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The 43rd ISOTT Conference Presidents,
Qingming Luo and Lin Z. Li, would like to dedicate this volume
to the memory of Britton Chance.

 

Brit at Britton Chance Center for Biomedical Photonics, Wuhan National Laboratory 
for Optoelectronics, Huazhong University of Science and Technology, Wuhan, 
China, in November 2007
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In Memory of Professor Britton Chance

During the early morning of November 16th, 2010, Eastern Standard Time in the 
United States, Professor Britton Chance passed away at the age of 97 in Philadelphia. 
I was devastated and couldn’t hold back my tears when I heard the news. The scien-
tific community lost a great man; we lost a beloved mentor and friend, and spiritual 
leader. B.C.’s life was a great life, a legendary life and a brilliant, beautiful life.

I had known B.C. for 16 years. Looking back, there are many fond memories. In 
June 1995, I was fortunate enough to be one of his students. When I first arrived in 
Philadelphia, I lived in his house. I woke up every morning to the “tick-tock, tick- 
tock” sound in one room. It was from his ham radio transmitting Morse codes. It 
turned out that B.C. really loved amateur radio, often using a traditional transceiver 
to communicate with his friends.

B.C.’s laboratory at the University of Pennsylvania was situated next to the 
library of the Johnson Research Foundation, said upon his special request. This way 
the library could be used at any time for academic exchange. The laboratory is a big 
hall and B.C.’s office was in one of its corners. With a row of cabinets behind him 
filled with all kinds of reference materials and notes of scientific research, he sat on 
a high seat, a good vantage point with a view of everyone’s daily activities.

B.C. paid great attention to scientific experiments. We were encouraged to make 
our own instrument and equipment; minor mechanical parts were often designed 
and made by ourselves. When in the lab, B.C. would drop in at any time to check on 
our work and give us feedback. We were pressured but motivated, and worked hard 
so that we would have something new to report to him each day. If you had a good 
idea, you could work on it, as long as you had already completed the research 
assignments. As a result, I was able to design and put together a NIR functional 
brain imaging system. After the system was completed and produced results, B.C. 
was very happy. He would often bring people in for a visit, a discussion, or to col-
laborate on experiments so that the system could be put to greater and more com-
prehensive performance testing. Looking back, I now realize that this may have 
been his special way of training us. Now, when I train my own students, if the work 
is of highly innovative nature, I take them on “study tours” so that they will get 
additional feedback and comments.
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B.C. also paid great attention to academic exchanges. We each had to do a weekly 
presentation summarizing our own project. In addition to the review by B.C. him-
self, experts in the field were invited to review and comment on our work. The group 
meeting was lively and the brainstorming most exciting. I enjoyed every minute of 
it and felt a renewed commitment each time. B.C.’s laboratory is one of the most 
important international centers for biomedical photonics research. Every so often 
we got a chance to hear from the most prominent experts in the field, and we were 
able to talk with them in person. The reason I decided to return to China to build up 
the new field of biomedical photonics was that I had been exposed to a lot of lec-
tures given by “the masters.” These lectures made me realize that this was an impor-
tant field that China had yet to catch up with. And I felt a responsibility and obligation 
to contribute my bit.

Working hard and enjoying life were two of B.C.’s most prominent characteris-
tics. At the time, he was over 80 years old, but he came to the lab at 7 am and did 
not leave until 8 pm. Legend has it that he kept a “crazier” schedule during his 
younger years, and very few people working with him stayed for more than 3 years. 
I was lucky that I was strong physically, but could barely “keep pace” with him. For 
me, the biggest advantage was that I could always find him for a question. And no 
matter what we were asking, he would always offer amazing suggestions. He had a 
whole lot of GREAT ideas. When on business trips, we had to send daily reports to 
him by fax, and each time we would receive his reply. He led a simple life and 
dressed casually, but paid great attention to his diet and nutrition, and even more to 
sports. He would return to his New Jersey or Florida beach home on weekends to 
enjoy the fun of sailing. He was an Olympic gold medalist in the sport of sailing, 
and had a special attachment for both boat and sea. I ventured out with him during 
one of his sailings, which was thrilling and breathtaking. While at sea, you realize 
the importance of lighthouse. B.C. is a perpetual beacon to my heart, forever illumi-
nating my way forward.

When I decided to return home for a new start and asked for his opinion, he said 
he was proud of me. He said China needed me, and that I would get his full support. 
He kept his promise.

I returned to China at the end of February 1997. We started from scratch, carving 
out the way to success. At the beginning of our venture, we selected six young 
teachers and graduate students and sent them to B.C.’s laboratory. Four of them have 
become key members of our research center. B.C. suggested that we host an inter-
national conference in China in the field to promote its development. Now the 
International Conference on Photonics and Imaging in Biology and Medicine we 
initiated and organized has become the largest conference series of its kind in the 
Asia-Pacific region. B.C. attended almost all of our conferences. Because of his 
appeal, several well-known experts in the field have also come to the conference. 
Under his influence, many of his former students have joined in the collaborative 
research with us. These have greatly promoted the development of our center. Since 
1999, B.C. visited our laboratory in Wuhan many times, sometimes a week, 
 sometimes more than a month, providing guidance and extending cooperation. As I 
recall, the happiest thing for B.C. was to discuss scientific issues with his students.

In Memory of Professor Britton Chance
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B.C. had a special and personal connection to China. In the 1940s in Cambridge, 
he and Prof. Zou Chenglu, an academician of the Chinese Academy of Sciences, 
were classmates; in the 1950s in Philadelphia, Prof. Chia-Chih Yang, who later 
became one of the “Two Bombs and One Satellite” “Meritorious Scientists” and the 
academician of Chinese Academy of Sciences, was a postdoctoral fellow under his 
supervision; in the 1980s, also in Philadelphia, the former Executive Vice President 
of Beijing Medical University, Prof. Cheng Boji, was a visiting researcher in his lab. 
In the 1990s, B.C. had many Chinese students, including me. On his 90th birthday, 
we presented him with a plaque, which says “Favorite Teacher with Students around 
the World (Tao2 Li3 Tian1 Xia4)” to express gratitude from all his Chinese students. 
In 2008, the Chinese government awarded B.C. the “Friendship Award”; Premier 
Wen Jiabao cordially met with him in the Great Hall of the People in Beijing. In 
2009, B.C. won the “China International Science and Technology Cooperation 
Award,” and it was well deserved. In April 2009, B.C. was awarded an honorary 
doctorate degree from Huazhong University of Science and Technology; this turned 
out to be his last trip to Wuhan.

In April 2010, I paid a visit to Prof Chance’s home in Tainan. Originally he 
planned to visit Mainland China in September, but could not make it because of visa 
problem. In early September, one of my colleagues visited him in his Philadelphia 
home, while he still kept a regular schedule in his lab. In early November, we held 
the fourth meeting of the International Advisory Board for our Britton Chance 
Center in Wuhan, and his colleagues from the University of Pennsylvania brought 
the good news that he was gradually recovering his health. We were happily plan-
ning for his visit the following spring and never expected the sad news of his pass-
ing, which came as an unbearable shock.

Recalling the past, I was sleepless. Even though B.C. is gone, his spirit will stay 
with us forever. Under the guidance of his spirit, we at the Britton Chance Center for 
Biomedical Photonics will continue on, to scale the heights of science, to overcome 
difficulties, to exert extra effort, to pursue excellence, and to honor the name of 
“Britton Chance.”

B.C. will always live in our hearts.

Wuhan, China Qingming Luo, Ph.D.

In Memory of Professor Britton Chance
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Obituary

Grieving Message for Dr. Masaji Mochizuki

Dedication by Dr. Tomiyasu Koyama

 

Curriculum vitae:

1922.3.3: Born in Shizuoka prefecture, Japan
1945.9: Graduated from School of Medicine, Hokkaido Imperial University
1945.12:  Research Associate, School of Medicine and Microwave Research 

Institute, Hokkaido Imperial University
1946.3:  Hokkaido University, Research Associate, Research Institute of 

Applied Electronics, Hokkaido University (by the rule change of the 
Japanese education system)

1952.4: Associate Professor, Hokkaido University
1953.8: Guest Researcher, Göttingen University, West Germany
1958.10:  Professor, Hokkaido University, Research Institute of Applied 

Electronics, Hokkaido University
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1961.3:  Guest Researcher, Department of Medical Physiology, University of 
Pennsylvania, USA

1970.4:  Director of Research Institute of Applied Electronics, Hokkaido 
University

1970.4: University Senate, Hokkaido University
1973.11: Professor, School of Medicine, Yamagata University
1979.4: Dean, School of Medicine. Yamagata University
1979.4: University Senate, Yamagata University
1986.4: President for the 63rd Conference of Japanese Physiological Society
1987.3:  Retired from the position Dean of the School of Medicine, Yamagata 

University
1987.4: Professor emeritus, Yamagata University
1987.4:  Head of the Research Center of the Respiratory Function in Senescent 

Patients, Keijinnkai Nishimaruyama Byouin Hospital
1987.8: President of the 1987 meeting of ISOTT in Sapporo
1995.4: Honorable member of Japanese Society for Physiology
1996.11: Honored with the order of Sacred Treasure
2014.10.24: Dr. Mochizuki died at the age of 92 years

Dr. Mochizuki, a very dedicated scientist, repeated the measurements of reaction 
time of oxygenation and deoxygenation in erythrocytes and analyzed detailed 
molecular level mechanisms, theoretically. He concluded that the process could be 
understood precisely only when the diffusion gap was considered in the calcula-
tions. In the analysis, he determined that oxygen can diffuse through molecular 
pores having a diameter of 4.5 Å with transfer coefficients of O2, CO2, and CO being 

equally 2.5 × 10−6 cm · s−1  · torr−1 and a permeability of l
2mKT

. Further, he suc-

ceeded in describing O2, CO2, and HCO3
− exchange dynamics in the lung in senes-

cent patients and in chicken eggs.
As an established researcher, Dr. Mochizuki spent 35 years working with O2, 

CO2, and HCO3
− diffusions. During the long period of his research, he had the good 

fortune to meet and discuss the diffusing molecular processes with Drs. 
F.J.W. Roughton, H. Bartels, R.E. Foster, I.S. Longmuir, and D.F. Bruley. He wished 
to express his cordial thanks to them for their valuable input and encouragements. 
Dr. Mochizuki and his wife attended almost every ISOTT meeting from the very 
first meeting in Clemson/Charleston, SC, USA, in 1973 until his illness prevented 
them from doing so.

Obituary
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Preface

The 43rd Annual Meeting of the International Society on Oxygen Transport to 
Tissue (ISOTT 2015), hosted by Britton Chance Center for Biomedical Photonics 
(BC CBMP), Wuhan National Laboratory for Optoelectronics (WNLO), Huazhong 
University of Science and Technology (HUST), was held in Wuhan, China, on July 
11–16th, 2015. This volume contains the papers submitted, peer-reviewed (at least 
by two reviewers), and accepted from presentations at that meeting.

