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Abstract 

 

Multi-channel near-infrared spectroscopy imaging system for 

improvement of diagnostic accuracy in localized prostate cancer 

 

Seung-seob Kim 

 

Department of Medicine 

The Graduate School, Yonsei University 

 

(Directed by Professor Dae Chul Jung) 

 

Purpose: The purpose of this study was to develop a multi-channel NIRS 

(near-infrared spectroscopy) system for improvement of diagnostic accuracy 

in localized prostate cancer and to verify its diagnostic capability with the 

optical phantoms of prostate cancer. 

Materials and Methods: We developed the multi-channel NIRS system and the 

optical phantoms of normal prostate gland and localized prostate cancer. 

Computer software named Labview (National Instruments, Austin, TX, USA) 

was used to develop GUI (Graphic User Interface) which can process 

incoming signals and display them on the same monitor simultaneously. We 

measured NIRS signal attenuation through the developed phantoms and 

reconstructed 2D images based on the calculated absorption coefficients. We 

compared the reconstructed 2D images with the actual location of the 

localized prostate cancer component in the optical phantom. 

Results: Area with high absorption coefficients was well correlated with the 

actual location of the localized prostate cancer component in the optical 

phantom. 
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Conclusion: We successfully demonstrated possibility of our NIRS system as 

a new potential imaging method for improvement of diagnostic accuracy in 

localized prostate cancer. In future, the NIRS system will possibly be 

combined with TRUS (trans-rectal ultrasonography), improving diagnostic 

accuracy of focal prostate cancer imaging and localization of target biopsy 

sites. 
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Key words : prostate cancer, NIRS, near-infrared spectroscopy, optical 

imaging, optics, NIRS-US, hybrid imaging  
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I. Introduction 

 

  1. NIRS (Near-infrared spectroscopy) 

 NIRS has been used in various scientific fields including not only 

biomedical field but also agriculture, chemical industry, life science, 

pharmaceutical, and textiles. Its major advantage is to test samples non-

invasively and non-destructively 
1
. Particularly in biomedical optics, its major 

application is a continuous and non-invasive monitoring of the tissue 

hemodynamics and oxidative metabolism 
2
. 

 In the forties, Glenn Millikan invented the muscle oximeter, the first 

medical device using the optical method 
2,3

. In 1977, Frans Jöbsis was the first 

to report that the concentration of oxy-hemoglobin (HbO2) and deoxy-

hemoglobin (Hbr) in the brain tissue could be monitored continuously using 

his in vivo NIRS sytem 
2,4,5

.  

 NIRS is the optical method to measure changes in the concentration 

of chromophores, using light in the wavelengths between visible light and 

infrared. There exist many different kinds of chromophores in the human body. 

Water strongly absorbs light in the wavelengths below 300 nm and above 
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1000 nm, while light in the range between 400 and 650 nm is absorbed greatly 

by hemoglobin and melanin 
6
. As a result, the wavelengths range of 700~900 

nm, near-infrared (NIR), is the only optical window able to reach deep inside 

the human body 
2,6,7

. Still some chromophores absorb NIR to some degree, 

and most of them are HbO2 and Hbr in the microvessels with diameter less 

than 1 mm. Those in the large vessels are known to absorb NIR light 

completely 
2
. Therefore attenuation of the NIRS signal mainly depends on the 

concentration of HbO2 and Hbr in the small vessels 
8
. Depth of NIRS 

penetration is known to be approximately one half of the source-detector 

distance 
2
. Optical pathlength, the length of actual NIR light path inside the 

tissue, is always longer than the physical distance between the source and 

detector, as the light is influenced by complex scattering effects inside the 

different tissue layers 
2
.  

 There are three different NIRS techniques: Continuous wave, 

Frequency-domain, and Time-domain.  

 Continuous wave method is most commonly used among the three 

modalities and characterizes in constant tissue illumination. It measures only 

the light attenuation, which can be used to calculate the changes in the 

concentrations of HbO2 and Hbr by modified Beer-Lambert law. The optical 

properties - scattering (μs’) and absorption (μa) coefficients - cannot be 

determined, and thus neither the absolute concentrations of HbO2 and Hbr. It 

is the cheapest method and easiest of transport 
2,9

. 

 The other two methods measure not only light attenuation but also 

time factor. Frequency-domain technique uses intensity-modulated light, 

measuring both the light attenuation and phase delay. Time-domain technique 

uses short pulses of light and measures the shape of the pulse. These two 

methods can offer the optical properties, from which the absolute 

concentrations of HbO2 and Hbr can be calculated. They also have advantage 

of deeper penetration through the human tissues. However, frequency-domain 
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method is more expensive and bulky, and requires more complex technologies 

than continuous-wave technique, while time-domain technique is even more 

expensive, and needs far larger and more complicated system than frequency-

domain modality 
2,10

. Because of these reasons, time-domain method has been 

regarded as a failed approach in the biomedical field, supported by the fact 

that there is only one commercially available dual-channel time-domain NIRS 

system (TRS-20, Hamamatsu Photonics K.K., Japan) while most of 

commercial NIRS instruments are based on continuous wave technique 
10

. 

 

  2. Analysis of NIRS signal attenuation 

 Among the various algorithms to convert light attenuation into the 

concentrations of HbO2 and Hbr, modified Beer-Lambert law is most 

commonly used 
9,11

. It is based on several assumptions.  

1) Investigated areas are assumed to be homogeneous. 

2) μs’ is much larger than μa. 

3) μs’ does not change with time 

4) Chromophores other than HbO2 and Hbr absorb NIR light 

minimal enough to be ignored. 

The first assumption is not true as the human tissues are always heterogeneous, 

leading to the quantification errors. However, qualitative trend of 

concentration changes of chromophores is still generally correct. The other 

three assumptions are generally regarded to be true when it comes to the 

human tissues.  

