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Introduction

Photoacoustic imaging is the creation of an image based 
on the detection of ultrasonic waves emitted upon ther-
mal expansion of incident pulsed light-excited light-ab-
sorbing substances. Photoacoustic imaging enables in 
vivo mapping of photosensitive agents (e.g. ICG etc.) 1), 
detection of hemoglobin 2), measurements of function 
such as the degree of oxygen saturation 3) and identifying 
foreign objects such as injection needles or markers. 4) 
Anticipation is high, especially in the clinical field for this 
technology to become a new low-cost and compact mo-
dality for functional diagnosis, compared with the pres-
ently available MRI. 
	 When a human patient is subjected to photoacous-
tic imaging, the excitation light will scatter as it enters the 
tissue and therefore coherence of the light is not a re-
quirement, so in which case a low-cost LED light source 
may be used instead of solid-state lasers. Although there 
are few studies on photoacoustic imaging using LEDs as 
the light source 5, 6), the systems used were not compatible 
with real-time visualization which would be required for 

clinical application. This study was therefore designed to 
invistigate the basic technology of photoacoustic imaging, 
both compact, low-cost and fit for future clinical applica-
tions in human patients. 7-10) 
	 In general, the light sources used in photoacoustic 
imaging systems are solid-state lasers where the pulse 
widths are a few ns to several dozen ns, the energy per 
pulse being a few mJ to several hundred mJ and the cal-
culated peak power being 0.3 MW-100 MW. Conversely 
when LEDs are used as the light source, the pulse-width 
is 70 ns, energy per pulse is 400 µJ and the calculated 
peak power is 0.0057MW which extremely small com-
pared to that of solid-state lasers 11). Although previous 
studies have been conducted using LEDs as the excitation 
source, these were to confirm the principles of photo-
acoustics in the experimental setting, and detection of 
signals was possible 6). However, clinical application of 
these systems where real time visualization and imaging 
are warranted, was impractical at the time. Recently a 
pre-amplifier has however been developed and when 
coupled with the LED source,, it increased the amplifier 
gain from the normal 40 dB of a normal solid-state laser 
excitation photoacoustic imaging system to a significantly 
higher 97 dB. This Acoustic X (CYBERDYNE: Tokyo, Ja-
pan) system has made LED-based photoacoustic imaging 
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possible for the first time.

2. Purpose

Although real time imaging using an LED-based photo-
acoustic imaging system with an amplifier gain of 97 dB 
became possible, the relationship between the required 
signal-to-noise ratio (SNR) and the gain required to 
achieve that SNR has remained unclear. In the present 
study, the authors investigated the relationship using a 
phantom and a human finger. The authors also discussed 
why real time imaging is difficult when LEDs are used as 
the light source in a set-up for a normal solid-state la-
ser-based photoacoustic imaging system with an amplifier 
gain of 40dB.

3. Materials and Method

3.1 ‌�Measurements of the photoacoustic SNR for 
the imaging of bovine blood

The experimental set-up is shown in Figure 1. Acoustic 
X (CYBERDYNE: Tokyo, Japan) shown in Figure 2(a) 
was used as the measurement system. In order to detect 
the photoacoustic signals, the LED arrays were placed on 
both sides of the detecting ultrasound probe (central fre-
quency 9.5 MHz, bandwidth 80%, pitch 0.3 mm, 128 
channels) as shown in Figure 2(b). The direction of the 
ultrasound probes 128ch and the longitudinal direction of 
the LED arrays are directed at the depth of this page, as 
shown in Figure Figure 1 and Figure Figure 2 (b). As 
for the LEDs, near infra-red 850 nm LEDs were chosen 
for their deep tissue penetration characteristics and the 
availability of high-powered products. The LED chips 
were mounted in an array. Each LED array had a 50 mm 
x 7 mm aperture, pulse width 70 ns, and pulse energy 
200 µJ/pulse per array totaling 400 µJ/pulse for 2 arrays. 
The positioning of the ultrasound probe and LED arrays 