During the 43 years of ISOTT history, this was the first conference ever held in 
China. We have gone through an 8-year journey to this milestone. As Dr. Duane 
Bruley (ISOTT historian) discussed with Dr. Li in 2007 about organizing of an 
ISOTT conference in China, this proposal immediately gained strong support from 
Dr. Britton Chance. Brit then wrote to Dr. Luo in HUST who was a former postdoc 
fellow in the Chance lab in the 1990s and now an established senior research leader 
in China. For the sake of Brit, our beloved mentor, Dr. Luo kindly accepted the 
invitation for a couple of plenary lectures in ISOTT and started to attend and send 
participants to ISOTT since 2012. After a few years of planning and development 
and with strong support from both local HUST and ISOTT communities, we orga-
nized the 2015 meeting successfully in Wuhan, finally fulfilling our promises to Brit 
and Duane.

The ISOTT 2015 conference brought together 109 participants (33 from 
Mainland China and 76 from other regions and countries) in a unique cross- 
disciplinary forum for discussions on a broad range of topics related to oxygen 
transport and metabolism in health and disease. In total there were 103 presenta-
tions (4 keynote and 22 invited lectures, 30 oral presentations, and 47 poster presen-
tations). The meeting featured “Britton Chance Memorial” sessions with a number 
of diversified and interesting research presentations and an invited talk by Duane 
entitled “ISOTT from the beginning: a tribute to our deceased members (icons),” 
reflecting on the ISOTT’s long history of 43 years and people who have made major 
contributions to the society especially Brit. In total 16 meeting sessions covered 
various research topics including Multi-Modal Imaging/Spectroscopy and 
Instrumentation; Cancer Metabolism; Cellular Hypoxia and Mitochondrial 
Function; Brain Oxygenation and Function; Other Organ Function and Metabolism; 
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Oxygen Transport in Sports, Diseases and Clinical Care; Acupuncture, Meridians, 
and Primo Vascular System; and EPR, MRS and MRI. Extensive discussion time 
was allocated to each oral presentation to enhance and facilitate full scientific inter-
action. Each poster presenter was given 2 min to highlight orally the key points in 
the posters to the general audience. Interested participants were also invited to visit 
Wuhan National Laboratory for Optoelectronics and Britton Chance Center for 
Biomedical Photonics.

In addition to the academic programs, many participants expressed their satisfac-
tion with and enjoyment of the social events and the hospitality of local hosts and 
the nice environment of the conference site PUYU hotel. The social events included 
the welcome reception hosted in the PUYU hotel, the farm food dinner in a restau-
rant nearby the East Lake served with the unique Wuhan style food, the Yangtze 
River cruise enjoying a spectacular night views of the city, and the exercise program 
of Taiji Walk and Ba Duan Jin instructed in the mornings throughout the 
conference.

We would like to acknowledge earnestly the great work done by our conference 
coordinators Dr. Hua Shi and Ms. Weiwei Dong plus a number of staff members and 
volunteers that have made the conference smooth and successful. Deep appreciation 
also goes to the Members of Local Organizing Committee, Scientific Committee, 
ISOTT Executive Board, and all the session chairs, speakers, and presenters for 
their participation, support, advice, and help. Together we have made the first 
ISOTT conference in China an outstanding and memorable experience. Great 
thanks also go to all the editors and reviewers that make the publication of this 
ISOTT 2015 proceeding possible.

Wuhan, China Qingming Luo 
Philadelphia, PA, USA Lin Z. Li 

Preface
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ISOTT Award Winners 

 The Melvin H. Knisely Award

The Melvin H. Knisely Award was established in 1983 to honor Dr. Knisely’s 
accomplishments in the field of the transport of oxygen and other metabolites and 
anabolites in the human body. Over the years, he has inspired many young investi-
gators and this award is to honor his enthusiasm for assisting and encouraging 
young scientists and engineers in various disciplines. The award is to acknowledge 
outstanding young investigators. This award was first presented during the banquet 
of the 1983 annual conference of ISOTT in Ruston, Louisiana. The award includes 
a Melvin H. Knisely plaque and a cash prize.

 Melvin H. Knisely Award Recipients

1983 Antal G. Hudetz (Hungary)
1984 Andras Eke (Hungary)
1985 Nathan A. Bush (USA)
1986 Karlfried Groebe (Germany)
1987 Isumi Shibuya (Japan)
1988 Kyung A. Kang (Korea/USA)
1989 Sanja Batra (Canada)
1990 Stephen J. Cringle (Australia)
1991 Paul Okunieff (USA)
1992 Hans Degens (The Netherlands)
1993 David A. Benaron (USA)
1994 Koen van Rossem (Belgium)
1995 Clare E. Elwell (UK)
1996 Sergei A. Vinogradov (USA)
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1997 Chris Cooper (UK)
1998 Martin Wolf (Switzerland)
1999 Huiping Wu (USA)
2000 Valentina Quaresima (Italy)
2001 Fahmeed Hyder (Bangladesh)
2002 Geofrey De Visscher (Belgium)
2003 Mohammad Nadeem Khan (USA)
2004 Fredrick Palm (Sweden)
2005 Nicholas Lintell (Australia)
2006 –
2007 Ilias Tachtsidis (UK)
2008 Kazuto Masamoto (Japan)
2009 Rossana Occhipinti (USA)
2010 Sebatiano Cicco (Italy)
2011 Mei Zhang (USA)
2012 Takahiro Igarashi (Japan)
2013 Malou Friederich-Persson (Sweden)
2014 David Highton (UK)
2015 Alexander Caicedo Dorado (Belgium)

 The Dietrich W. Lübbers Award

The Dietrich W. Lübbers Award was established in honor of Professor Lübbers’s 
long-standing commitment, interest, and contributions to the problems of oxygen 
transport to tissue and to the society. This award was first presented in 1994 during 
the annual conference of ISOTT in Istanbul, Turkey.

 Dietrich W. Lübbers Award Recipients

1994 Michael Dubina (Russia)
1995 Philip E. James (UK/USA)
1996 Resit Demit (Germany)
1997 Juan Carlos Chavez (Peru)
1998 Nathan A. Davis (UK)
1999 Paola Pichiule (USA)
2000 Ian Balcer (USA)
2001 Theresa M. Busch (USA)
2002 Link K. Korah (USA)
2003 James J. Lee (USA)
2004 Richard Olson (Sweden)
2005 Charlotte Ives (UK)
2006 Bin Hong (China/USA)
2007 Helga Blockx (Belgium)

ISOTT Award Winners
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2008 Joke Vanderhaegen (Belgium)
2009 Matthew Bell (UK)
2010 Alexander Caicedo Dorado (Belgium)
2011 Malou Friedrich (Sweden)
2012 Maria Papademetriou (UK)
2013 Nannan Sun (China/USA)
2014 Felix Scholkmann (Switzerland)
2015 Shun Takagi (Japan)

 The Britton Chance Award

The Britton Chance Award was established in honor of Professor Chance’s long- 
standing commitment, interest, and contributions to the science and engineering 
aspects of oxygen transport to tissue and to the society. This award was first pre-
sented in 2004 during the annual conference of ISOTT in Bari, Italy.

 Britton Chance Award Recipients

2004 Derek Brown (Switzerland)
2005 James Lee (USA)
2006 Hanzhu Jin (China/USA)
2007 Eric Mellon (USA)
2008 Jianting Wang (USA)
2009 Jessica Spires (USA)
2010 Ivo Trajkovic (Switzerland)
2011 Alexander Caicedo Dorado (Belgium)
2012 Felix Scholkmann (Switzerland)
2013 Tharindi Hapuarachchi (UK)
2014 Anne Riemann (Germany)
2015 Wenhao Xie (China)

 The Duane F. Bruley Travel Awards

The Duane F. Bruley Travel Awards were established in 2003 and first presented by 
ISOTT at the 2004 annual conference in Bari, Italy. This award was created to pro-
vide travel funds for student researchers in all aspects of areas of oxygen transport 
to tissue. The awards signify Dr. Bruley’s interest in encouraging and supporting 
young researchers to maintain the image and quality of research associated with the 
society. As a cofounder of ISOTT in 1973, Dr. Bruley emphasizes cross-disciplinary 
research among basic scientists, engineers, medical scientists, and clinicians. His 
pioneering work constructing mathematical models for oxygen and other anabolite/
metabolite transport in the microcirculation, employing computer solutions, was the 

ISOTT Award Winners
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first to consider system nonlinearities and time dependence, including multidimen-
sional diffusion, convection, and reaction kinetics. It is hoped that receiving the 
Duane F. Bruley Travel Award will inspire students to excel in their research and 
will assist in securing future leadership for ISOTT.

 The Duane F. Bruley Travel Award Recipients

2004  Helga Blocks (Belgium), Jennifer Caddick (UK), Charlotte Ives (UK), Nicholas 
Lintell (Australia), Leonardo Mottola (Italy), Samin Rezania (USA/Iran), Ilias 
Tachtsidis (UK), Liang Tang (USA/China), Iyichi Sonoro (Japan), Antonio 
Franco (Italy)

2005  Robert Bradley (UK), Harald Oey (Australia), Kathy Hsieh (Australia), Jan 
Shah (Australia)

2006  Ben Gooch (UK), Ulf Jensen (Germany), Smruta Koppaka (USA), Daya 
Singh (UK), Martin Tisdall (UK), Bin Wong (USA), Kui Xu (USA)

2007  Dominique De Smet (Belgium), Thomas Ingram (UK), Nicola Lai (USA), 
Andrew Pinder (UK), Joke Vanderhaegen (Belgium)

2008 Sebastiano Chicco (Italy)
2009  Lei Gao (UK), Jianting Wang (USA), Obinna Ndubuizu (USA), Joke 

Vanderhaegen (Belgium)
2010  Zareen Bashir (UK), Tracy Moroz (UK), Mark Muthalib (Australia), 

Catalina Meßmer (USA), Takashi Eriguchi (Japan), Yoshihiro Murata 
(Japan), Jack Honeysett (UK), Martin Biallas (Switzerland)

2011  Catherine Hesford (UK), Luke S. Holdsworth (UK), Andreas Metz 
(Switzerland), Maria D. Papademetriou (UK), Patrik Persson (Sweden), 
Felix Scholkmann (Switzerland), Kouichi Yoshihara (Japan)

2012  Allann Al-Armaghany (UK), Malou Friederich-Persson (Sweden), Tharindi 
Hapuarachchi (UK), Benjamin Jones (UK), Rebecca Re (Italy), Yuta 
Sekiguchi (Japan), Ebba Sivertsson (Sweden), Andre´ Steimers (Germany)

2013  Allann Al-Armaghany (UK), Gemma Bale (UK), Alexander Caicedo 
Dorado (Belgium), Luke Dunne (UK)

2014  Geraldine De Preter (Belgium), Benjamin Jones (UK), Stefan Kleiser 
(Switzerland), Nassimsadat Nasseri (Switzerland), Marie-Aline Neveu 
(Belgium), Shinsuke Nirengi (Japan), Takuya Osawa (Japan)

2015  Nannan Sun (China), Gemma Bale (UK), Chenyang Gao (China), Guennadi 
Saiko (Canada), Kuangyu Shi (Germany), Phong Phan (UK), Chae Jeong 
Lim (Korea)

ISOTT Award Winners
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 Kovach Lecture

The Kovach Lecture is presented periodically to honor a career dedicated to oxy-
genation research. Arisztid Kovach was a world-renowned cardiovascular physiolo-
gist and one of the early leaders of ISOTT. This lecture is dedicated to his remarkable 
scientific and teaching career.