 Through Beer-Lambert law was the first important discovery in 

terms of the quantification, it does not take into account light scattering 
12,13

. 

Delpy 
6
 modified Beer-Lambert law to be used even in the media under light 

scattering effect. Modified Beer-Lambert law includes differential pathlength 

factor (DPF), which accounts for the increased distance of travelling light 

caused by μs’. As DPF can be measured only by time-domain technique, 



6 

 

review of previous studies which already measured DPF within each part of 

the human body is needed when using continuous wave method. The modified 

Beer-Lambert law is defined as follows:   

        
    

  
       

             
            

∆OD
λ
: optical density (light attenuation), I0: intensity of initial light source, 

I(t): change in intensity of light source according to time, ε
λ
: extinction 

coefficient of HbO2 and Hbr in the given wavelength, B
λ
: DPF in the given 

wavelength, L: length between source and detector. 

 

  3. Prostate cancer 

 

    A. Epidemiology 

 In the United States, prostate cancer is the second most common 

male malignancy, after the skin cancer 
14,15

. The estimated numbers of new 

cancer cases and cancer deaths from prostate cancer in 2013 were 238,590 

and 29,720, respectively, each ranking first and second among male 

malignancies in the United States 
16

. Likewise, the incidence of male prostate 

cancer in Korea is rapidly increasing with the annual percentage change 

between 1999 and 2010 of 12.8%, which is second to that of thyroid cancer of 

24.8% 
17

.  

 There are several risk factors regarding the development of prostate 

cancer. Among them, age older than 40 years is generally accepted as the most 

significant factor 
15,18

. Smoking history, family history of prostate cancer, low 

physical activity levels, high BMI (body mass index), tall height, and high 

intakes of calory, calcium, and alpha-linolenic acid have been also noted as 

significant risk factors of prostate cancer 
19

.  

 

    B. Prognosis 
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 The prognosis of prostate cancer varies depending on its stage. 

According to American Cancer Society, 5-year survival rate of local and 

regional stages is 100%, while that of distant stage is as low as 28% 
15,18

. 

However, when it comes to the overall lifetime death rates, it is less than 3%, 

which is fairly low 
14,20

. Likewise, 5-year relative survival rate is up to 90.2% 

in Korean males diagnosed between 2006 and 2010 
17

. Patient stratification 

based on histology, overall stage, and expected prognosis will be further 

discussed in the chapter ‘E. Treatment’.   

 

    C. Screening 

 Two features of prostate cancer - high incidence and overall good 

prognosis - put emphasis on the importance of early detection and treatment 

of this disease. There are two commonly used screening methods – DRE 

(digital rectal examination) and serum PSA (prostate specific antigen) assay 
14

. 

 DRE was used as a primary screening tool for a long time, as it is 

inexpensive, non-invasive, and easy to perform 
21

. However, many researchers 

have raised questions about its usefulness. Chodak et al. reported that 4160 

DREs were performed on 2131 men and 144 prostate biopsies were done, to 

find out a total of 36 prostate cancers 
22

. After the introduction of serum PSA 

assay in the 1980s, DRE is not regarded as an appropriate screening tool any 

more in general 
14,21

.  

 PSA-based screening started being used widely, and by 2001 around 

75% of male populations older than 50 years old had undergone PSA assay 
23

. 

Though it is true that use of serum PSA assay as a screening method helps to 

detect prostate cancer at an earlier stage, markedly dropping the cancer-related 

mortality 
24

, its potential clinical benefit is still questionable 
14,25-28

. According 

to the Prostate cancer Intervention Versus Observation Trial (PIVOT), serum 

PSA testing and subsequent radical prostatectomy did not improve mortality 

compared with observation, for 12 years of follow-up period 
29

. The European 
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Randomized Study of Screening for Prostate Cancer (ERSPC) also concluded 

that more than 1050 men are needed for PSA screening and 37 prostate 

cancers should be detected in order to prevent single death from prostate 

cancer 
30

. Furthermore, according to the Prostate, Lung, Colorectal, and 

Ovarian cancer screening trial (PLCO), there was no benefit of reducing 

mortality from prostate cancer between organized annual PSA screening and 

opportusnistic PSA screening 
31

.  

 Another problem of the serum PSA screening is its false-negativity. 

According to the National Cancer Institute, there is no lower limit in the PSA 

value to confirm the absence of cancer cells 
14,21

. The Prostate Cancer 

Prevention Trial also revealed that 15% of males with normal PSA values 

were actually turned out to have prostate cancer 
32

. There have been many 

trials to develop alternate methods to improve the accuracy of PSA-based 

screening - such as PSA density, PSA density of transition zone, Prostate 

cancer gene 3 (PCA3), ultrasensitive PSA, complexed and percent-free PSA, 

PSA velocity, age-adjusted PSA, frequency of screening, and altering PSA 

cutoff level. However, none has been found to be superior than total serum 

PSA assay 
14

.  

 Currently, the US Preventive Services Task Force (USPSTF) does 

not recommend annual PSA screening any more, pointing that there do exist 

possible harms of PSA-based screening and following radical treatment, such 

as false-positives, overdiagnosis, and overtreatment 
14,33

, though that 

recommendation is still controversial 
34,35

. Draisma et al. demonstrated that 

about 23-42% of men with PSA-detected cancers were actually overdiagnosed 

36
. The USPSTF, American College of Physicians (ACP), the American 

Urological Association (AUA), and the American Cancer Society (ACS) have 

suggested their own specific screening recommendations, guidance statements, 

and clinical considerations 
37-40

.  
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    D. Diagnosis 

 With increasing use of serum PSA as a screening test, prostate cancer 

started being suspected at a smaller size, significantly lowering the sensitivity 

of imaging diagnosis 
41

. Multiparametric MRI (magnetic resonance imaging), 

which uses the combination of conventional anatomical and functional 

sequences such as diffusion-weighted sequence, dynamic contrast-enhanced 

sequence, and MR spectroscopy, is known to not only just detect and localize 

the cancer but also determine its biological behavior such as aggressiveness 

and invasiveness 
42-47

. However, though MRI shows the highest sensitivity in 

detection and local staging of prostate cancer among all currently available 

imaging tools, its sensitivity has been reported various from 43% to 96% 
41

. 

