 male and 7 female, 
the median age was 47 years (21-62years). 

In the following, one normal and three cancer study results are presented. The CDFI and 
the PA/US dual imaging information of each case were compared. After presenting PA/US 
images, Table 1 provides more information of all ten patients, including the age, lesion depth 
and size, and the histological diagnosis results (some cases include immunohistochemical 
evaluation (CD34, VEGF, Ki67, etc.)). 

Figure 5 showed imaging results for a healthy normal right thyroid, including CDFI (Fig. 
5(a)), gray-scale B-scan (Fig. 5(b)), and PA/US (Fig. 5(c)), respectively. Typical anatomical 
structures were marked in the B-scan result. CDFI (in the white-line box) showed sporadic 
blood flow in thyroid, while PAI showed abundant PA signals, indicating many more 
vasculature in the thyroid parenchyma. However, the muscle covering the carotid artery (CA) 
would attenuate much of the light, which likely caused low PA signal from CA. 

 

Fig. 5. Imaging results for a healthy right thyroid. (a) CDFI result; (b) gray scale US B-scan; 
and (c) PA/US imaging result. GP (gel pad), SK (skin), MU (muscle), CA (carotid), TH 
(thyroid), TR (trachea), VE (vertebrae). 
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Then, three thyroid cancer imaging results were presented in the following. Figure 6 
shows results for case No. 8 in Table 1, which is a left lobe papillary thyroid cancer (PTC, 
Follicular variation) with the largest diameter of 9 mm. The center of the lesion lies about 1 
cm under the skin. Both CDFI and PAI imaging clearly showed the peripheral and intra-
nodular vessels. In addition, two highly suspected feeding vessels running under the thyroid 
subcapsule are better delineated in PA/US imaging (white dashed arrows). The pathological 
result of this case was right lobe PTC, classical type and 9mm in diameter. The anterior 
capsular of thyroid and the peripheral muscle was infiltrated by the tumor. H&E and 
immunohistochemical evaluation was also performed, strong CD34 staining was shown (++) 
in the thyroid anterior capsular area, which could be taken as the histological proof of 
vascular existence. VEGF + , and Ki67 1% were also detected in and around the tumor area. 

 

Fig. 6. Imaging results for a left lobe papillary thyroid cancer (PTC, Follicular variation) with 
the largest diameter of 9 mm. (a) CDFI result; (b) gray scale US B-scan; and (c) PA/US 
imaging result. Solid white arrow indicates left lobe PTC, and dashed white arrows indicate 
suspected feeding vessels. 

Figure 7 shows results for case No. 9 in Table 1, which is a right lobe papillary thyroid 
cancer (PTC, Follicular variation) with the largest diameter of 13 mm. The center of the 
lesion lies about 1.5 cm under the skin. CDFI showed a hyper vascular PTC in the middle of 
right thyroid, with little blood signal in the surrounding thyroid parenchyma. PA/US result 
displayed more PA signals in the right lobe PTC and its surrounding thyroid parenchyma. 

 

Fig. 7. Imaging results for a right lobe PTC with the largest diameter of 13 mm. (a) CDFI 
result; (b) gray scale US B-scan; and (c) PA/US imaging result. White arrow indicates right 
lobe PTC. 

Figure 8 shows results for case No. 6 in Table 1, which is another left lobe PTC with the 
largest diameter of only 3 mm, which is much smaller than the one in Fig. 7. The center of the 
lesion lies about 1.0 cm under the skin. CDFI showed little blood signals in the left lobe PTC 
and surrounding thyroid parenchyma. While PA/US imaging displayed more PA signals in 
left lobe PTC and surrounding thyroid parenchyma than in CDFI. 
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Fig. 8. Imaging results for a left lobe papillary thyroid cancer (PTC, Follicular variation) with 
the largest diameter of 3 mm. (a) CDFI result; (b) gray scale US B-scan; and (c) PA/US 
imaging result. White arrow indicates the left lobe PTC. 

Table 1. The clinical information, comparison between PAI and US, and histology results 

Case 
No. 