 Kovach Lecture Recipients

2011 John Severinghaus
2012 Peter Vaupel
2013 No Recipient
2014 Edwin Nemoto
2015 No Recipient

ISOTT Award Winners
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    Chapter 1   
 ISOTT from the Beginning: A Tribute to Our 
Deceased Members (Icons)                     

     Duane.   F.     Bruley      and     E.  E.     Thiessen   

    Abstract     ISOTT was founded by Drs. Duane F. Bruley and Haim I. Bicher in the 
state of South Carolina, USA in 1973. The symposium was jointly held at Clemson 
University (Clemson, SC, USA) and the Medical College of South Carolina 
(Charleston, SC, USA), which are geographically located 260 miles apart. This 
venue resulted from Dr. Bruley’s (Clemson University) wish to have a meeting on 
Oxygen Transport to Tissue and with it to honor the research collaboration between 
the two universities and Dr. Melvin H. Knisely’s accomplishments on studies 
regarding “blood sludging” in the microcirculation. Because of the unexpected 
large response to the symposium, Drs. Bruley and Bicher decided to found an inter-
national society at this meeting (ISOTT). The purpose of this paper is to summarize 
the formalization of ISOTT and to  honor important contributors  to the society 
who have since passed away. The authors did their best to include a brief overview 
of our past icons who have excelled in leadership as well as science/engineering, 
and apologize if someone has been mistakenly left out or if data is inaccurate or 
incomplete.  

1       Introduction 

 The founding of a formal international society on oxygen transport to tissue (ISOTT) 
took a tortuous path, similar to many scientifi c and engineering  investigations   [ 1 ]. 
The process included the evolution of joint “engineering science and medical sci-
ence collaborations” with a variety of oxygen-related studies being presented and 
published through various societies around the world. Most notably the European 
Society for Microcirculation and the American Society for Microcirculation. 
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 ISOTT was  founded   by Drs. Duane F. Bruley and Haim I. Bicher in the state of 
South Carolina, USA in 1973. The symposium was jointly held at Clemson 
University (Clemson, SC: Mathematical Modelling and Computer Simulation) 
and the Medical College of South Carolina (Charleston, SC: Experimental PO 2  
Measurements and Anticoagulants), which are geographically located 260 miles 
apart (254 attendees transported between by bus, Fig.  1.1 ). This venue resulted 
from Dr. Bruley’s wish to have a meeting on Oxygen Transport to Tissue and with 
it to honor the collaboration between the two universities (the fi rst joint research 
collaboration between the two institutions) and Dr. Melvin H. Knisely’s accom-
plishments on blood sludging in the microcirculation. The decision to have a joint 
meeting with the Medical College of SC led Dr. Bruley to invite Dr. Bicher to help 
with the meeting organization. Because of the unexpected large response, Drs. 
Bruley and Bicher decided to found an international society at this meeting 
(ISOTT).

   Throughout our history, many engineers, scientists, medical researchers and cli-
nicians have made major  contributions   in the evolution of ISOTT. However, the 
purpose of this paper is to honor important contributors to the society who have 
since passed away. The authors hope to include here all of our past icons who have 
contributed in science, engineering, and medicine or in major leadership or sup-
porting roles. We apologize if someone has been left out or if important information 
has been missed. We did not include the investigator if we could not establish their 
passing. The authors would like to add that all of these individuals had so many 
achievements in their lifetime that it is impossible to do them justice in a single 
limited paper.  

  Fig. 1.1    ISOTT  Founding Meeting  , Clemson/Charleston, SC, USA, 1973       
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2     Our Historical Icons 

 We would like to begin this section with our  fi rst honorary president , who was 
appointed by Drs. Bruley and Bicher at the Founding meeting. He was selected 
because of his many professional accomplishments as a pioneer in the study of the 
microcirculation. Of course, this icon is  Dr. Melvin H.    Knisely    (1904–1975), who 
served at the University of Chicago, and later as Chairman of Anatomy at the 
Medical College of South Carolina. Dr. Knisely’s most notable contribution was 
developing the quartz rod crystal technology for illumination and being credited as 
the fi rst human being to observe the clumping (sludging) of particulate matter in the 
microcirculation. His research demonstrated this phenomenon in over 100 disease 
states [ 2 ]. Dr. August Krogh nominated Dr. Knisely’s work for a Nobel Prize in 
physiology in 1947, 1948, and 1949. He was later nominated twice in 1951 by Larus 
Einarson and C. Holten. Failure to receive the award in no way diminishes the sig-
nifi cance of his contributions. The rest of his life was spent trying to solve the prob-
lem of blood sludging and improve the process of oxygen transport to tissues [ 3 ], 
particularly in the gray matter of the human brain. The society will forever be 
indebted to his original work. Dr. Knisely was futuristic in that he appreciated the 
potential of applied mathematics [ 4 ] along with wet laboratory studies to aid in the 
solution of this complex problem. To obtain more accurate studies of oxygen gradi-
ents in tissue, he hired Dr. Haim Bicher in 1967 to join our group to develop oxygen 
microelectrodes (polarography) to make micromeasurements of tissue pO 2 . In addi-
tion to his scientifi c career, Dr. Knisely had a wide variety of interests. For example, 
he was friends with John Steinbeck and together they met with President Roosevelt 
during World War II to discuss a plan they had devised to dump fake currency into 
enemy states. In 1983, as president of ISOTT, Dr. Bruley established the Melvin 
H. Knisely award, the premier award of the society. 

 Another extremely important member in the development of our society is  Dr. 
Britton Chance  (1913–2010). His scientifi c contributions, example, and mentor-
ship are unmatched and have given great credibility to ISOTT [ 5 ,  6 ]. He was the 
Eldridge Reeves Johnson University Professor Emeritus of Biochemistry and 
Biophysics, as well as Professor Emeritus of Physical Chemistry and Radiological 
Physics at the University of Pennsylvania, School of Medicine. Dr.  Chance   served 
as the second elected president of ISOTT in 1976 at the Anaheim, CA meeting. Britt 
was a steadfast supporter of ISOTT efforts and attended almost every meeting, 
including the founding meeting in 1973. He always sat in the fi rst row and had pen-
etrating questions for almost all of the presenters. Close to his death, I asked him 
why he never queried me about my zymogen protein C projects. His answer was 
that he didn’t understand what I was doing. Later, after his stroke, while I was in his 
lab, he asked me if I thought that the infusion of the natural anticoagulant protein C 
(ZPC) would have prevented his stroke. I answered that I was sure it could have 
been a benefi t. He then asked for copies of my papers, which I provided, but shortly 
after that, Britt passed away. I have fond memories of the work that we did together 
[ 7 ] and cherish the time that I had to be and work with Britt. Britt was truly a 
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 multi- dimensional achiever and earned an Olympic gold medal (1952) for his 
sailing skills. Amongst his numerous awards and recognitions, Britt joined the 
United States National Academy of Sciences in 1952, received the National Medal 
of Science in 1974, was elected a Foreign Member of the Royal Swedish Academy 
of Sciences in 1968, and a Foreign Member of the Royal Society (London) in 1981. 
In 2004, Dr. Bruley, along with others, nominated Dr. Chance for the establishment 
of the Chance Award, which is now a big part of the society. It is defi nitely a plea-
sure to have the opportunity to give this presentation in Wuhan at an institute named 
in  his   honor, the “Britton Chance Center for Biomedical Photonics”. 

  Dr. Gerhard Thews  (1926–2003) is internationally known for his contributions 
to oxygen transport to tissue [ 8 ,  9 ]. His many recognitions include the 1961 
Wolfgang-Heubner Prize in Berlin, Germany, the 1964 fi rst prize from the Carl- 
Diem Foundation of the German Sports Federation, the 1969 Adolf Fick Prize in 
Wurzburg, Germany, and the Great Cross of Merit in 1991. In 1964, Dr.  Thews   was 
appointed to the chair of physiology at the University of Mainz, along with the 
directorship of the Institute of Physiology. He served as chairman of the German 
Physiological Society and as Dean of the Faculty of Medicine from 1968 to 1969. 
Among his many honored positions, he served as president of the academy of sci-
ences and literature in Mainz, Germany from 1985 to 1993. After a very active 
career, he retired in 1994. One of his most important works involved expanding the 
studies of August Krogh on the Capillary Tissue system to include both the capil-
lary and the tissue. His mathematical models were linear since at that time he had to 
use analytical techniques to obtain oxygen tension solutions for both the capillary 
and the tissue. As computers became available and more easily used, nonlinearities 
were introduced (Bruley Model, 1967) [ 4 ]. It is signifi cant that Dr. Gerhard Thews 
served as the  fi rst elected president  of our society in 1975 at the University of Mainz 
in Germany. 

  Dr. Dietrich    Lübbers   ’ (1917–2005) research goal was to understand the entire 
pathway and regulation of oxygen supply from the blood into the mitochondria 
[ 10 ]. In his quest to accurately measure and understand oxygen supply [ 11 ], he held 
numerous patents for photometry, electrochemical sensors, pO 2  and pCO 2  measure-
ments in situ and optical sensors with absorbent and fl uorescent optical indicators. 
For his work he was awarded the Diesel Gold Medal in 1997 at the German Institute 
for Inventions. He was appointed the Director of the Max Planck Institute for 
Occupational Physiology in Dortmund in 1968, which was renamed the Max Planck 
Institute for Systems Physiology to refl ect the work he was doing. In 1971, he orga-
nized a meeting on oxygen supply at the Max Planck Institute in Dortmund which 
was well attended. He was a member of the fi rst International Committee of ISOTT, 
president in 1982 in Dortmund, Germany, and attended almost every meeting until 
2000. In 1994, the Dietrich W.  Lübbers   award was established to honor his long- 
standing commitment, interest, and contributions to the problems of oxygen supply 
to tissue and to the society. 

  Dr. Leland C. Clark, Jr.  (1918–2005) received his formal education at Antioch 
College in Ohio, USA, and his Ph.D. in biochemistry and physiology from 
University of Rochester in NY, USA. He served as a professor of biochemistry at 
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Antioch College and became head of the department. He then held a simultaneous 
appointment at the University of Cincinnati, College of Medicine. In 1958, he 
moved to the department of surgery at the University of Alabama Medical College. 
He then became professor of research pediatrics at the Cincinnati Children’s 
Hospital Research Foundation in 1968 and remained there until he retired in 1991. 
He is best known as the inventor of the Clark Electrode [ 12 ] for measuring oxygen 
in blood and is considered the father of biosensors [ 13 ]. He conducted pioneering 
research on heart-lung machines and was holder of more than 25 patents. Dr.  Clark   
attended and was a member of the International Committee for the founding meet-
ing of ISOTT at Clemson/Charleston in 1973. His contributions to polarography to 
sense oxygen resulted in great advances in the understanding of oxygen transport in 
human tissue. 