were such that the LED arrays were placed on both sides 
of the probe closer to the sample than the transducer at 
the tip of the ultrasound probe. The distance between the 
LED arrays was as narrow as possible to allow the light to 
be emitted to the area directly beneath the probe. 
	 The LED arrays were synchronized by the timing 
signal of a controller PC at a rate of 4 kHz and as shown 
in the drive circuit of the LEDs (Figure Figure 2 (c)), the 
low on-resistance MOSFET (Metal-Oxide-Semiconductor 
Field-Effect Transistor) allows r the LED to be switched 
on and off at an extremely high rate according to the 
pulse signal input. At each on-off signal a 400 V pulse 
was applied, creating a pulse current to the LED array, 
and as a result pulsed light was emitted. Under these 
conditions the halfwidth resolution of a human hair was 
268µm deep and a line/space of 0.59 mm was able to be 
distinguished laterally 12). 
	 As for the phantom sample shown in Figure 1, bo-
vine blood in a micro-test tube as shown in Figure Fig-
ure 2(d) was used. The tube filled with blood was 
placed 21 mm away from the transducer of the ultra-
sound probe all of which is submerged beneath the sur-
face of the intralipid. Since the focal distance from the 
rubber lens of the ultrasound probe was 15 mm and the 
sensitivity was maximum at this distance, the sample was 
placed to be as near as possible to this distance while 
still being near the center of the image. Scanning of the 
sample was performed on the cross section of the mi-
cro-test tube containing the blood as shown by the red 
line in Figure 2(d), and photoacoustic signals of this 
cross section were attained.
	 As shown in Figure 1, photoacoustic waves emitted 
from the bovine blood were detected by the ultrasound 
probe with a128 ch transducer and were converted to 
electric signals which were then amplified for a gain of 
40 -100 dB. Parallel and simultaneous amplification of 
signals from 128 ch requires a multi-channel amplifier IC 
(in this case 8 ch). However, presently available 

Fig. 1: Experimental setup.
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multi-channeled amplifiers can only achieve a maximum 
gain of 50 dB, and therefore in order to achieve a total 
gain of 100 dB, 2-step amplification with 2 units was re-
quired. The set-up of the circuit model is shown in 
Figure 3. Each signal amplifier achieved a gain of A and 
a total gain AxA was reached with the 2 signal amplifiers. 
As an example, if a total gain of 80 dB for the whole sys-
tem was required, both the front and rear units were set 
the same at 40 dB per unit. The signals were then con-
verted by a 14 bit 40 MHz sample analog-digital converter 
(ADC) to 1024 digital signals in the vertical (depth) direc-
tion (in water this amounts to approximately 38.4 mm). 
	 The created image was a pre-image reconstruction 

with a matrix size 128 x1024 (Rf-raw data image) as 
shown inFigure Figure 2(f). This image was sent to an 
exclusive PC through a USB 3.0 interface where averag-
ing took place 384 times and by comparison to the sig-
nal, random noise was relatively reduced 13). Following 
this process, image reconstruction operation and image 
output processing took place and the final image wass vi-
sualized on the PC monitor. 
	 Images of bovine blood were taken with an amplifi-
er gain of 40 dB to 100 dB, in 10 dB increments. The re-
constructed image is shown in Figure 4. The size of the 
image was 38.4 mm wide (128 ch direction) and 38.4 mm 
deep. In this image, the photoacoustic signal from the 

Fig. 2: ‌�(a) Photoacoustic Imaging System AcousticX (CYBERDYNE;Tokyo,Japan). (b) LED arrays and 
Ultrasound probe. (c) Drive circuit of LEDs. (d) Bovine Blood in Micro Test Tube and Scan Direction 
(solid line). (e) Human Fingers and Scan Direction (solid line). (f) Example of Rf- raw data image. (g) 
Arrangement of Scanned Human Fingers and Ultrasound probe with LED arrays.

(a)

(g)

(b)

(e)(d)(c)

(f)
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bovine blood is depicted as a point. In order to calculate 
the SNR, the following method was used to attain noise 
(N) and signal (S). Firstly, an area of 50 x 50 pixels (actu-
al size 4.5 mm x 4.5 mm) to the right of the photoacous-
tic signal was chosen for evaluation. The standard devia-
tion (σ) of the data within this area was calculated and 
the peak value ±3σ containing 99.7% of the data was de-
fined to be noise (N). As for the photoacoustic signal (S), 
the maximum value was used, but since it can be as-
sumed that the true value of S would include half of N 
(3σ), therefore 3σ was subtracted from the maximum 
value and was defined as S. 