Though one recent prospective clinical trial demonstrated that combined 

MR/PET (positron emission tomography) system has potentially higher 

sensitivity than PET or MRI alone 
48

, it needs more cumulated data to prove 

diagnostic feasibility. 

 As a result, TRUS(transrectal ultrasonography)-guided systematic 

random prostate gland biopsy is performed to confirm the diagnosis in most 

cases, which shows false negative result in 23% of patients at initial biopsy 
41

. 

Particularly, the regions other than the peripheral zone – such as anterior area, 

apex, and anterolateral horn – are more frequently undersampled by TRUS-

guided biopsy, leading to the undergrading or false negativity 
49

. Additional 

biopsies are known to have no significant effect on the detection of cancer 
50-52

. 

Although several US techniques have recently been developed to localize 

focal prostate cancer more accurately and thus to improve the sensitivity of 

TRUS-guided biopsy, their contribution is still limited 
41

.  

 Recently, many researchers reported that MR-guided target biopsy 

has higher diagnostic accuracy than TRUS-guided random biopsy, with 

missed cancer rates as low as 6-10% 
53-60

. MR-guided target biopsy is almost 

always performed in the setting of positive findings of the prostate MR 
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images, and directly targets the most suspicious region among them. 

Especially, ventral portions of the prostate gland also can be accurately 

targeted under the MR guidance, where usually cannot be sampled effectively 

by TRUS-guided biopsy 
61-63

. Correlation between biopsy results and surgical 

specimen was also more accurate in MR-guided target biopsy than TRUS-

guided random biopsy 
64-66

.  

 Despite the relatively high diagnostic accuracy, MR-guided biopsy 

has a significant disadvantage over TRUS-guided biopsy – long procedure 

time. To achieve optimal imaging quality and accurate needle localization, 

MR-guided biopsy is usually performed on closed-bore systems, which 

require significantly longer procedure time (reported median procedure times: 

30-68 min) than TRUS-guided biopsy 
57,67

.  

 The low sensitivity of imaging diagnosis as well as TRUS or MR-

guided biopsy leads to late diagnosis and low cure rate, eventually increasing 

total medical costs. Therefore it is important to develop a new imaging 

modality which is capable of diagnosing prostate cancer with higher 

sensitivity or at least localizing prostate cancer more precisely as more precise 

localization of prostate cancer might increase biopsy sensitivity. 

 In general, malignant tissue can be either hypervascular or 

hypovascular. Prostate cancer is known to have a higher concentration of 

microvasculature than that of normal prostate tissue 
68

. In addition, several 

angiogenic molecules, such as vascular endothelial growth factor (VEGF), 

hepatocyte growth factor, and fibroblast growth factor (FGF), have been 

identified in prostate cancer progression 
69-71

. Zhen Jiang et al. demonstrated 

that NIRS could detect this hemodynamic difference between normal prostate 

tissue and prostate cancer, consequently imaging prostate cancer with higher 

sensitivity and specificity than TRUS 
72,73

. According to their results, however, 

TRUS was more accurate in localizing prostate cancer than NIRS, especially 

in the deep portion of the prostate gland 
72,73

. Therefore, it might be possible 
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to improve the diagnostic accuracy by combining these two modalities 
72,73

.  

 

    E. Treatment 

 Regarding the treatment strategies of prostate cancer, there is an 

emerging consensus that low-risk patients do not need any radical treatment - 

which is now regarded as overtreatment - and conservative management is 

enough and more appropriate 
74

. There are several reasons for coming up to 

that idea. 

 First, genetic and molecular hallmarks of cancer are absent in 

Gleason pattern 3 and present in Gleason pattern 4. Eight generally accepted 

molecular hallmarks of cancer are as follows: self-sufficiency in growth signal, 

insensitivity to antigrowth signals, sustained angiogenesis, unlimited 

replicative potential, local invasion, metastasis, evasion of immune 

destruction, and de-regulating cellular energetics 
75,76

. And there are many 

genes known to be related to the cancer development, such as AKT, HER2, 

EGF, EGFR, CKDN1β, DAD1, BCL2, TMPRSS2-ERG, VEGF, CXCR4, etc. 

All these molecular and genetic hallmarks are absent or minimally expressed 

in Gleason pattern 3, while they are present or abnormally overexpressed in 

Gleason pattern 4 
77-89

. It is well known that even Don Gleason himself did 

not regard Gleason pattern 3 or less as cancer 
74

. 

 Second, several autopsy studies revealed that prostate cancer 

develops in most of elderly men and these cancers are usually smaller than 

1cc with low grade histology 
90,91

. These results suggest that what affects the 

cancer mortality is not the presence of cancer cell itself but rather its 

histologic grade, tumor volume, and patient’s age.  

 Third, many studies consistently demonstrated that Gleason 6 cancer 

(3+3) rarely metastasizes and thus has no significant impact on the mortality 

92-95
. Most of patients who died of low-risk prostate cancer had actually been 

undergraded at the initial biopsy and turned out to have had higher grade 
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lesions at the time of diagnosis by later careful review of the specimen 
92-95

. 