  Dr. Manfred    Kessler    (1934–2013) was trained as a medical doctor and joined 
Professor Lübbers in Marburg and later followed him to the Max Planck Institute 
für Arbeitsmedizin in Dortmund (1968), after which he became a chairman at the 
Institut für Physiologie und Kardiologie in Erlangen, directing interdisciplinary 
research related to the regulation mechanisms of oxygen supply to tissue. He used 
multiwire surface electrode (MDO) and tissue micro spectrometry to study the het-
erogeneity of oxygen supply to tissues. He helped determine that the heterogeneity 
and redistribution of oxygen pattern indicated the highly regulated tissue supply and 
the existence of protective mechanisms that prevented tissue damage during oxygen 
defi ciency. From this work, he postulated that oxygen supply is redistributed at the 
capillary level in critical oxygen supply situations. Also, the reduction of oxygen 
uptake rate and cell function enable the cells to survive and prevent anoxia for a 
longer period of time. It was the basis of pathological tissue protection like the 
“Hibernating Myocardium”, well known in cardiac surgery today. Dr. Kessler also 
did pioneering research for the measurement of oxygen and minimally invasive 
electrode techniques for other biologically-important substances [ 14 ,  15 ]. 

  Dr. Frans Frederik    Jobsis    (1929–2006) was born in Jakarta, Indonesia and 
moved to the Netherlands with his family at age 9 before coming to the United 
States at 19. He graduated from the University of Maryland and received his Ph.D. 
from the University of Michigan and then completed several postdoctoral studies in 
biophysics. Frans began his career in physiology research at the University of 
Pennsylvania before accepting a position with Duke University Medical Center in 
1964. An eminent physiologist, Dr. Jobsis made major contributions to the under-
standing of muscle contraction and brain metabolism, and was one of the early 
pioneers in the fi eld of near-infrared light spectrophotometry, allowing the measure-
ment of oxygen levels in tissue and blood [ 16 ,  17 ]. This was a profoundly signifi -
cant contribution to the advancement of healthcare for the benefi t of mankind. He 
was a recipient of many professional awards, including a Guggenheim Foundation 
Fellowship and the Semmelweis Award. Dr.  Jobsis   published extensively through-
out his prestigious career and was considered a pioneer in his professional endeav-
ors and all aspects of life. 

  Dr. Arisztid G. B. Kovách  (1920–1996) was well known as the founder and 
director for over 30 years of the Experimental Research Department in Semmelweis 
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Medical University, where he created a school of cardiovascular physiological 
research that has inspired many on the international stage [ 18 ]. He was the president 
of our Society and host of the Annual Meeting in Budapest, Hungary in 1980 [ 19 ]. 
His energy, enthusiasm, and insightful observations encouraged many of us who 
knew him. The year after his death, Dr. Antal G. Hudetz (ISOTT President, 1997, 
Milkwaukee, WI, USA) established the Arisztid G. B.  Kovách   Memorial Lectures 
to remember his dedication and contribution to ISOTT, science, and education. 

  Dr. David J.    Maguire    (1945–2012) was a devoted scientist who established a 
national and international reputation for his work in fundamental phenomena in the 
respiration of basal cell carcinomas and the effects of hypo- and hyperthermia on 
oxygen profi les in tumor spheroids [ 20 ,  21 ]. He was a true leader in our society and 
served as the president in Brisbane, Australia in 2005. He stood out in any situation 
and when in the room, his friendly and genuine openness touched everyone present. 
To each meeting, he brought a spirit of adventure and organized competitive swim-
ming events to enhance the social aspects of ISOTT. All of those who worked or 
played with David will have fond memories to accompany his legacy in research. 

  Dr. Ferdinand Kreuzer  (1919–2005) served as President of ISOTT in 1984 at the 
Radboud University in Nijmegen, The Netherlands. His main research interest was 
the transportation and diffusion of oxygen through blood about which he published 
extensively [ 22 ,  23 ]. Dr.  Kreuzer   led a brilliant career as practitioner, researcher, and 
teacher in various institutions in The Netherlands and the United States, particularly 
the Radboud University in Nijmegen, where he was appointed professor and head of 
the department of physiology and served from 1951 to 1985. In his private life, Dr. 
Kreuzer loved art and produced many paintings, as well as being involved in local 
history research that led to many publications outside of science. 

  Dr. Ian Stewart Longmuir  (1922–2011) was born and raised in Glasgow, 
Scotland. He received his bachelor’s degree in 1943 and his Master of Arts and 
Bachelor of Medicine in 1948 all at Cambridge University in Cambridge, England. 
Steps in his career included house physician at St. Bartholomew, England in 1948 
and a junior member of the faculty at the University of Cambridge from 1948 to 
1951. He served as principal scientist in Porton, England from 1951 to 1954, and as 
senior lecturer at the University London from 1956 to 1965. In 1965, he joined 
North Carolina State University in Raleigh, USA as Professor, where he served until 
his retirement at 1991. He contributed over 100 articles and papers to professional 
journals during his career. Some of those papers include his work related to cycto-
chrome P-450 [ 24 ] and his histochemical stain technology for determining intracel-
lular oxygen [ 25 ]. Among his many contributions to the evolution of ISOTT, Dr. 
 Longmuir   served as president of the society in 1985. 

  Dr. Masaji Mochizuki  (1922–2014) served ISOTT throughout his illustrious 
career, most of it taking place at the Research Institute of Applied Electricity at 
Hokkaido University in Sapporo, Japan. He organized our fi rst ISOTT meeting in 
Japan (1987), serving as the president of the society, along with his colleague Dr. 
Carl Honig as honorary president. As all of Dr.  Mochizuki’s   endeavors, it was a huge 
success and attracted a large number of new society members, which has  continued 
to grow over the years. He contributed to the society in many areas. However, his 
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single, greatest contribution closely focused on the interactions between carbon 
dioxide and oxygen under various conditions in the microcirculation [ 26 ,  27 ]. In 
addition to his high-level scholarly research, he was also an accomplished painter. 
He would frequently bring some of his artwork to our meetings and personally pre-
sented my wife Suzanne and me with several of his works. Both he and his wife were 
very active in the society and were involved in the beginning in the scholarship and 
social functions annually. Dr. Mochizuki and his wife attended almost every meeting 
from the very fi rst in 1973 until his illness prevented them from doing so. 

  Dr. René Bourgain  (1926–2011) had a broad area of interest in tissue oxygen-
ation. However, one of his unique niches involved studies of the blood proteins 
involved in coagulation. This is an extremely important area for oxygen transport to 
the cells in the tissues and only lightly touched on throughout our society. His work 
included many of the blood factors, but of high interest was the impact of protein C 
defi ciency and the resulting medical pathology associated with this condition. He 
fi rst alerted me in 1980 to the research that was taking place in Belgium related to 
protein C and its function in the blood and the possibility of thrombosis associated 
with defi ciencies. Among other work that he contributed to our society was the use 
of oxygen as a regulator of tissue perfusion [ 28 ] and using photo-optics to study 
blood clotting [ 29 ]. On the athletic side, Dr.  Bourgain   had a passion for the game of 
tennis and brought his racquet to all the meetings to play with anyone interested. He 
and I had many wonderful tennis sessions together. 

  Dr. Carl A.    Goresky    (1932–1996) was a Professor of Medicine at McGill 
University, a Career Research Investigator in the Medical Research Council of 
Canada, and Director of Gastroenterology at the Montreal General Hospital where 
he practiced medicine for 36 years. He was honored many times by his peers for his 
contributions to biomedical science as well as the impact he had on Canadian and 
North American medicine. He was a physician and scientist who actively engaged 
in research to the fi nal days of his life. As a teacher, he consistently took every 
opportunity to illustrate that a clinician scientist should bring knowledge from bed-
side to the bench and back. His greatest achievement in research was in his success-
ful application of rigorous mathematical methods, coupled with carefully designed 
experiments, to explore fundamental physiological phenomena. His fi rst paper [ 30 ] 
is often considered as one of the main foundation stones for the entire area of whole- 
organ tracer kinetics. From his time as editor of  Clinical and Investigative Medicine  
beginning in 1984 until this death, he signifi cantly raised the scientifi c standards of 
the articles via best peer review and put the journal on sound fi nancial basis. He was 
a prodigious researcher and author, resulting in 140 peer-reviewed publications, 28 
chapters in books, and editor on two books. For a lifetime of devoted service to 
medical science, he was inducted into the Order of Canada as Offi cer. He was a 
dedicated ISOTT member attending the majority of meetings while he was alive, 
including the fi rst meeting [ 31 ], where his quiet presence encouraged others. 

  Dr. Carl R.    Honig    (1925–1993) received his B.S. in Chemistry from University 
of Rochester in 1945, and returned to the Rochester school of Medicine and 
Dentistry in 1957 as Senior Instructor in Physiology and Professor of Physiology in 
1967. He also served as acting chair from 1968 to 1969. From 1972, he served as 
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Visiting Professor of Physiology at the University of Hawaii. His research in the 
cardiovascular system [ 32 ] was well supported by funds from the national heart 
institute of the US Public Health Service. His book  Modern Cardiovascular 
Physiology  [ 33 ] was well received and suitable for both specialists and generalists, 
and gave an engineering fl avor to the study of the circulation system. Dr. Honig was 
a dedicated teacher of both undergraduate and graduate medical students and was 
chosen Teacher of the Year three times as well as awarded the Manuel D. Goldman 
Prize in 1985. Carl had a great humanitarian side to him and demonstrated his con-
cern when he organized a reunion of the Civilian Public Service (CPS) Unit 115-R, 
a group of people who had volunteered to be human subjects in physiological exper-
iments designed to test the limits of human body tolerance for high temperature, 
high altitudes and starvation. He received a Merit Award from the U.S. Public 
Health Service in 1988. Carl served as honorary president in 1987 at the Sapporo, 
Japan ISOTT meeting, along with Dr. Masaji Mochizuki (President). 

  Dr. Johannes    Piiper    [ 34 ,  35 ] (1924–2012) was a physiologist and a foreign 
member of the Estonian Academy of Sciences. He graduated from the Faculty of 
Medicine of the University of Göttingen in 1952 and received his doctorate in medi-
cine in 1954. He continued his training at the University of Buffalo in the early 60s 
and became a professor at the University of Göttingen in 1966. He was also associ-
ated with the Max Planck Institute for Experimental Medicine in Göttigen for many 
years, serving as the head of the Department of Physiology (1973–1992) and execu-
tive director of the institute (1975–1977, 1987–1989). He served as President of 
ISOTT in 1989, in Göttingen, Germany. 

  Dr. Berend    Oeseburg    (1939–2000) was a remarkable fi gure in medical research 
in the Netherlands at both facilities where he worked in Nijmegen and Groningen as 
well as in the Dutch Association for Medical Education (NVMO), where he was a 
member of the General Board. His research focused on oxygen transport by both the 
myoglobin and hemoglobin molecules [ 36 ,  37 ]. He had a passion for experimenta-
tion and teaching and was active and innovative in the area of examinations. He 
served as ISOTT President in 2000 in Nijmegen, The Netherlands. 

  Dr. Eors Dóra  (1947(?)–1992) was an accomplished scientist and infl uential 
teacher. Throughout his career, he focused purely on science without diversion, and 
fi nding out the secrets of physiology and pathology. He spent a large portion of his 
career at Semmelweis University Medical School with Dr. Kovách, where he was 
known to be an accomplished scientist, inspirational teacher, and mentor, with an 
original way of looking at fi ndings [ 38 ]. He spent some time at the University of 
Lund, where he studied isolated blood vessel systems, which he then brought back 
to Hungary to continue his studies. He also worked with the Cerebral Vascular 
Research Center in the Department of Neurology at the University of Pennsylvania, 
where he studied cat brain cortex [ 39 ]. Unfortunately, the fi eld of oxygen transport 
lost a valuable researcher when Dr.  Dóra   passed away at an early age. 