3.2 ‌�Measurements of photoacoustic signals, 
noise and the evaluation of the image for 
the photoacoustic imaging of blood vessels 
of a human finger

In compliance to the Helsinki Declaration, written in-
formed consent was attained from the human volunteer 
subject for this experiment. The same system was used to 
detect photoacoustic signals adjusting the amplifier gain 
from 40 dB to 100 dB, in 10 dB increments. The set-up 
was the same as in Figure 1 where the bovine blood mi-
cro-test tube was replaced with human fingers and the 
photoacoustic imaging was performed (Figure 2(e)). 
The skin surface of the finger was submerged in the intr-
alipid and was placed 10 mm deep from the transducer 
of the ultrasound probe. This distance was set to be as 
near as possible to the distance of maximum sensitivity of 
the ultrasound probe, which is 15 mm, and close enough 
to the LED arrays so that light attenuation would not be-
come an issue. The positioning of the ultrasound probe 
and fingers submerged in intral ipid is shown in 
Figure 2(g). The solid red line in Figure 2(e) shows the 
area of the ultrasound scan, from the index finger, middle 
finger and ring finger. The main area, roughly halfway 
between the distal and proximal interphalangeal joints of 
the middle finger, was scanned and photoacoustic signals 
were obtained. In this photoacoustic imaging, the signals 
were released mainly from the hemoglobin inside the 

blood vessels, and the image acquired shows cross sec-
tions of subcutaneous veins and capillaries (Figure 5(a)). 
	 The ultrasound image obtained simultaneously 
(Figure 5(b)) shows the skin and subcutaneous tissue, 
however bone existed 2-3 mm deep and since the acous-
tic impedance of bones differs greatly than that of soft-tis-
sue and blood vessels, the image deeper than this con-
tained many artifacts. The photoacoustic imaging data of 
Figure 5(a) was converted from white to red and super-
imposed on the ultrasound image (Figure 5(b)) to create 
Figure 5(c) where the relative positional relationship 
could be discerned. 
	 For the calculation of the SNR, the maximum signal 
of the yellow line in Figure 5(d) was deemed S while 
the standard deviations (σ) for a 50 x 50 pixel area in the 
intralipid just above the area of the signal was calculated 
with the same method as in the bovine blood for the de-
termination of N. 

Fig. 3: Circuit model for SNR simulation.

Fig. 4: Photoacoustic signal and noise evaluated area.
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4. Results

Table 1 shows the values of S, N and the SNR from the 
photoacoustic imaging of bovine blood with an amplifier 
gain of 40 to 100 dB in10 dB increments. A scatter dia-

gram manifesting the amplification dependency of the 
SNR is shown in Figure 6. The actual photoacoustic im-
ages of bovine blood at the respective amplifier gains are 
shown in Figure 7(a)–(g). The center of the images is 
the photoacoustic signals and the size of the images is 50 

Fig. 6: SNR vs Total Gain when using human blood.

(a)

(c)

(b)

(d)

Fig. 5: ‌�(a) Photoacoustic image data of human finger (grayscale). (b) Ultrasound image data of human finger 
(grayscale). (c) Photoacoustic (red) and Ultrasound (grayscale) image data of human finger. (d) 
Photoacoustic signal evaluated line (yellow) and noise evaluated area (red).

Total Gain (dB) Signal (digit) Noise (digit) SNR

40 1.06 3.00 0.35

50 3.54 4.14 0.85

60 15.30 7.04 2.17

70 54.50 13.60 4.01

80 189.16 29.10 6.50

90 631.19 67.64 9.33

100 1622.70 165.91 9.78

0.00

2.00

4.00

6.00

8.00

10.00

12.00

0 20 40 60 80 100 120

SNR vs Toatal Gain

Total Gain(dB)

SNRTable 1: ‌�Signal, Noise and calculated SNR of bovine 
blood at a total gain of from 40 dB to 100 dB.
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x 50 pixels (actual size 4.5 mm x 4.5 mm). From Table 1, 
the SNR was 0.35 at an amplifier gain of 40 dB. As the 
amplifier gain was increased by 10 dB, the SNR also in-
creased to where the SNR at an amplifier gain of 90 dB 
was 9.33 and at an amplifier gain of 100 dB was 9.78, 
showing a tendency towards saturation. As seen in 
Figure 7(a)-(g), visual recognition of the photoacoustic 
signal was barely discernible at the amplifier gain of 40 
dB, whereas at 50 dB the signal was readily recognizable. 