Sex Age Lesion 
Depth* 

(cm) 

Size 
(mm) 

PA vs CDFI Histological diagnosis 

1 
 

F 51 1.5 7 PA showed more 
signals than CDFI 

Left lobe papillary thyroid 
micro- carcinoma (PTMC), 

with peri-thyroid tissue 
invasion 

2 
 

F 54 1.3 5 PA showed more 
intra-nodular signal 

than CDFI 

Left lobe PTMC with 
follicular variation 

3 
 

F 52 1.8 5 Due to depth 
limitation, PA only 

showed more signals 
in upper-half of the 
tumor than CDFI 

Left lobe PTMC 

4 
 

F 55 1.5 5 PA showed more 
intra-nodular signal 

than CDFI 

Left lobe PTMC 

5 
 

F 62 1.2 7 PA showed similar 
vascular information 

with CDFI 

Right lobe PTMC 

6 
 

M 39 1.3 3 PA showed more 
peri-nodular signal 

than CDFI 

Left lobe PTMC 

7 
 

F 38 1.5 11 PA showed similar 
vascular information 

with CDFI 

Left lobe PTC with large 
area of intra- tumor necrosis 

8 F 23 1.3 9 PA showed more 
signal in tumor and 

anterior thyroid 
capsular 

Right lobe PTC, with 
invasion of anterior thyroid 

capsular and peripheral 
muscles. 

Ki67: 1%, VEGF + 
CD34: + + 

9 F 37 1.5 13 PA showed more 
signals than CDFI 

Right lobe PTC, with 
invasion to thyroid capsular 
and peripheral tissues. CD34 

+ + + 
Ki67 2%, VEGF + 

10 M 43 Left lobe: 
2.5 

4 PA showed similar 
vascular information 

with CDFI 

Left and right lobe PTMC. 
Ki67 5%, VEGF + , 

Calectin-3 + , CydinD1 + , 
CD34 + + Right lobe: 

3.5 
7 CDFI showed more 

vascular information 
*From the gel surface to the central of lesion. 

4. Discussion 

To the best of our knowledge, it is the first time to study in vivo human thyroid of both 
healthy and cancerous cases using a PA/US system. Our PA/US dual modality imaging 
system showed high quality gray scale ultrasonic and dual-modality fusion images. According 
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to our results, PAI proved the ability to image both the peripheral and intra-nodular vessels of 
human thyroid. In addition, that the PA/US result in Fig. 8 showed signal coming from a 
micro-carcinomas less than 5 millimeters add confidence on the sensitivity of this dual 
modality imaging technique for diagnosis of small lesions. 

Significant differences exist between PAI and CDFI. This is primarily due to the distinct 
mechanism in these two techniques: CDFI detects blood flow, which highly depends on the 
blood flow velocity, size, and the direction, whereas PAI depends on the optical absorption, 
which is much less sensitive to these factors. More specifically, PAI could provide following 
important complementary information for CDFI, including: 

a) PAI can image small vessels and vessels with slow blood flow speed 

b) PAI can provide functional imaging besides speed 
Based on optical contrast, PAI can perform functional imaging relied on tissue optical 

properties. For instance, spectroscopic PAI can measure blood oxygen saturation. 
However, our study also showed two limitations in PAI. First, PAI signal highly depends 

on the light fluence in the very heterogeneous living tissue. Therefore, if the light fluence 
decreased or even was blocked, substantial weak or no PA signals would generate. For 
instance, it is obvious that the strength of vessel signals become obviously weak as the depth 
increases in Figs. 6–8. In a more extreme case as for No. 10, whose lesions are much deeper, 
the PAI does not provide more information than CDFI due to strongly attenuation in light 
fluence. Second, artifacts would appear in PAI results due to acoustic reflection on large 
impedance-mismatched boundaries. For instance, there are PA signals in the trachea region in 
Fig. 5 and Fig. 8. Besides, CDFI can provide important flow information, which is still very 
challenging for PAI. Therefore, PAI will not replace any US functions, instead, it provides 
important complementary information for US imaging. 

Our study also showed that it is very beneficial to integrate PAI with a high quality 
clinical US system. Not only because physicians prefer to use a certified instrument for 
clinical study, but also the clinical US system can provide important high-quality anatomical 
and functional images, which are crucial to compare and interpret PAI results. We are also 
working on upgrading this system to real time PA/US display. Further research on the value 
of PA/US imaging will be performed in larger sample of thyroid nodule cases. 

Although this study demonstrated the PAI could provide other structural information than 
CDFI, it is still very challenging to provide very valuable diagnosis support. One of the most 
advantage of PAI is its great potential for functional imaging through spectroscopic PAI. In 
addition, multi-wavelength spectral PAI would be explored in future, which can provide 
important physiology parameters, such as the blood oxygen saturation. We believe the 
functional PAI will have potential to differentiate benign and malignant thyroid nodules. 
Moreover, the system used in this study is also convenient for wide clinical use for many 
other diseases, such as the breast cancer. 
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