  Dr. Mamoru Tamura  (1943–2011) was one of the great pioneers in biomedical 
optics and functional near-infrared spectroscopy, as well as a solid and constant 
presence in ISOTT. His researched revolved around the use of light as a tool for  in 
vivo  investigation of human function, especially in the transport and utilization 
of oxygen in cells, tissues, organs, and whole body [ 40 ].  Chance  brought him to 
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Dr. Britton Chance’s laboratory in 1971 as a post-doc, where their work together 
ended up as a lifelong infl uence on Dr.  Tamura’s   research [ 41 ]. He was an active 
member of ISOTT and attended almost every meeting from the third offi cial confer-
ence in 1977 (Churchill College, Cambridge, UK) until his death. He served as 
Honorary President in 2008, Sapporo, Japan. 

  Dr. Heinz Bartels  (d.2000) was a native of Friedrichshaven, Germany and a 
graduate of the University of Kiel, where he began his research making measure-
ments of hemoglobin-oxygen affi nity and of the Bohr effect in a variety of mam-
mals to discern differences in blood oxygen transport [ 42 ]. He also studied 
high-altitude species that showed a high oxygen affi nity to explain adaptive features 
for low-oxygen environments. Dr. Bartels was known for his forefront research in 
prenatal respiration [ 43 ]. He studied the complexities of maternal and fetal blood 
gas dissociation curves and the Bohr effect applied to oxygen transfer in the pla-
centa and in fetal tissues. We apologize for not being able to include a photograph 
and date of birth for Dr.  Bartels  . Extensive attempts were made to do this. 

  Dr. Lars-Erik Gelin  (1920–1980), often called the “Charlie Gelin”, was a pro-
fessor of General Surgery and Transplantation Surgery at Gothenburg University 
and the director of Surgery I in Sahlgrenska Hospital. He initiated the renal trans-
plant program in 1965, fi rmly establishing the hospital as one of the world’s largest 
renal transplant units and held the fi rst chair of transplant surgery in Sweden. He 
was known both nationally and internationally for his pioneering research in trans-
plantation. As an example of his efforts to understand better the process of reoxy-
genation after surgery, we have included a pertinent reference [ 44 ]. A year after his 
death, the Foundation Professor Lars-Erik  Gelin   Memorial Foundation was estab-
lished to award grants to scientifi c research and development projects related to 
transplantation. The Gelin Scholarship was established in 1996 and is awarded 
annually to applicants who intend to develop their clinical skills at a foreign clinic 
or institution. Dr. Gelin served on the fi rst International Board for ISOTT [ 45 ]. 

  Dr. Ludwig    Schleinkofer    (1952–2012) was the Director of Research and 
Development at Hamamatsu Deutschland GmbH for more than 30 years [ 46 ]. He 
was a leading expert in medical applications of near-infrared spectroscopy and 
joined ISOTT in 2004. He served on the executive committee from 2008 to 2011 
and was a major sponsor of meetings and active supporter in the society. He passed 
away suddenly in 2012.  

3     Conclusion 

 This paper is intended to speak for the history and founding of our society, ISOTT, 
and to honor many of the members who have made great  contributions   to its develop-
ment to what we are today. These deceased members must be recognized to ensure 
our history is maintained intact for those who will come after us. It has been an  honor  
and a  privilege  to be able to write and document this story. We have included a photo 
gallery to preserve our memories of our beloved colleagues (Fig.  1.2 ).    
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  Fig. 1.2    Gallery of past Icons of ISOTT       
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    Chapter 2   
 A Compelling Case for the Use 
of Perioperative Zymogen Protein C 
for Increased Patient Safety                     

     Duane.   F.     Bruley     ,     J.  M.     Abdallah     ,     M.  B.     Streiff     ,     T.  W.     McGuire     ,     K.  C.     Bruley     , 
    M.     Duncan     ,     R.     Duncan    ,     E.  E.     Thiessen     ,     M.     White     ,     K.  C.     Bruley     Jr.     , 
and     S.  B.     Bruley    

    Abstract     It is imperative to maintain normal blood fl ow to provide adequate oxygen 
supply to specifi c organs and cells, as well as for the removal of metabolic byproducts. 
Therefore, any situation that results in blood clotting can injure or kill living tissues. 
In this paper, we describe a case where a protein C defi cient subject who would, by all 
medical indicators, be at 100 % risk of experiencing thrombophlebitis, deep vein 
thrombosis, and or lung emboli, is able to escape all pathologies by using periopera-
tive zymogen protein C (ZPC). This protein C defi cient patient has a long history of 
blood clotting, particularly from surgical procedures. The patient is 81 years old and 
fi rst experienced clotting due to hernia surgery in 1964, when he was hospitalized for 
16 days post-surgery with life threatening complications. It was later determined in 
1980, after many episodes, that the patient had hereditary protein C defi ciency at the 
38 % level. In his hernia surgery, perioperative ZPC was used along with accepted 
anticoagulation procedures with no blood clots or other related side effects occurring. 
This procedure can greatly benefi t protein C defi cient patients, and could potentially 
fi nd use for non-PC defi cient patients in surgeries and a variety of other medical treat-
ments. This particular case helps to validate the importance of ZPC in effecting safer 
surgery in high-risk patients. It also supports the mechanism of ZPC acting as an 
anticoagulant without causing bleeding. Most importantly, each clinical case study 
represents a unique  combination of surgeon, hematologist, medical staff, and patient 
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functioning as a coordinated team. In this case, smaller amounts of very expensive 
ZPC achieved safe and effi cacious results, which is hugely important for future clini-
cal applications when considering the production cost of ZPC. More studies must be 
done to establish minimum dosing while achieving safe and effi cacious outcomes.  

  Keywords     Zymogen protein C (ZPC)   •   Surgery   •   PC defi ciency   •   Patient safety   • 
  Optimal dosage  

1       Introduction 

 The National Blood Clot Alliance ( NBCA  )    has recently stated that there are as 
many as 900,000 cases of deep vein thrombosis ( DVT  )    and pulmonary embolism 
( PE  )    diagnosed in the United States each year, resulting in nearly 300,000 deaths 
annually [ 1 ]. A large portion of the blood clots are due to  blood coagulation protein 
surplus/defi ciency   ( via  hereditary or acquired conditions) or interference with the 
mechanisms for protein activation/deactivation [ 2 ,  3 ]. This is seen in  numerous dis-
ease   states where Dr. Melvin H. Knisely demonstrated blood sludging in malaria 
and over 100 other disease conditions [ 4 ]. Some examples of inherited thrombo-
philia (hypercoagulability) include factor II gene mutation, antithrombin III, plas-
minogen activator inhibitor-1 (PAI-1), protein S defi ciency, protein C (PC) 
defi ciency, and Factor V Leiden [ 5 ]. Examples of acquired thrombophilia include 
antiphospholipid syndrome, and hyperhomocysteinemia. Other factors may trigger 
or cause blood clots, including surgery, trauma, fractures, bed rest, sitting or lying 
still for several hours at a time, cancer, chemotherapy, intravenous catheters, estro-
gen use, pregnancy, giving birth, and air/car travel. 

 PC is the pivotal blood factor anti-coagulant [ 6 – 9 ]. It also serves as an apoptotic, 
anti-infl ammatory and anti-thrombotic agent [ 10 ]. Its function, when activated, is to 
deactivate factor Va and factor VIIIa, thus downscaling the clotting process. Because 
Zymogen PC (ZPC) is activated only when and where it is needed, and the activated 
half-life is on order of minutes,  ZPC   has been coined the “silver bullet” of antico-
agulation and has been used successfully perioperatively in major surgeries [ 11 –
 16 ]. In the case of hereditary  PC defi ciency  , babies that are born homozygous PC 
defi cient die within weeks without PC concentrate supplements [ 17 ]. Those that are 
heterozygous for the gene typically have their fi rst episode between the ages of 12 
and 25 [ 18 ] or after 60.  

2     The Patient and His Thrombotic  History   

 Patient K is an 81-year old Caucasian male and a retired naval aviator. He was 
admitted for recurrent left inguinal hernia repair. Table  2.1  represents the history of 
thrombotic episodes that the patient has suffered from past surgeries or trauma to 
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different parts of the body, resulting in blood clotting. The patient suffers from pro-
tein C defi ciency at the 38 % level (heterozygote) and is on chronic anticoagulation 
therapy (warfarin). From this clotting history and other medical indicators for clot-
ting, the patient was at 100 % risk of developing a superfi cial thrombophlebitis 
(STP), a deep vein thrombus (DVT), and/or a pulmonary embolus (PE) during or 
after  surgery  . Because of the potential clotting complications in this case, it was 
decided to use perioperative zymogen protein C (ZPC) along with standard antico-
agulation therapy [ 11 – 16 ].

3         Medical Procedure   

 Major surgery is an environmental thrombotic risk factor that can lead to deep vein 
thrombosis and pulmonary embolism. These risks are enhanced in patients with 
underlying thrombophilic defects such as protein C defi ciency, particularly for 
patients with previous thrombotic events. For the purposes of this paper, protein C 
defi ciency refers to the heterozygote type. In preparation for the surgery, the patient’s 
warfarin was discontinued 7 days prior to the surgery and the next day he was 
started on enoxaparin sodium (Lovenox; Sanofi -AventisUS LLC, Bridgewater, NJ; 
1 mg/kg twice daily) until 24 h before the surgery. The patient was admitted to the 
hospital the morning of surgery on February 6, 2013 and started on intravenous ZPC 
concentrate (human) (Ceprotin; Baxter International Inc., Deerfi eld, IL). The night 
before surgery and before administration of protein C, the patient’s protein C activ-
ity level was 32 % and his INR was 1.0 with a prothrombin time of 10.6. 

    Table 2.1     Patient K’s thrombotic history     

 1964  Hernia repair—thrombus found at site of I.V. in left arm 
 6/24/1969  Hernia repair—saphenous vein thrombus—extended hospitalization 
 1980  Protein C on family. Patient K’s value at 38 %, daughter’s value similar, son’s 

80 %, other daughter at an excess 
 9/15 
–9/28/1983 

 Left deep vein thrombosis (DVT). Apparent embolus. Heparin for 13 days 

 1/2/1987  ER visit with clot. Protein C level of 38 % 
 8/20/1989  ER visit with clot. History of DVTs. Travelling in car with pain in left leg 
 8/16/1991  Hospital visit with clot—history of DVT 9/83 and several other episodes of 

superfi cial thrombus usually after long car ride, as with today 
 3/9/1993  Fell off ladder; developed clot a month later. Patient K hospitalized and on 

heparin for 11 days 
 1995  SVT ablation procedure; evidence of an embolus during the procedure 
 11/2007  Superfi cial thrombosis of left calf 
 12/2/2010  Emergency laparoscopic surgery for appendix. Two (2) units plasma to avoid 

clotting 
 9/2012  Cataract surgeries, remained on Coumadin through procedure 
 2/6/2013  Surgery for left inguinal hernia. Zymogen PC perioperative—NO CLOTS 

( subject of this paper ) 
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 The ZPC was ordered at 450 units bolus every 6 h at a rate of 108 cc/h. His morning 
PC activity level immediately before surgery and before the bolus was 32. This was 
taken at 8:13 am but was not known until 48 h later, as the analysis had a long process-
ing time. His PC activity level at 2:51 pm was 85 and at 4:54 am the next day was 124. 
He was maintained on ZPC until his last dose at 5:43 am on 2/8/2013 (POD 2), and 
then transitioned back to his normal anticoagulation therapy using Lovenox and war-
farin according to the following procedure. Coumadin was started on 2/7/13 (POD 1) 
at 7:45 pm with a fi rst dose of 5 mg. Lovenox was started on 2/7/13 (POD 1) at 8:00 
pm, dosing 80 mg SQ every 12 h. He was given instructions to take 5 mg Coumadin 
every Tuesday, Thursday, Saturday, and Sunday, and 2.5 mg on Monday, Wednesday, 
and Friday and to continue with the Lovenox until his INR was greater than 2.0. 