As the amplifier gain increased the signal intensity in-
creased while the surrounding noise decreased inversely. 
The size of the signal increased in proportion to the in-
crease of the amplifier gain, but after the amplifier gain of 
70 dB, the change in size became minute. 
	 Table 2 shows the values of S, N and the SNR for 
the photoacoustic imaging of the human fingers with an 
amplifier gain of 40 to 100 dB at 10 dB increments, while 
Figure 8 shows the dependence of SNR on the amplifier 
gain. The image evaluation area is shown as a rectangular 
box in Figure 9. The area is 200 pixels x 100 pixels (ac-
tual size, 18 mm x 9 mm). Actual photoacoustic images 
are shown in Figure 10 (a)-(g). From Table 2, the SNR 
was 0.43 at amplifier gain 40 dB, and as the amplifier 
gain increased SNR also increased reaching 7.61 at ampli-
fier gain 100 dB. Visual recognition of the signal, was un-
discernible at amplifier gain 40 db where the signal was 
completely buried in the surrounding noise, as seen in 

ていることがわかる．さらに「点」の形状については，
増幅度の増加に対応してそのサイズが大きくなり，増幅
度 70 dB以上でサイズおよび形状の変化が少なくなり変
化が少なくなっているように見える．

Table 2にヒトの指を使って増幅度 40 dBから 100 dB
の 10 dBずつ変えたときの，Sと N，および SNRの値を
示す．また Fig.8に SNRの増幅度依存について散布図を
示す．更に各増幅度において，Fig.9の血液の部分（黄色

の長方形エリアで示す）200 × 100画素（実サイズ 18 mm
× 9 mm）のエリアの画像を Fig.10(a)～(g)に示す．Table 1
より，増幅度 40 dBで SNR = 0.43であり，そのあとで増
幅度が 10 dBずつ上がるごとに SNR は増加して行き，
100 dBでは SNR = 7.61に達する．Fig.10(a)～(g)の血液部
分の画像においては，増幅度 40 dBでは，Fig.10(a)に示
すように，ノイズに埋もれて全く何も見えないレベルに
ある．増幅度 50 dBになると，かろうじて何かしら見え
ているというレベルになる．その後はノイズが減少して
行き，それに伴って少しずつ血管が分布している状態が
鮮明になり，増幅度 80 dBになると画像の変化が少なく
なる．さらに増幅度を上げるとさらに細かい構造が見え
てくる傾向にあるが，その差は大きくない．

5. 考察
光音響イメージングの信号処理において，超音波プロー

ブのトランスデューサーからの信号を受けて，増幅器に
より前段および後段の 2段の増幅を行い，その増幅され

(a) (b) (c) (d)

(e) (f) (g)

Photoacoustic signal image of bovine blood in amplifier gain of (a) at 40 dB, (b) at 50 dB, (c) at 60 dB, (d) at 70 dB, (e) at
80 dB, (f) at 90dB, (g) at 100dB.

Fig.7 

Signal, Noise and calculated SNR of human finger
blood in total gain of from 40 dB to 100 dB.

Total Gain (dB) Signal (digit) Noise (digit) SNR

40 1.24 2.89 0.43

50 3.02 4.96 0.61

60 14.84 10.67 1.39

70 55.18 19.13 2.88

80 172.28 38.92 4.43

90 672.90 102.00 6.60

100 1817.40 238.90 7.61

Table 2 
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0 20 40 60 80 100 120

SNR SNR vs Total Gain

Total Gain(dB)

SNR vs Total Gain in using human finger blood.Fig.8 

Photoacoustic image data area (yellow) for image
quality evaluation.

Fig.9 

320 日レ医誌（JJSLSM）第39巻 第4号（2019）

Fig 7: ‌�Photoacoustic signal image of bovine blood in amplifier gain of (a) at 40 dB, (b) 
at 50 dB, (c) at 60 dB, (d) at 70 dB, (e) at 80 dB, (f) at 90dB, (g) at 100dB.

Fig 9: ‌�Photoacoustic image data area (yellow) 
for image quality evaluation.

Table 2: ‌�Signal, Noise and calculated SNR of human finger 
blood at a total gain of from 40 dB to 100 dB.