Furthermore, a number of previous studies and international associations do 

not recommend imaging studies, such as CT (computed tomography), MRI, or 

bone scan, in low-risk patients with prostate cancer for staging, due to the 

good prognostic nature of the disease 
96-100

. Currently, low-risk prostate cancer 

is defined as Gleason 6 cancer with PSA value less than 10 ng/ml, and those 

with only one or two positive biopsy cores (regardless of how many cores 

were sampled) each showing less than 50% cancer involvement and PSA 

density less than 0.15 are classified as very low-risk cancers 
74

. According to 

the ERSPC, Gleason 6 cancer with volume less than 1.3cc is defined as 

clinically insignificant cancer 
101

.  

 According to the recent review article published in 2014, all Gleason 

6 cancers are basically less likely to metastasize and thus do not need any 

treatment 
74

. Nevertheless, authors suggested that Gleason 6 cancers with 

higher tumor volume still need careful concern, only because of possibility 

that there is a co-existing occult higher grade cancer, i.e. possibility of 

undergrading 
74

. The concept of active surveillance, neither radical treatment 

nor watchful waiting, applies to these patients 
74

. Active surveillance consists 

of serial PSA follow-ups and repeating biopsies, and its main goal is to detect 

patients who need to be reclassified as higher grades. According to one large 

cohort study, prostate cancer-related mortality was very rare and most men 

died of other causes such as cardiovascular disease during the period of active 

surveillance 
102

. Another cohort study revealed that the death rate of patients 

under the policy of watchful waiting tripled after 15 years of follow up 
103

. 

These cohort studies suggest that active surveillance is more appropriate than 

radical treatment or watchful waiting to the low-risk patients. About 30% of 

patients with low-risk prostate cancer are known to undergo reclassification 

into higher grades and become candidate for treatment.  

 When patients are young with relatively longer life expectancy, the 



13 

 

concept of focal therapy can be applied. Young patients with low-risk prostate 

cancer and single tumor volume larger than 1.3 cc can be the candidate for the 

focal therapy 
74

. Another candidates for the focal therapy are the patients with 

clinically insignificant cancer who desire to undergo some interventions for 

more accurate diagnosis 
104

. The ‘trifecta’ rate – pad and leak free, preserved 

erectile function, and no evidence of cancer – of the focal therapy is reported 

up to 84%, which is almost twice higher than that of the conventional radical 

treatment 
105,106

. Prostate cancer mortality under the policy of active 

surveillance and focal therapy is reported to be 3% at 10 years which is fairly 

low 
102,107

.  

 High-risk - or locally advanced - prostate cancer is known to account 

for about 15% of all prostate cancers 
108

. The definition of this category has 

been variable over time. D’Amico et al. first defined prostate cancers with 

clinical T stage ≥ cT2c, a Gleason score ≥ 8, or PSA value over 20 ng/ml as 

high-risk cancer 
109

. The AUA is currently using this definition 
110

. The 

Radiation Therapy Oncology Group (RTOG) defined those with a Gleason 

score ≥ 8 or a Gleason score ≥ 7 plus either ≥ cT3 or node-positive status as 

high-risk disease 
111

. Recently, the definition of high-risk prostate cancer has 

been updated more delicately. According to the Cancer of the Prostate Risk 

Assessment (CAPRA) score, not only PSA value, clinical stage, and Gleason 

score, but also age and percentage of positive biopsy cores have been included 

in the definition of this stage 
112

. According to the National Comprehensive 

Cancer Network (NCCN), high-risk prostate cancer is defined as T3a, 

Gleason score ≥ 8, or PSA value ≥ 20 ng/ml, while very high-risk cancer is 

defined as T3b or T4 stage, and prognostication is further improved by 

including the tumor involved proportion of biopsy samples 
113

.  

 The first treatment of choice for high-risk prostate cancer is the 

combination of the radiotherapy and the androgen-deprivation therapy with a 

curative aim – not only for local disease control but also for completely 
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eliminating the possibility of metastasis 
114

. It is now well-known that the 

combination of these two modalities is superior to each treatment alone, 

regardless of the patient’s age 
115-118

. Especially when the patient is old with 

shorter life expectancies and considerable comorbidities, this treatment choice 

is even more suitable than the surgery 
119

.  

 The second treatment of choice for high-risk prostate cancer is the 

radical prostatectomy with the extensive pelvic lymph node dissection 
114

, 

sometimes with the post-operative radiotherapy 
120,121

. While the surgery is 

not generally performed to the patients with life expectancies shorter than 10 

years 
110,122

, it is known to be effective in improving the survival rates of the 

patients with life expectancies longer than 10 years 
119,123

. According to the 

multiple large studies, 10-year prostate cancer-related survival rates were 

consistently over 90%, which is remarkably favorable 
114

.  

 When prostate cancer exceeds the localized status, it sequentially 

progresses to the following stages: non-castrate rising PSA state, non-castrate 

metastatic state, and castration-resistant state 
114

. The key concept of the 

treatment strategies for these advanced diseases is a multidisciplinary 

approach 
124,125

. Although the definition of the castration-resistant state is 

disease progression in the setting of very low levels, so called ‘castrate levels’, 

of testosterone, still androgen deprivation therapy is the mainstay of treatment 

strategies 
124

. When the traditional luteinizing hormone releasing hormone 

(LHRH) analogues with/without LHRH antagonists 
126,127

 fail to achieve the 

androgen-deprived status, docetaxel or other several secondary hormonal 

manipulations - such as steroids, ketoconazole, estrogens, antiandrogens, and 

antiandrogen withdrawal – can be applied 
128,129

. In addition, immunotherapy, 

androgen biosynthesis inhibition, androgen receptor signaling pathway 

inhibition, bone-targeted therapy, and chemotherapy have recently been 

accepted as new effective therapeutic options of castration-resistant prostate 

cancer 
124,125

.  
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  4. Purpose of this study 

 The purpose of this study was to develop a multi-channel NIRS 

system and verify its diagnostic capability to discriminate focal area 

mimicking optical properties of prostate cancer from surrounding 

backgrounds mimicking those of normal prostate gland.  
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II. Materials and Methods 

 

  1. Study #1 

 

    A. NIRS signal calculation 

 We adopted the continuous wave method in our system, and used 

wavelengths of 785 nm and 830 nm. Modified Beer-Lambert law was used to 

calculate changes in the concentration of HbO2 and Hbr 
11

. By expanding 

modified Beer-Lambert law with the given wavelengths of 785 nm and 830 

nm, we can get the following equations for changes in the concentration of 

HbO2 and Hbr:  

        
     

             

           
             

       

     
          

          
          

       
 

       
      

             

            

             

       

     
          

          
          

       
 

Change in concentration of total hemoglobin (THb) is defined as follows:   

                      

 

    B. Development of the multi-channel NIRS system 

 A total of 16 laser diodes (Thorlabs, USA) – 8 with 785 nm and 8 

with 830 nm – were used as the light source in the multi-channel NIRS system. 