 During the procedure, he received endotracheal general anesthesia. A 15-bladed 
knife was used to make an 8-cm curvilinear incision over the inguinal canal. The 
patient had numerous, engorged, collateral veins from chronic venous stasis disease 
on the left side. After an extensive procedure with a good landing zone, the mesh 
was placed and it was sutured into place. After sterilization, the patient recovered 
from general anesthesia and was transported to the post-anesthesia care unit (PACU) 
in stable condition. Sponge, instrument, and needle counts were reported as correct 
times two. He was stable throughout the procedure and was released from the hos-
pital for home care on the afternoon of 2/8/ 13  .  

4     Results and Discussion 

 As reported, Patient K was a naval aviator. Therefore, he was often in very cramped, 
stressful conditions for relatively long periods of time. It is well known that people 
in thrombophilic circumstances are prone to developing thrombotic episodes. As 
can be seen from Patient K’s history (Table  2.1 ), his fi rst detected thrombosis was 
found after hernia repair in 1969. Expanding on his history, he has experienced at 
least 12 thrombotic events over the course of his lifetime as a result of major and 
minor interventions and traumas. Because of the high risk of thrombosis in this 
hernia surgery, it was decided to employ the use of perioperative ZPC to cover the 
period before, during, and after surgery. Notably, during the time of surgery, ZPC 
was the only anticoagulant present and it protected him from clotting without 
increased bleeding. 

 Throughout the surgery, blood samples were taken and analyzed for ZPC levels 
in the blood. Unfortunately, the individual sample assays required 48 h or more, so 
that the results were not immediately available during the procedure and in fact, the 
last sample taken was never recorded to indicate the ultimate ZPC level in the blood. 
The highest recorded level was 124 %, which appeared to be suffi cient and may 
have been more than enough. Therefore, we are unable to determine the effective 
level of ZPC for such a procedure, and more ZPC was probably used than necessary. 
It has been demonstrated that supraphysiologic levels (238 %) have been used in 
past studies without increased bleeding or other negative results [ 12 ]. Further 
research must be done to optimize safe dosing and reduce the cost for ZPC. 

D.F. Bruley et al.



19

 It has been established that ZPC concentrate has achieved promising results with 
a very good safety record [ 19 ,  20 ] for treating such conditions as severe sepsis and 
neonatal purpura fulminans [ 21 ,  22 ]. It has also been used to prevent vascular 
thrombosis for patients with familial  PC defi ciency   undergoing renal transplanta-
tion without noted side effects [ 23 ]. Given Patient K’s personal and family history 
of idiopathic PE and PC defi ciency, as well as the substantial thrombotic and bleed-
ing risks posed by this surgery, it was decided the off label use of PC concentrate 
represented the most effi cacious approach. The resulting favorable endpoint helps 
establish the procedure as a treatment strategy for patients who are highly thrombo-
philic with PC defi ciency. There may be other medical indications that could be 
treated more safely with the protocol used in this case study. 

 Based on evidence from several major surgeries involving perioperative PC 
administration [ 11 – 14 ,  16 ], it is clear that this procedure increases  patient safety  . In 
all cases there was no hypersensitivity reaction with Ceprotin administration, and 
despite the high levels of PC during the perioperative period, there was no increased 
surgical site bleeding. In our present case, however, a hematoma did occur postop-
eratively. But this condition presented itself after the patient was started on warfarin 
and was therapeutic on heparin [Lovenox]. 

 This report presents the use of human protein C concentrate, in an off-label fash-
ion, to safely perform a hernia surgery in a highly thrombophilic patient defi cient in 
protein C. It should be clear that this strategy is not only promising but should be 
considered in treating thrombophilic individuals with PC defi ciency who require 
major surgery. Patient K has survived and is presently leading a normal life without 
any consequences from his hernia repair surgery.  

5      Economics   of ZPC 

 It is obvious that using perioperative PC (Ceprotin) is very costly. Based on the 
approximate shelf value of $34.40/unit of Ceprotin, this surgery for ZPC alone cost 
approximately $134,160. Considering that the patient’s ZPC level during that time 
period may have risen above 124 % (last measured value) of normal, it is important 
to fi nd the optimal safe dose to minimize the expense of ZPC. 

 Alternatively, it is important to continue research and development to establish 
improved bioprocessing strategies that will reduce production costs of ZPC from 
blood. One approach that shows promise is the replacement of immunoaffi nity 
chromatography (IAC) with immobilized metal affi nity chromatography (IMAC) 
[ 24 – 27 ]. It is estimated that this approach could reduce product costs by a factor of 
500–1000. Other possible approaches might include the use of mini-antibodies 
(mini-Mab) leading to the development of inexpensive ligands to reduce the PC 
production cost [ 28 ]. Additionally, the use of transgenic animals has been demon-
strated to produce less expensive blood proteins [ 29 ]. Although less attractive from 
an economic point of view, further investigation of recombinant DNA technology 
 via  bioreactors is another possibility. Because of the need to reduce cost of impor-
tant life-saving blood proteins, it is encouraged that research and development be 
funded and promoted in this arena.     

2 A Compelling Case for the Use of Perioperative Zymogen Protein C for Increased…
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6     Conclusion 

 This paper presents an important example of safer surgery through the use of 
ZPC. The procedure has great benefi ts for protein C defi cient patients and could fi nd 
use in a variety of medical treatments. This particular case helps to validate the 
importance of ZPC in effecting safer surgery in high risk patients. It also supports 
the mechanism of ZPC acting as an anticoagulant without causing bleeding. Most 
importantly, this paper contributes clinical results indicating that smaller amounts of 
expensive ZPC can be used to achieve the same satisfactory results. More clinical 
studies must be completed to target the optimum levels of ZPC with respect to cost 
and effectiveness. These case studies are rare because of the cost of each experiment 
and the diffi culty in getting a willing patient along with a surgeon, hematologist, 
and medical team to carry out the procedure. Whatever it takes, the world needs a 
safe anticoagulant that will not result in costly bleeds and mortality.     
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    Chapter 3   
 Clinical Evaluation of MP4CO: A Phase 1b 
Escalating-Dose, Safety and Tolerability Study 
in Stable Adult Patients with Sickle Cell 
Disease                     

     Peter     E.     Keipert       and    For the MP4CO-SCD-105 Study Investigators*      

    Abstract     MP4CO, developed by Sangart Inc. (San Diego, CA), is a pegylated 
human hemoglobin-based carbon monoxide (CO) delivery agent and oxygen thera-
peutic that has shown potential to prevent and reverse red cell sickling. A double 
blind, comparator controlled, dose-escalation, Phase 1b study was conducted to 
assess the safety of MP4CO. Adult sickle cell patients with HbSS or S/β 0  Thal 
genotype who were not experiencing a painful crisis were randomized to receive 
either MP4CO or normal saline (NS) in a sequential series of six escalating dose 
cohorts (A–F). In each cohort, three patients received MP4CO (Treatment group) 
and one patient received NS (Controls). Single IV doses ranged from 15 mg/kg/
dose (0.35 mL/kg infusion) to 172 mg/kg/dose (4 mL/kg infusion). Two cohorts 
received fractionated doses of 172 or 344 mg/kg (4–8 mL/kg, given as two IV infu-
sions, 24 h apart). Overall, 16/24 patients (66.7 %) reported mild to moderate 
adverse events (AEs); with 13/18 (72 %) in MP4CO group vs. 3/6 (50 %) in NS 
Controls. No serious adverse events (SAEs) were experienced and no deaths 
occurred. Most common AEs (reported by >2 patients) included headaches (mild 
and transient), fatigue and rash at the application site of the Holter electrodes. No 
treatment-emergent abnormalities in clinical lab values were noted. Vital signs, 
ECG readings, and pulmonary pressures remained within normal limits. The maxi-
mum increase in blood CO-Hb level was ~2 %, which returned to pre-dosing levels 
within 8 h after dosing. The mean increase in free plasma Hb (an index of MP4CO 
dose) ranged from 0.20 to 0.35 g/dL in the two highest dose cohorts, with no signifi -
cant change in total whole blood hemoglobin level. There was no symptomatic or 

 *MP4CO-SCD-105 Study Investigators: Jo Howard, MB, BChir, Guy’s and St. Thomas’ Hospital 
NHS Foundation Trust, London, UK; Swee Lay Thein, MBBS, DSc, King’s College Hospital NHS 
Foundation Trust, London, UK; Frédéric Galactéros, MD, PhD, Hôpital Henri-Mondor, Créteil, 
France; Adlette Inati, MD, Lebanese American University Hospital, Beirut, Lebanon; and Marvin 
Reid, MD, PhD, Sickle Cell Unit, University of the West Indies at Mona, Kingston, Jamaica 

        P.  E.   Keipert ,  Ph.D.      (*) •   For the MP4CO-SCD-105 Study Investigators       
  KEIPERT Corp. Life Sciences Consulting ,   San Diego ,  CA   92130 ,  USA   
 e-mail: peterkeipert@gmail.com; keipertcorpconsulting@gmail.com  

mailto:peterkeipert@gmail.com
mailto:keipertcorpconsulting@gmail.com


24

clinical evidence of renal dysfunction in either group based on serum creatinine and 
urinary albumin results. Two patients had elevated renal biomarkers (β2M and 
NAG) at Hour 72, which normalized at follow-up visits. Both patients had docu-
mented intercurrent illnesses during the study. Further testing of stored urine sam-
ples were within normal limits, which suggested the changes were refl ective of a 
generalized infl ammatory state rather than direct tubular injury.  

  Keywords     MP4CO   •   Pegylated hemoglobin   •   HBOC   •   Oxygen therapeutic   •   Sickle 
cell disease  

1        Introduction 

 The hallmark of Sickle Cell disease ( SCD  )    remains painful vaso-occlusive crises 
(VOC), yet to date no agent has been approved to treat these acute ischemic events 
[ 1 ]. MP4CO, developed by Sangart Inc. (San Diego, CA), is a hemoglobin-based 
carbon monoxide ( CO  )    delivery agent and  oxygen therapeutic   that has shown poten-
tial in non-clinical studies to prevent and reverse red blood cell (RBC) sickling. 
MP4CO has exhibited anti-adhesive, anti-infl ammatory, anti-oxidant, and anti- 
apoptotic properties at circulating CO-hemoglobin levels <10 % [ 2 ]. These protec-
tive effects are expected to limit progression of vascular occlusion and mitigate the 
consequences of ischemic tissue damage and infl ammation. The  benefi cial effects   
of MP4CO have been ascribed to fi ve  mechanisms  : (1) down-regulation of ICAM- 
1, VCAM-1 and NF-kB, (2) upregulation of Heme-Oxygenase-1 and Nrf2 leading 
to increases in anti-infl ammatory mediators, biliverdin and CO, (3) delivery of 
 oxygen to ischemic tissues, (4) intravascular volume expansion and improved per-
fusion of ischemic tissue, and (5) potential to prevent and reverse polymerization 
and sickling of RBCs [ 3 ,  4 ]. 