Total Gain (dB) Signal (digit) Noise (digit) SNR

40 1.24 2.89 0.43

50 3.02 4.96 0.61

60 14.84 10.67 1.39

70 55.18 19.13 2.88

80 172.28 38.92 4.43

90 672.90 102.00 6.60

100 1817.40 238.90 7.61

Fig. 8: SNR vs Total Gain when using human blood.
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Figure 10(a). The signal is barely noticeable at 50 dB 
but as the amplifier gain increased the noise decreased, 
and distribution of the blood vessels become more and 
more clear. After the amplifier gain of 80 dB, improve-
ments in the image clarity decreased. Although there was 
a tendency that more subtle structures could be visual-
ized at higher amplifier gains, the differences was not sta-
tistically significant. 

5. Discussion

The relationship between signal and noise in the signal 
processing circuit of a photoacoustic imaging system, 
where the detected signals from the transducer of the ul-
trasound probe are amplified in a two-step fashion (front 
and rear) and the amplified signal is converted from ana-
log to digital, can be explained by a circuit model as 
shown in Figure 3. The signal (s), detected by the trans-
ducer of the ultrasound probe is amplified A times in the 
front amplifier and then is amplified again at the rear am-
plifier for further A times for a total amplification of A x 
A. Noise, on the other hand, can be categorized into 
three types. First is noise amplified A x A by both front 
and rear amplifiers, the same as (s), (N1). Second is noise 
amplified just once at the rear amplifier for an amplifica-
tion of A times (N2) and the third is noise fixed and unaf-
fected by the amplifiers (N3). Such noise can be consid-
ered random as shown in the histogram (Figure 11 (a)) 
and image (Figure 11(b)) of the noise evaluation at 40 
dB gain. In order to evaluate the size of the noise in rela-
tion to the signal, the energy of the noise (amounting to 

Fig 10: ‌�Finger blood image in amplifier gain of (a) at 40 dB, (b) at 50 dB, (c) at 60 dB, 
(d) at 70 dB, (e) at 80 dB, (f) at 90 dB, (g) at 100 dB.

Fig 11: ‌�FHistogram (a) and image (b) of noise 
evaluated area at 40 dB gain.

Fig. 12: Curve fitting for SNR of bovine blood experiment.

た信号を AD（Analog to Digital）変換する回路における
信号とノイズについては，Fig.3に示すような回路モデル
で説明できる．超音波プローブのトランスデューサーか
ら得られた信号（s）は，増幅器により前段（A倍）と後
段（A倍）の合計（A × A）倍だけ増幅される．一方ノイ
ズについては，信号と同様に前段（A倍）と後段（A倍）
の合計（A × A）倍だけ増幅されるノイズ（N1），と後段
（A倍）でのみ増幅されるノイズ（N2），更に全く増幅さ

れない固定的なノイズ（N3）から成り立つ．これらのノ
イズは，例として増幅度 40 dBの時のノイズを評価した
エリアのヒストグラム（Fig.11(a)）と画像（Fig.11(b)）を
示ように，ほぼランダムと考えてよく，信号に対するノ
イズ大きさの評価に関しては，その“エネルギー”（ノイ
ズの 2乗に相当する）での足し合わせが可能である．こ
のことから，この系での SNRは，以下の式で表される．

SNR = s × A × A
N1 × A × A 2 + N2 × A 2+N32

Fig.6のカーブをもとに上記の式によるカーブフィッ
ティングをした結果，N1～N3のノイズを sの倍数で表
すと，N1 = 0.0935 × s，N2 = 10.5 × s，N3 = 300 × sとなっ
た．Fig.6の SNRとフィッティングされたカーブを Fig.6
の実測値と同じ図に表すと，Fig.12のようになる．この
フィッティングにより得られた N1～N3を上式に代入す
ると，SNR(A→∞) = 1/0.0935 = 10.70となり，更に増幅度
を大きくしても SNR は，超音波プローブのトランス
デューサーの出力段階の信号（s）とノイズ（N1）の比
で決まり，SNR = 10.70で飽和することが予想される．
固体レーザー光源を使用した光音響イメージングシス

(a) (b) (c)

(d) (e) (f)

(g)

Finger blood image in amplifier gain of (a) at 40 dB, (b) at 50 dB, (c) at 60 dB, (d) at 70 dB, (e) at 80 dB, (f) at 90 dB,
(g) at 100 dB.