2 APDs (Avalanche Photo Diode; C5460-01, Hamamatsu, Japan) were used as 

the detectors.  

 After passing the band pass filter, light was demodulated into the 

direct current component by the demodulation circuit using an RMS (Root 

Mean Square) detector. Signal lost during this demodulation process was 

compensated by a signal amplifier using OP-Amp. It then underwent low pass 

filter to remove the remaining modulated component. Finally, it was sampled 
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by DAQ (Data Acquisition; PCI-6122, National Instruments, Austin, TX, 

USA), through 2 channels simultaneously.  

 To determine switching and sampling rates of laser diodes, MCU 

(microcontroller unit; ATmega128) was used. We set MCU to switch on the 

laser diodes with 785 nm first, and those with 830 nm second, subsequently. 

The maximal sampling rate was set at 30 Hz by MCU. Since MCU signal 

alone was not enough to switch on laser diodes, additional circuit using a 

transistor was developed. MCU and the computer were connected via RS232c 

serial communications.  

 A commercially available power supply with alternate current 220 V 

was converted into direct current +15 V and -15V. Since most electronic 

materials used in the system worked with a power supply of 5 V, 12 V, or -12V, 

Regulator 7805, Regulator 7812, and Regulator 7912 were used, respectively. 

 Optical fibers with a diameter of 400 μm (FT400-EMT, Thorlabs, 

USA) were connected to the laser diodes and APDs. To make the emitted light 

focused, lenses were placed between the laser diodes and optical fibers. The 

intensity of the emitted laser was set between 5 and 7 mW. Optical fibers 

linked with the laser diodes and those connected with APDs were respectively 

placed on the two facing sides of a rectangular material, a temporary 

substitute for the US probe which was for future use. A diagram and an actual 

image of the developed NIRS system are shown in figure 1 and 2, respectively. 

 Computer software named Labview (National Instruments, Austin, 

TX, USA) was used to develop GUI (Graphic User Interface) which can 

process the incoming signals and display it on the same monitor 

simultaneously.   
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Figure 1. Diagram of the developed multi-channel NIRS system. 

 

Abbreviations: APD = Avalanche Photo Diode, MCU = microcontroller unit, 

DAQ = data acquisition. 

 

 

  

              (a)     (b)   

Figure 2. Actual images of the developed multi-channel NIRS system. (a) 

External images of the system before connecting optical fibers are shown. 2 

optical fibers are linked with 2 detectors in the upper portion and 16 optical 

fibers are connected with 16 laser diodes in the lower portion. Those on the 

left side have a wavelength of 785 nm and those on the right side have that of 

830 nm. Each optical fiber from one side is paired together with the 

corresponding one from the other side. (b) 8 sets of the fibers (linked with 

laser diodes) are placed on one side of the rectangular material, 2 sets of fibers 

(connected with detectors) are put on the opposite side.   

2 APDs 

 

Low pass 
filter 

 

PC(DAQ) 

16 Laser 
Diodes 

 
MCU 

Computer (DAQ) 
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    C. Development of the optical phantoms of normal prostate gland 

and prostate cancer 

 Two phantom models with optical properties mimicking those of the 

prostate gland were developed – one with normal prostate gland only and the 

other with prostate cancer inside. TiO2 (Titanium dioxide) was used for the 

scattering effect and India ink was for the absorption effect 
104

. Reference 

values of the optical properties of normal prostate gland, prostate cancer, and 

surrounding muscle layers were selected from previous studies 
130-133

, and 

expressed by adjusting the quantity of TiO2 and India ink 
104

. Fabrication 

process is as follows: 

 

1) Manually mix TiO2 with curing agent in a plastic beaker for 5 minutes, and 

then place it in an ultrasonic bath for 30 minutes. Stir this substance several 

times during this period. 

2) Combine PDMS (Poly-dimethylsiloxane) with India ink by hand mixing in 

a disposable plastic dish until it becomes completely homogeneous. 

3) Interfuse the two suspensions together by hand until they become 

completely homogeneous. Mixed silicon is made. 

4) Place the mixed silicon in a vacuum chamber for approximately 5 minutes 

(suction power: 30 cmHg). 

5) Pour the mixed silicon into a cut and dried mold. 

6) Place the mold in a vacuum chamber for approximately 40 minutes with 

rapid depressurization of the vacuum chamber, to pop a majority of air 

bubbles (suction power: 30 cmHg for 35 minutes and 40~50 cmHg for the 

next 5 minutes). 

7) Manually puncture the remaining air bubbles with a sharp object for 

another 40 minutes. 

8) The phantom will cure fully in 24 hours at room temperature. 
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 Following the fabrication process, we made a small phantom with 

optical properties mimicking those of prostate cancer. We then made a couple 

of larger phantoms with optical properties mimicking those of normal prostate 

gland. While making one of these normal prostate gland phantoms, we put the 

prostate cancer phantom into the mixed silicon before pouring the mixed 

silicon into a mold. Likewise, we then made two even larger phantoms with 

optical properties similar to those of the muscle layer, putting the two prostate 

gland phantoms - one of which contains the prostate cancer phantom inside - 

into these muscle layer phantoms before pouring the mixed silicon into a mold. 