 The investigational product, MP4CO, is pegylated human  hemoglobin   saturated 
with CO, and formulated at 4.3 g/dL in physiological acetate electrolyte solution. 
MP4CO is hyperoncotic (colloid osmotic pressure [COP] ~70 mmHg) with a high 
affi nity for oxygen (P50 ~5 mmHg), resulting in the release of oxygen at low pO 2  to 
target delivery of oxygen in capillaries and ischemic tissues [ 5 ]. The aim of this 
Phase 1b fi rst-in-man study was to evaluate safety of escalating-doses of MP4CO in 
adult patients with Sickle Cell disease not experiencing a painful VOC at the time 
of treatment [ 6 ].  

2      Methods   

 We conducted a double blind, comparator controlled, dose-escalation, multi-center 
Phase 1b study at fi ve sites in four countries [ 7 ]. Adult Sickle Cell patients with 
HbSS or S/β 0  Thal genotype, at least 18 years of age, who were clinically stable 
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(not experiencing a VOC at the time of testing) and met all eligibility criteria were 
randomized to receive either MP4CO or normal saline (NS) in a sequential series of 
six escalating dose cohorts (A–F). In each cohort, three patients received MP4CO 
(Treatment) and one patient (Control) received normal saline (NS) to maximize the 
number of treated patients receiving investigational product. Single IV dose cohorts 
A–D received: (A) 15 or (B) 43 mg/kg (0.35 or 1.0 mL/kg) at 25 mL/min, (C) 86 or 
(D) 172 mg/kg (2.0 or 4.0 mL/kg) infused over 2 h. Cohorts E and F received frac-
tionated doses totaling 172 or 344 mg/kg (4.0 or 8.0 mL/kg), administered as two 
IV infusions of 2.0 or 4.0 mL/kg given 24 h apart. 

 Safety assessments occurred at 24 (±4 h), 48 (±4 h), and 72 h (±1 day) after dos-
ing, followed by visits at Day 7 (±1 day) and a safety follow-up at Day 28 (+5 days). 
Serious adverse events (SAEs) were monitored until Day 28. Safety evaluations 
included physical examinations, vital signs, pulse oximetry, Holter ECGs, trans-
esophageal echocardiography (TEE) to measure tricuspid regurgitation jet velocity 
(TRJV) for estimating pulmonary artery systolic pressures, venous blood co- 
oximetry, free plasma hemoglobin, pain levels by Visual Analogue Scale (VAS), lab 
assessments (blood chemistry and hematology), and adverse events (AEs). Labo-
ratory, hematology and chemistry parameters were summarized using descriptive 
statistics at baseline (BL) and at each post-BL time point. Safety data from baseline 
through Day 7 for all four patients enrolled within each cohort were reviewed by an 
unblinded, independent, medical monitor before proceeding to the next higher dose 
 level  .  

3     Results 

 In total, 24 patients (of 25 randomized) were dosed, out of 35 screened. Patients 
were 54 % male, with an average age of 30 years (range: 18–51) and an average 
weight of 65 kg (range: 53–79). There were no clinically notable changes from BL, 
and no between-group differences observed in the clinical chemistry parameters 
evaluated, which included the following: albumin, liver enzymes (alanine amino-
transferase [ALT], aspartate aminotransferase [AST], and gamma-glutamyl trans-
ferase [GGT]), pancreatic enzymes (amylase, lipase), electrolytes, glucose, serum 
bilirubin, creatinine, urea levels, and cardiac Troponin-I. 

 Overall, 16/24 patients (66.7 %) reported mild to moderate AEs; with 13/18 
(72 %) in the MP4CO group vs. 3/6 (50 %) in NS Controls. The most frequent AE 
that appeared to be treatment-emergent was headache (see Table  3.1  for full listing 
of most common AEs reported in >2 patients). No SAEs were experienced, and no 
deaths occurred.

   Vital signs, ECG readings, standard laboratory values and pulmonary pressures 
remained within normal limits. There was no evidence of  hypertension   due to vaso-
constriction, based on systolic and diastolic blood pressure data (see Fig.  3.1 ).

   A dose-related increase in venous CO-Hb levels was seen in the higher dose 
MP4CO cohorts (D–F), where CO-Hb increased by 1–2 % (absolute) after each 
dose and then normalized to pre-dosing levels by 8 h. There were no notable changes 
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observed in methemoglobin levels. Low levels of free plasma hemoglobin were 
seen at baseline in all MP4CO groups and in NS controls, ranging from 0.08 to 
0.13 g/dL. In MP4CO patients in cohorts C and D, plasma hemoglobin doubled at 
Hour 2, to mean levels of 0.20–0.35 g/dL. Peak plasma hemoglobin at 2 h after 
Dose 2 in MP4CO patients in cohort F reached a mean level of 0.41 g/dL. 

 Neither the MP4CO nor the NS group showed evidence of increased  hemolysis  , 
based on evaluating markers of hemolysis (i.e., total hemoglobin, reticulocyte 
count, lactate dehydrogenase [LDH] and total bilirubin). There were no notable 
between-group differences in mean values or ranges for hematological parameters, 
including WBCs and differentials (neutrophils, monocytes, lymphocytes, basophils 
and eosinophils), platelet counts, RBCs, hematocrit, and RBC morphology (MCH, 
MCHC, MCV). 

 There were no new treatment-emergent ECG abnormalities observed that were 
not already present at Baseline prior to dosing. There was no evidence of adverse 
cardiac effects or arrhythmias, and no exacerbation of any pre-existing abnormali-
ties. TRJV results, assessed by noninvasive TTE, was similar in MP4CO and NS 
groups (see Fig.  3.2 ), suggesting the absence of any clinically signifi cant increase in 
pulmonary artery systolic pressure after administration of MP4CO or NS.

   There was no symptomatic or clinical evidence of  renal dysfunction   in either 
group based on serum creatinine and urine albumin levels. There were no notable 
dose effects seen, or any obvious between-group differences in urine albumin, urine 
β2-Microglobulin (β2M) and  N -acetyl-β- D -glucosaminidase (NAG) levels during 
the study (i.e., compared to mean values for all six Control patients combined). Two 
MP4CO-treated patients exhibited elevated levels of urinary β2M and NAG at Hour 
72 that normalized at follow-up visits. Both patients also had intercurrent illnesses; 
one (cohort E) had an active mild VOC during the study, and one (cohort F) 
was found to have infl uenza with pyrexia, rhinorrhea and cough. Both 72-h urine 

   Table 3.1    Most common  adverse events   (reported in >2 patients)   

 Adverse event: 
preferred term 

 MP4CO (n = 18)
T a  n 

 NS (n = 6)
T a  n 

 Total (N = 24)
T a  N 

 Headache  17 9 (50 %)  1 1 (17 %)  18 10 (42 %) 
 Fatigue  10 7 (39 %)  2 1 (17 %)  12  8 (33 %) 
 Rash (Holter application sites)   5 5 (28 %)  0 0   5  5 (21 %) 
 Back pain  10 3 (17 %)  0 0  10  3 (13 %) 
 Dizziness   3 3 (17 %)  0 0   3  3 (13 %) 
 Nausea   3 3 (17 %)  1 1 (17 %)   4  4 (17 %) 
 Musculoskeletal chest pain   3 3 (17 %)  1 1 (17 %)   4  4 (17 %) 
 Pain in extremities   2 2 (11 %)  3 2 (33 %)   5  4 (17 %) 
 Arthralgia   4 2 (11 %)  1 1 (17 %)   5  3 (13 %) 
 Cough   2 2 (11 %)  1 1 (17 %)   3  3 (13 %) 
 Infections and Infestations   2 2 (11 %)  1 1 (17 %)   3  3 (13 %) 

   a T = Total # of reported cases for each AE. n = # of patients with at least one report of an AE. Percentages 
are based on number of patients in Safety Population/treatment group and in total N  
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samples were analyzed further for Kidney Injury Molecule-1 (KIM-1) and neutrophil 
gelatinase-associated lipocalin (NGAL) levels, which were found to be normal. 
This suggests that the elevations of β2M and NAG were likely due to the infl amma-
tory processes (corroborated by elevated C-reactive protein [CRP] levels) and not 
specifi cally due to renal tubular injury. 
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 The majority of the VAS measurements collected at screening, BL, post-dosing 
and daily thereafter were zero (no pain), or only negligibly elevated. Four patients 
had transiently elevated VAS pain scores. One NS control patient reported a VAS 
score of 37 mm (on a scale from 0 to 100 mm) at 24 h after dosing. Similarly, one 
MP4CO-treated patient in cohorts D, E and F had VAS scores that briefl y peaked to 
30, 20 and 28 mm, respectively, during the study.  

4     Discussion and Conclusions 

 The treatment of  acute tissue ischemia   associated with VOCs in patients with Sickle 
Cell  disease   represents an indication that may benefi t from the unique attributes 
of MP4CO, which include: (1) rapid release of a small therapeutic dose of CO, (2) 
increased colloidal osmotic pressure to enhance capillary blood fl ow and tissue per-
fusion, (3) targeted oxygen delivery in the microcirculation and to ischemic tissues 
after release of the CO, (4) pegylation to prolong circulating half-life, and (5) lower 
concentration of hemoglobin to improve safety profi le [ 2 ]. 

 This study demonstrated minimal evidence of  adverse effects   of MP4CO on car-
diac, pulmonary, hepatic, pancreatic and renal biomarkers, and no clinical evidence 
of any organ dysfunction or injury. Most AEs reported were consistent with events 
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that are typically seen in patients with Sickle Cell disease. Unlike earlier generation 
hemoglobin-based oxygen carriers ( HBOCs  )   , neither vasoconstriction nor pulmo-
nary hypertension was observed in this study. Taken together with data from non-
clinical mechanism-of-action studies, these encouraging safety results suggest that 
MP4CO was well tolerated, and support further testing of MP4CO in a larger Phase 
2 study for acute therapeutic intervention to treat painful VOCs.    