Fig.10 

(a)

(b)

Histogram (a) and image (b) of noise evaluated area at
40 dB gain.

Fig.11 
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Curve fitting for SNR of bovine blood experiment.Fig.12 
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the squared value of the noise) can be summed and 
used. Therefore, in this circuit model the SNR can be ex-
pressed as the following equation.

From the curve of Figure 6 and curve fitting using the 
above equation, the values of N1-N3 as multiples of (s) 
were, N1=0.935 x s, N2=10.5 x s, N3=300 x s. The curve 
fitted SNR of Figure 6 superimposed on the actual mea-
sured values of Figure 6 is shown in Figure 12. When 
the values of N1-N3 attained from the fitted curve 
were assigned to the equation, the SNR (A→∞) = 
1/0.0935 = 10.70. This means that no matter how much 
the amplifier gain is increased, the SNR will be a ratio of 
the output signal (s) from the transducer of the ultra-
sound probe and noise (N1) and will reach saturation at 
SNR = 10.70. 
	 When a photoacoustic imaging system using sol-
id-state lasers as the light source is used, the photoacous-
tic signal is large due to the extremely high peak power 
from a laser, compared to the photoacoustic signal of an 
LED-based system. Therefore, only a single step, single 
amplifier with a gain of 40 dB, as seen in generally mar-
keted ultrasound diagnostic devices, is required. The cir-
cuit model in such systems would be such as the model 
of Figure 3 without the rear amplifier. In this case the 
SNR can be expressed as the equation shown below.

	 When the amplifier gain is 40 dB, meaning 100 
times, this number is assigned as A, while N1 and N3 at-
tained from curve fitting is substituted in the equation, 
the value of the SNR can be predicted. The result would 
be SNR = 0.33, and matching images such as those in 
Figure 7(a) and Figure 10(a) would be useless.

	 The SNR from the venous blood of a human finger 
is shown in Table 2 and Figure 8. The SNR tended to 
increase as the gain was increased. The SNR of 7.94 at 
gain of100 dB was somewhat smaller than that of bovine 
blood (SNR = 9.78) but the difference was small and 
d i s cus s ion  compar ing  the  two i s  poss ib le .  In 
Figure 10(a)–(g), the image at a gain of 70 dB still 
leaves a noisy impression. However, at gains over 80 dB 
the effect of noise decreased and even though clarity of 
the images somewhat improved reaching the gain of 100 
dB, the image at gain of 80 dB was thought to suffice for 
practical purposes as a photoacoustic image. The SNR at 
this level was 4.43. 
	 In Figure 7(a)-(g), the image of bovine blood be-
came stable at a gain of 70 dB. The SNR at that point was 
4.01 from Table 1. Stable images of both bovine blood 
and human blood vessels were attained at coinciding 
SNRs of over 4. This means that for practical purposes, 
photoacoustic images with an SNR greater than 4 are re-
quired. 

6.Conclusion

In this study, the authors demonstrated that in order to 
create real time photoacoustic images of human blood 
using an LED-based photoacoustic image system, an am-
plifier with a gain of over 80 dB is required and SNR >4 
must be achieved. If a more detailed, clearer image is re-
quired increasing the gain to 100 dB would be better. The 
Accoustic X system which incorporates an amplifier with 
a gain of 97 dB is therefore sufficient for real time photo-
acoustic imaging.
	 This study also discussed the difficulty of real time 
photoacoustic imaging using LED arrays as the light 
source and detection by solid-state laser based photo-
acoustic imaging systems for the low amplification of a 
mere 40 dB. 
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た信号を AD（Analog to Digital）変換する回路における
信号とノイズについては，Fig.3に示すような回路モデル
で説明できる．超音波プローブのトランスデューサーか
ら得られた信号（s）は，増幅器により前段（A倍）と後
段（A倍）の合計（A × A）倍だけ増幅される．一方ノイ
ズについては，信号と同様に前段（A倍）と後段（A倍）
の合計（A × A）倍だけ増幅されるノイズ（N1），と後段
（A倍）でのみ増幅されるノイズ（N2），更に全く増幅さ