Diagrams of the two optical phantoms of normal prostate gland and prostate 

cancer are shown in figure 3. Actual and CT images of these phantoms are 

shown in figure 4. A detailed specification of the materials used in phantom 

development is summarized in table 1. 

 

 

    

(a)                       (b) 

Figure 3. Diagrams of the developed optical phantoms of (a) normal 

prostate gland and (b) prostate cancer inside. Blue, white, and pink colors 

represent the muscle layer, prostate gland, and prostate cancer, respectively. 
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         (a)        (b)           (c) 

Figure 4. (a) Actual and (b, c) CT images of the optical phantoms. On CT 

images, several microbubbles are seen along the border between the prostate 

gland and muscle layer portions. 

 

 

Table 1. Detailed specification of the developed optical phantoms. 

 *Size 
(cm) 

†Amount 
(ml) 

TiO2 
(g) 

India ink 
(g) 

μs’ 
(cm-1, 

785 nm) 

μa 

(cm-1, 

785 nm) 

Prostate 

cancer 

1.2(w), 

1.4(l), 0.8(h) 
100 0.084 0.054 7.1 0.41 

Prostate 

gland 

4.3(w), 

4.5(l), 5.3(h) 
200 0.252 0.064 10 0.2 

Muscle 

layer 

13(ud), 

10(ld), 6(h) 
275 0.1 0.045 3.06 0.12 

*Final size of a cured phantom. †Amount of mixed silicon prepared. 

 

Abbreviations: μs’ = induced scattering coefficient, μa = absorption coefficient, 

w = width, l = length, h = height, ud = diameter of upper face, ld = diameter 

of lower face.  
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    D. Verification of the multi-channel NIRS system with the optical 

phantom model of prostate cancer 

 We applied our multi-channel NIRS system to the optical phantom 

models of prostate gland and prostate cancer to verify its diagnostic capability. 

We placed a rectangular material, containing 8 sets of laser diodes and 2 

detectors on its two facing sides, respectively, over the phantoms we 

developed. The expected routes of light passage from the laser diodes to the 

detectors are shown in figure 5. We measured the light intensity passing 

through the both phantoms at each channel and calculated the differences by 

subtracting one from another. 

 

 

  

      (a)           (b) 

Figure 5. Expected routes of light passage from 8 sets of laser diodes to 2 

detectors. Dotted oval circle represents the phantom mimicking optical 

properties of the prostate gland. 

 

Abbreviations: ch = channel of laser diodes, D = detector.  
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  2. Study #2 

 

    A. Upgrade of the NIRS system 

 After the first verification study, we added 2 more APDs (to have a 

total of 4 APDs) to improve the spatial resolution and the field of view. We 

also developed the plastic holder containing 12 holes with the same diameter 

as the optical fibers. These holes were designed in order to hold the optical 

fibers firmly, preventing them from the motion during the signal acquisition 

which was thought to be the major cause of signal noise and low 

reproducibility. The arrangement of the sources and detectors were also 

changed to be located symmetrically on the both sides of the plastic holder, in 

order to minimize the interferences caused by nearby sources (figure 6a, b).  

 We adopted open source platform named Nirfast (Dartmouth College 

and University of Birmingham, Birmingham, United Kingdom) for modeling 

NIR light transport inside the phantom 
134,135

. This software, coded on the 

basis of MATLAB (MathWorks, USA), is capable of retrieving the absorption 

coefficient from the single wavelength light attenuation and reconstructing it 

into 2D images. As Nirfast can work on the single wavelength light, we 

decided to use only 785 nm fibers in order to optimize the signal acquisition. 

Labview software was also upgraded to be compatible with the new setting of 

4 detectors and single wavelength of 785 nm. 

 

    B. Verification of the upgraded NIRS system with the black-colored 

eraser embedded inside the normal prostate optical phantom 

 We developed another optical phantom of normal prostate gland 

following the same fabrication process mentioned above, except for the 

following three things: 1) We used the vacuum oven rather than the vacuum 

chamber in order to keep high temperature during the curing process. 2) The 

vacuum pump was upgraded to the more powerful one. 3) The black-colored 
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eraser rather than the optical prostate cancer phantom was embedded inside 

(figure 6c). The reasons for these changes were to minimize the internal air 

bubbles and to maximize the difference of optical properties. We placed the 

plastic holder containing a total of 12 optical fibers (8 sources and 4 detectors) 

over the developed phantom, and measured NIRS signal attenuation, which 

was used to reconstruct the 2D images by Nirfast algorithm (figure 6d).  We 

repeated signal measurements four times, changing the locations of the plastic 

holder over the black-colored eraser. 

  

         (a)     (b) 

  

       (c)    (d) 

Figure 6. Upgraded NIRS system and the optical phantom of the prostate 

gland with the black-colored eraser embedded inside. (a) Diagram of the 

plastic holder containing 12 holes is shown. Red holes are to contain source 

fibers with wavelength of 785 nm, while blue ones are for detector fibers. (b) 

Actual image of the plastic holder with its 12 holes each containing optical 

fibers is seen. (c) The black-colored eraser is embedded inside the optical 

phantom of normal prostate gland. (d) The plastic holder and optical fibers are 

placed over the developed phantom.   
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  3. Study #3 – Materials and Methods 

 

    A. Rearrangement of the optical fibers to suit the TRUS probe guide 

 We rearranged the optical fibers to suit the TRUS probe guide (EC9-

4, Siemens Medical Solutions, CA, USA), as we wanted to validate the 

possibility of fusion device between TRUS and NIRS. While basic 

arrangement was same as the previous plastic holder - 4 sources and 2 

detectors on each side, the distance between the fibers was reduced to fit the 

narrow guide, and the fibers were bonded each other by Epoxy to be fixed in 

position. We also made four grooves on each side of the guide tightly fitting 

the fixed set of the optical fibers (figure 7).  

 

 

  
(a)              (b) 

  
              (c)                  (d) 

Figure 7. Rearrangement of the optical fibers to suit the TRUS probe 

guide. (a) Diagrams of the TRUS guide probe are seen. (b) Four grooves 

(arrows) are made on each side of the TRUS guide probe (8 grooves in total), 

designed to hold the optical fibers tightly preventing them from the motion. (c) 

6 optical fibers are bonded each other by Epoxy and placed on one side of the 

TRUS guide probe. (d) The TRUS probe, the guide, and the optical fibers are 

all held together.   
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    B. Development of the new optical phantom of prostate cancer with 

semicircular surface contour 

 We developed the new optical phantom of prostate cancer with 

semicircular surface contour, following the basically same fabrication process 

as before. First, we developed the phantom mimicking optical properties of 

muscle layer, top side of which were shaped semicircular. We then fabricated 

the small phantom of prostate cancer, and put it over the semicircular surface 

of the muscle layer phantom. Finally, we made the phantom of normal 

prostate gland over the semicircular surface of the muscle layer phantom, 

surrounding the prostate cancer phantom (figure 8a, b).  

 

    C. Verification of the rearranged optical fibers with the new 

phantom 

 We virtually divided the developed optical phantom into 5 regions 

(from A to E), and measured NIRS signal attenuation at each region. The 

optical prostate cancer phantom was located mainly at the region D, slightly 

extending to the margin of region E (figure 8c). Measured light signal 

attenuations were converted into the absorption coefficients to reconstruct the 

2D image mapping. 
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       (a)            (b) 

  
     (c) 

Figure 8. Development of the new optical phantom of the prostate cancer 

with semicircular surface contour. (a) The small optical prostate cancer 

phantom is placed over the semicircular-shaped top side of the optical muscle 

layer phantom. (b) The optical phantom of normal prostate gland is added 

over the optical phantom of muscle layer, surrounding the optical prostate 

cancer phantom inside. (c) NIRS optical fibers fixed on the TRUS probe 

guide are placed over the developed optical phantom. The fibers are taped 

each other to be fixed more tightly in position.  
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III. Results 

 

  1. Study #1 

 Light signal intensities of the prostate cancer phantom subtracted 

from that of the normal prostate gland phantom is shown in figure 9. 

Relatively lower values were seen around channel 3, 4, and 5 at both detectors 

and at both wavelengths, suggesting that light is more absorbed and/or 

scattered when passing through these routes, reflecting the presence of an 

inner region with different optical properties from its surroundings.  

 

 

 

Figure 9. Light signal intensities of the prostate cancer phantom 

subtracted from that of the normal prostate gland phantom. Relatively 

lower values are seen around channel 3, 4, and 5 at the both detectors. 

 

Abbreviations: ch = channel of laser diodes, D = detector.  
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  2. Study #2 

  On figure 10, location of the plastic holder, reconstructed 2D 

images based on absorption coefficients, and overlaid images of the both are 

shown.  As we changed the location of the optical fibers, area of high 

absorption coefficients were also changed, suggesting the capability of the 

upgraded NIRS system to reliably distinguish inner regions with different 

optical properties.   
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      (a)     (b)    (c) 

   

      (d)     (e)           (f) 

   

      (g)     (h)           (i) 

   

      (j)     (k)           (l) 

Figure 10. Reconstructed 2D images, obtained by the upgraded NIRS 

system using the optical prostate phantom with the black-colored eraser 

inside. (a, d, g, j) The first row shows the four different locations of the NIRS 

optical fibers (blue box) placed over the embedded black-colored eraser 

(central black circle). (b, e, h, k) The second row shows the reconstructed 2D 

images based on absorption coefficients. (c, f, i, l) Overlaid images of the 

phantom and the reconstructed 2D images are shown at the third row. Areas of 

high absorption coefficients are correlated with the location of the black-

colored eraser.  
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  3. Study #3 

 Measured absorption coefficients were higher at the region D and E 

than the other three regions (figure 11). The absorption coefficients of the 

region C were higher than the region A and B and lower than the region D and 

E. Considering the location of the optical prostate cancer phantom, these 

results suggest the capability of the rearranged NIRS fibers fixed with the 

TRUS probe guide to locate the focal region with different optical properties 

from surroundings. 

  
      (a) 

 
        (b) 

Figure 11. Reconstructed 2D images of the absorption coefficients 

measured upon the optical prostate cancer phantom with semicircular 

surface contour. (a) We virtually divided the optical phantom into 5 regions 

(from A to E) and measured NIRS signal attenuation at each region. (b) 

Reconstructed 2D images based on the absorption coefficients are seen. 

Region D and E show higher absorption coefficients than the other three 

regions, correlating with the location of the embedded optical phantom of 

prostate cancer.   
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IV. Discussion 

 

 Prostate cancer lesions are known to have increased density of 

capillaries compared to the surrounding benign prostate tissue 
68

. Zhen Jiang 

et al. demonstrated that NIRS could differentiate prostate cancer from the 

surrounding normal prostate gland using differences in optical properties 

caused by different degrees of vascularity, with better sensitivity and 

specificity than TRUS 
72,73

.  

 We anticipated that NIRS data would provide additional information 

about the localization of focal prostate cancer. This phantom study was an 

initial step for the development of a new NIRS imaging system and verifying 

its diagnostic capability with the optical phantoms of prostate cancer.  