れない固定的なノイズ（N3）から成り立つ．これらのノ
イズは，例として増幅度 40 dBの時のノイズを評価した
エリアのヒストグラム（Fig.11(a)）と画像（Fig.11(b)）を
示ように，ほぼランダムと考えてよく，信号に対するノ
イズ大きさの評価に関しては，その“エネルギー”（ノイ
ズの 2乗に相当する）での足し合わせが可能である．こ
のことから，この系での SNRは，以下の式で表される．

SNR = s × A × A
N1 × A × A 2 + N2 × A 2+N32

Fig.6のカーブをもとに上記の式によるカーブフィッ
ティングをした結果，N1～N3のノイズを sの倍数で表
すと，N1 = 0.0935 × s，N2 = 10.5 × s，N3 = 300 × sとなっ
た．Fig.6の SNRとフィッティングされたカーブを Fig.6
の実測値と同じ図に表すと，Fig.12のようになる．この
フィッティングにより得られた N1～N3を上式に代入す
ると，SNR(A→∞) = 1/0.0935 = 10.70となり，更に増幅度
を大きくしても SNR は，超音波プローブのトランス
デューサーの出力段階の信号（s）とノイズ（N1）の比
で決まり，SNR = 10.70で飽和することが予想される．
固体レーザー光源を使用した光音響イメージングシス

(a) (b) (c)

(d) (e) (f)

(g)

Finger blood image in amplifier gain of (a) at 40 dB, (b) at 50 dB, (c) at 60 dB, (d) at 70 dB, (e) at 80 dB, (f) at 90 dB,
(g) at 100 dB.

Fig.10 

(a)

(b)

Histogram (a) and image (b) of noise evaluated area at
40 dB gain.

Fig.11 
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Curve fitting for SNR of bovine blood experiment.Fig.12 
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テムでは，LED光源に対して著しく大きなピークパワー
により得られる光音響信号が大きいので，一般に市販の
超音波診断機器で多く用いられている 40 dB前後の増幅
度をもつ 1段の増幅器が使用されている．この場合には，
Fig.3に示す回路モデルにおいて，後段の増幅器がなく前
段の増幅器のみを使用した回路モデルになる．この場合
の SNRは以下の式となる．

SNR = s × A
N1 × A 2+N32

増幅度が 40 dBつまり 100倍の時はこの値を Aとし，
さらにフィッティング計算で得られた N1，N3の値を入
れると，SNRが予想できる．その結果は，SNR = 0.33と
なり，Fig.7(a)，Fig.10(a) 相当の画像となり，まともな光
音響画像を得ることができないことは容易に想像される．
ヒトの指の静脈血の SNRについては，Table 2と Fig.8
に示すように増幅度の増加とともに増加して行く傾向
にあり，増幅度 100 dBにおける SNRは 7.94と牛の血
（SNR = 9.78）よりも低いが，近い数値になっているので
両者を比較した議論が可能であろうと思われる．Fig.10(a)
～(g)から，増幅度 70 dBでは血液の画像がまだノイズっ
ぽい印象を与える．しかし，増幅度が 80 dBを超えると，
血液の画像へのノイズの影響が少なくなり，増幅度
100 dBになるまで多少の画像の良化が見受けられるもの
の，増幅度 80 dB以上あれば，光音響画像として使える
レベルものであると思われる．この時の SNRは 4.43で
あった．
一方 Fig.7(a)～(g)に示す牛の血液部分の画像が形状安
定して見えるようになるのは増幅度 70 dBであり，この
時の SNRは Table 1から 4.01である．牛の血液およびヒ
トの血管が安定して見える SNRは 4程度以上であり，両
者に一致が見られる．つまり，SNRが 4以上になれば，
実用的な光音響画像となると言える．

6. 結論
LED光源光音響イメージングにおいて，被検体として
ヒトの血液をリアルタイム画像化するには，増幅度 80 dB
の増幅器が必要で，SNR > 4を実現する必要がある．さ
らに細部の鮮明性を実現するためには，増幅度 100 dB相
当の増幅があると良いということがわかった．増幅度
97 dBを採用している，AcousticXシステムは LED光源
光音響イメージングにおいてリアルタイム画像化に必要
十分な増幅度をもつものと思われる．
また，一般の固体レーザー光源光音響イメージングシ
ステムで用いられている増幅度 40 dB前後の増幅器のま
までは，そのまま光源として LEDを用いた場合には，増
幅度が大幅に不足するために，リアルタイム画像化が非
常に難しいことが予想される．
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