 On study #1, NIR lights were relatively more attenuated around the 

channel 3, 4, and 5 than the other channels, reflecting the presence of an inner 

region with different optical properties from its surroundings along the light-

travelling routes of these channels. Though this result was somewhat 

encouraging, there exist two major limitations in this result. First, as our first 

phantom was developed without precise information about the location of its 

internal components, whether the prostate cancer component was actually 

located around the channel 3, 4, and 5 is still questionable. Second, 

discrimination of these three channels from the others was not as prominent as 

expected. There can be several possible explanations for this little difference 

of the NIR light attenuation degrees. First, CT scan revealed that there were 

several small air bubbles around the border between the normal prostate gland 

and muscle layer portions, which could have been the source of signal noise. 

Second, the NIRS optical fibers were not firmly fixed in position, possibly 

lowering the reproducibility and reliability of the measurement. Third, 

interference effects of the NIR lights on the nearby channels could have 

existed, also possibly causing the signal noise. 
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 On study #2, we upgraded our NIRS system and the fabrication 

process of the optical phantom development to optimize the system and to 

minimize the limitations of study #1. We adopted Nirfast algorithm to 

reconstruct 2D images, which became possible by adding 2 more detectors to 

improve the spatial resolution and field of view. As we developed the plastic 

holder to set each optical fiber in the same position during the measurement, 

the received signals were remarkably more consistent repeatedly than study 

#1. In addition, delineation of the focal area with high absorption coefficients 

from the surroundings was more prominent than study #1, and well correlated 

with the actual location of the target region. There can be three possible 

reasons for this. First, we changed arrangement of the optical fibers. On study 

#1, the sources and the detectors were separated on each side, making light 

travel uni-directionally. In this case, interference effects of nearby channels 

cannot be compensated, resulting in the measurement error. On study #2, the 

sources and the detectors were placed symmetrically on the both sides, letting 

light pass bi-directionally. Though interference effects do exist even in this 

setting, they affect each combination of the source-detector to the same degree 

and therefore can be ignored when it comes to evaluating relative differences. 

Second, we used the vacuum oven and the more powerful vacuum pump to 

minimize the air bubbles, the possible source of signal noise. Third, we used 

the black-colored eraser rather than the optical prostate cancer phantom, 

maximizing the optical differences between the target region and its 

surroundings. 

 As we wanted to validate diagnostic capability of the NIRS system 

when it is combined with TRUS, we rearranged the optical fibers to suit the 

TRUS probe guide and developed the new optical phantom of prostate cancer 

with semicircular contour on study #3. The reason that we made top of the 

phantom semicircular-shaped was to mimic the actual contour between the 

TRUS probe and the rectal wall during the TRUS examination. Area with 
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high absorption coefficients were well correlated with the actual location of 

the optical prostate cancer phantom, successfully demonstrating diagnostic 

capability of the NIRS system with the geometry suitable for the TRUS probe 

guide to distinguish the optical prostate cancer phantom from the surrounding 

optical normal prostate gland phantom.  

 Further studies are inevitable to develop a clinically feasible NIRS 

system. First, an ex vivo study with surgical specimen of the human prostate 

cancer needs to be done. Second, an animal study using the prostate cancer 

model should be performed to verify in vivo diagnostic performance of this 

new imaging modality. Unlike the artificially developed optical phantoms, as 

not only NIRS but also TRUS can be performed on these two ex vivo and in 

vivo models, an algorithm for image registration between NIRS and TRUS 

can be set up and optimized. Third, a clinical study with prostate cancer 

patients should be taken to validate and optimize its diagnostic performance 

on human bodies. Fourth, whether NIRS can actually provide additional 

information about the localization of focal prostate cancer and thus can be 

used as a guide for selecting target biopsy sites should be verified. Finally, 

contribution of this new imaging modality to the overall diagnostic accuracy 

of prostate cancer should be assessed.  

 

 

V. Conclusion 

 

 We successfully demonstrated possibility of our NIRS system as a 

new potential imaging method for improvement of diagnostic accuracy in 

localization of focal prostate cancer. In future, the NIRS system will possibly 

be combined with TRUS, improving diagnostic accuracy of prostate cancer 

imaging and localization of target biopsy sites.  
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ABSTRACT(IN KOREAN) 

 

국소 전립선암의 위치결정 정확도 향상을 위한  

다채널 근적외선분광 시스템 

 

<지도교수 정대철> 

 

연세대학교 대학원 의학과 

 

김승섭 

 

 

목적: 국소 전립선암의 위치결정을 위한 영상 진단의 정확도 향상

을 위해 다채널 근적외선분광 시스템을 개발하고, 전립선암 광학 

팬텀 연구를 통하여 그 정확도를 평가한다. 

대상과 방법: 다채널 근적외선분광 시스템을 개발하였고, Labview 

프로그래밍 (National Instruments, Austin, TX, USA)을 이용하여 

획득신호 처리와 신호변화의 실시간 모니터링을 위한 GUI (Graphic 

User Interface)를 구성하였다. 정상 전립선과 국소 전립선암의 광

학 팬텀을 제작하고, 개발한 근적외선분광 시스템을 적용하여 광학

신호를 검출한 후, 신호분석을 통한 단면 영상 재구성을 수행하였

다. 광학 팬텀의 국소전립선암 모델의 실제 위치와 재구성 신호를 

비교하여 그 정확도를 분석하였다. 

결과: 재구성한 단면 영상에서 높은 흡수 계수를 보였던 구역은 광

학 팬텀의 국소전립선암 모델의 실제 위치와 잘 일치하였다. 
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결론: 다채널 근적외선분광 영상 시스템으로 국소 전립선암의 전립

선내 위치결정의 정확도를 높일 수 있는 가능성을 팬텀 연구를 통

하여 보여주었다. 이는 향후 기존의 실시간 초음파영상과 융합하여 

전립선암의 영상진단의 정확도를 높이고 생검 위치 결정의 정확도

를 높이는 새로운 영상기법으로 이용될 수 있을 것이다. 
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