   Acknowledgments   PEK was employed by Sangart Inc. as VP, Clinical Development, during the 
conduct of the MP4CO-SCD-105 study.  
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    Chapter 4   
 Protective Effect of Dl-3- n -Butylphthalide 
on Recovery from Cardiac Arrest 
and Resuscitation in Rats                     

     Le     Zhang    ,     Michelle     A.     Puchowicz    ,     Joseph     C.     LaManna    , and     Kui     Xu    

    Abstract     In this study we investigated the effect of Dl-3- n -butylphthalide (NBP), 
a clinically used drug for stroke patients in China, on the recovery following cardiac 
arrest and resuscitation in rats. Male Wistar rats (3-month old) underwent cardiac 
arrest (12 min) and resuscitation. Rats were randomly assigned to the following 
groups: sham non-arrested group, vehicle group (vehicle-treated, 7 days before car-
diac arrest and 4 days post-resuscitation), NBP pre-treated group (NBP-treated, 7 
days before cardiac arrest), and NBP post-treated group (NBP-treated, 4 days post- 
resuscitation). Overall survival rates and hippocampal neuronal counts were deter-
mined in each group at 4 days post-resuscitation. Results showed that NBP 
pre-treated group (80 %) and NBP post-treated group (86 %) had signifi cantly 
higher survival rates compared to that of the vehicle group (50 %). At 4 days of 
recovery, only about 20 % of hippocampal neurons were preserved in the vehicle 
group compared to the sham non-arrested group. The hippocampal CA1 cell counts 
in the NBP pre-treated group and NBP post-treated group were signifi cantly higher 
than the counts in the vehicle group, about 50–60 % of the counts of non-arrested 
rats. The data suggest that NBP has both preventive and therapeutic effect on 
improving outcome following cardiac arrest and resuscitation, and NBP might be a 
potential early phase treatment for patients recovered from cardiac arrest and 
resuscitation.  

  Keywords     Transient global ischemia   •   Ischemia/reperfusion injury   • 
  Neuroprotection   •   Post-resuscitation recovery   •   Selective neuronal death  
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1       Introduction 

 Cardiac arrest is a leading cause of death worldwide, including United States and 
China, and is also one of the most common diseases that cause disabilities such as 
permanent coma or permanent brain damage. Most of the mortality and morbidity 
of  cardiac arrest and resuscitation   can be attributed to the immediate global isch-
emia injury and delayed effects of reperfusion damage to the brain [ 1 ,  2 ]. DI-3- n - 
butylphthalide (NBP) was extracted as a pure component from seeds of celery 
(Apium graveolens Linn) and was synthesized and approved by the State Food and 
Drug Administration of China for clinical use in stroke patients in 2002. The thera-
peutic effects of NBP were assessed in a variety of in vivo and in vitro models of 
stroke; however, there was no report on exploring the effect of NBP on the recovery 
following cardiac arrest and resuscitation. In this study, we investigated the effect of 
NBP on the recovery from cardiac arrest and resuscitation in rats. Both pre- treatment 
and post-treatment of NBP were examined in a rat model of cardiac arrest and 
resuscitation.  

2     Methods 

2.1     Animals and Induction of  Transient Global Ischemia      

 The experimental protocol was approved by the Animal Care and Use Committee at 
Case Western Reserve University. Male Wistar rats (3 months old) were randomly 
assigned to the following groups: sham non-arrested group, vehicle group (0.5 % 
Tween 80 was given orally, 400 mg/kg per day 7 days before cardiac arrest and 4 
days post-resuscitation), NBP pre-treated group (NBP 80 mg/kg was given orally 
per day 7 days before cardiac arrest), and NBP post-treated group (NBP 80 mg/kg 
was given orally per day 4 days post-resuscitation). The concentration for NBP was 
8 mg/ml in Tween 80. Transient global brain ischemia was achieved using a rat 
model of cardiac arrest and resuscitation as described previously [ 3 ]. In brief, rats 
were anesthetized with isofl urane and cannulae were placed in femoral artery and 
external jugular vein. Cardiac arrest was induced in the conscious rat by the rapid 
sequential intra-atrial injection of D-tubocurare (0.3 mg) and ice-cold KCl solution 
(0.5 M; 0.12 ml/100 g of body weight). Resuscitation was initiated at 7 min after 
arrest. The animal was orotracheally intubated and ventilation was begun simulta-
neously with chest compressions and the intravenous administration of normal 
saline. Once a spontaneous heart beat returned, epinephrine (4–10 μg) was admin-
istered intravenously, the animal was considered to be resuscitated when mean 
blood pressure was above 80 % of pre-arrest value. The duration of ischemia was 
about 12 min. After resuscitation, the oxygen content of the gas mixture was 
decreased to 25–30 % balanced with nitrogen. Ventilation was adjusted, on the basis 
of blood gases, to normal ranges until the rats regained their spontaneous 

L. Zhang et al.



33

respiration. Non-arrested rats went through the same surgical procedures except 
cardiac arrest. Overall survival and hippocampal neuronal counts were determined 
at 4 days after resuscitation.  

2.2      Hippocampal Neuronal Counts   

 Rats surviving 4 days and non-arrested controls were perfusion fi xed with parafor-
maldehyde (4 %). The brains were removed and embedded with paraffi n and sec-
tioned on a microtome. Neuronal cell counts were made from haematoxylin and 
eosin (H & E) stained 5 μm coronal sections through the anterior hippocampus. The 
entire length of the hippocampal pyramidal cell layer (at atlas plate 30 level [ 4 ]) 
was viewed under a high-power light microscope (magnifi cation, 400×). Neurons 
with rounded cell bodies and clearly visible nucleoli were considered to have sur-
vived. The number of neurons surviving was evaluated in the CA1 region of the 
hippocampus [ 5 ].  

2.3     Statistical Analysis 

 Data are expressed as mean ± SD. Statistical  analyses   were performed using SPSS 
V20 for Windows. The comparison between any two groups was analyzed with a 
t-test, and signifi cance was considered at the level of p < 0.05.   

3     Results 

3.1      Physiological Variables   

 Body weight, mean arterial pressure (MAP), blood gases (pH, PaO 2  and PaCO 2 ) and 
hematocrit were measured before cardiac arrest and 1 h post-resuscitation (Table  4.1 ). 
There was no signifi cant difference in any of the variables between the vehicle, NBP 
Pre-treated and NBP post-treated groups before arrest or post-resuscitation.

3.2        Overall Survival 

 Overall survival rates were examined for 4 days following cardiac arrest and resus-
citation in resuscitated rats of the vehicle, NBP pre-treated and NBP post-treated 
groups. The majority of deaths of rats occurred within the fi rst 2 days following 

4 Protective Effect of Dl-3-n-Butylphthalide on Recovery from Cardiac Arrest…



34

resuscitation. The NBP pre-treated group and NBP post-treated group had a signifi -
cantly higher survival rate (80 %, 8/10 and 86 %, 6/7, respectively) compared to that 
of the vehicle group (50 %, 6/12) (Fig.  4.1  and Table  4.2 ).

   Table 4.1    Physiological variables before cardiac arrest and after resuscitation (mean ± SD)   

 Variables  Vehicle (n = 12) 
 NBP pre-treated 
(n = 10)  NBP post-treated (n = 7) 

 Body weight (g) pre 
 4 day post 

 354 ± 27 
 344 ± 38 ( n  = 6) 

 360 ± 22 
 350 ± 24 (n = 8) 

 341 ± 28 
 332 ± 35 (n = 6) 

 MAP (mmHg) pre 
 1 h post 

 114 ± 13 
 112 ± 19 

 110 ± 10 
 109 ± 17 

 113 ± 13 
 102 ± 19 

 pH (unit) pre 
 1 h post 

 7.42 ± 0.03 
 7.37 ± 0.06 

 7.41 ± 0.02 
 7.39 ± 0.04 

 7.41 ± 0.01 
 7.38 ± 0.05 

 PaO 2  (mmHg) pre 
 1 h post 

 92 ± 6 
 122 ± 23 

 93 ± 5 
 127 ± 31 

 94 ± 4 
 125 ± 25 

 PaCO 2  (mmHg) pre 
 1 h post 

 43 ± 2 
 39 ± 6 

 43 ± 3 
 38 ± 4 

 42 ± 2 
 37 ± 5 

 Hematocrit (%) pre 
 1 h post 

 46 ± 2 
 47 ± 4 

 48 ± 3 
 47 ± 3 

 47 ± 1 
 47 ±  4   

  Fig. 4.1     Survival rates   at 4 days following cardiac arrest and resuscitation. * indicates signifi cant 
difference compared to the vehicle group (p < 0.05, Wilcoxon survival analysis)       
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3.3          Hippocampal Neuronal Counts   

 At 4 days of recovery, only about 20 % of the hippocampal CA1 neurons were pre-
served in the vehicle group (23 ± 8, n = 12) compared to the sham non-arrested group 
(117 ± 2, n = 4). The neuronal counts in the NBP pre-treated group and NBP post- 
treated group (76 ± 16, n = 10 and 61 ± 12, n = 7, respectively) were signifi cantly 
higher than the counts in the vehicle group (p < 0.05). There was no difference 
between the NBP pre-treated group and NBP post-treated group (Fig.  4.2 )   .

4         Discussion 

 High mortality and morbidity following cardiac arrest and resuscitation remain a 
globally signifi cant public health problem. Subsequent death and residual neuro-
logic defi cit are primarily due to the  reperfusion injury   associated with oxidative 
stress caused by  cardiac arrest and resuscitation  . Long-term survival rates in humans 
after cardiac arrest and resuscitation are still disappointing and lack pharmaceutical 
treatment for improving outcome following cardiac arrest and resuscitation. 

   Table 4.2     Survival rates   (4 days) after cardiac arrest and resuscitation   

 Experimental group  Number of death  Survival rate 

 <1 day  1–2 days  2–3 days  3–4 days  4 days/total 

 Vehicle  1  4  1  0  50 % (6/12) 
 NBP pre-treated  0  2  0  0  80 % (8/10) a  
 NBP post-treated  0  0  1  0  86 % (6/7) a  

   a Indicates signifi cant difference compared to the vehicle group (p < 0.05, Wilcoxon survival analysis)  

  Fig. 4.2     Hippocampal neuronal counts   4 days following cardiac arrest and resuscitation. * indi-
cates signifi cant difference compared to the non-arrested control group (p < 0.05, t-test), § indicates 
signifi cant difference compared to the vehicle group (p < 0.05, t-test)       
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 In this study, we examined the preventive and therapeutic effect of NBP on 
recovery following cardiac arrest and resuscitation in a rat model. Our data showed 
that both pre-treatment and post-treatment of NBP signifi cantly improved the over-
all survival rate and the preservation of hippocampal CA1 neurons following car-
diac arrest and resuscitation, suggesting the anti-oxidant properties of NBP and 
NBP could prevent and protect the brain against oxidative damage following car-
diac arrest and resuscitation. The  molecular mechanisms   of potential protective 
effects include protecting endothelial cells against oxidative stress, mitochondrial 
damage and subsequent cell death [ 6 ,  7 ], enhancing angiogenesis associated with 
upregulation of vascular endothelial growth factor and HIF-1α expression [ 8 ], 
improvement of cerebral microvessels [ 9 ], inhibition of the infl ammatory response 
[ 10 ] and maintaining the structure and morphology of neurons [ 11 ,  12 ]. 

 In conclusion, NBP has both a preventive and therapeutic effect on improving 
outcomes following cardiac arrest and resuscitation, and NBP might be a potential 
treatment strategy for patients recovered from cardiac arrest and resuscitation.     

  Acknowledgments   This study was supported by NIH grant NINDS 1 R01 NS46074. NBP was a 
gift from Shijiazhuang Pharma Grp NBP Co., LTD, Shijiazhuang, China.  
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    Chapter 5   
 Hypoxia-Induced Let-7d Has a Role 
in Pericyte Differentiation                     

     Nilufer     Esen      ,     Anuush     Vejalla    ,     Rakhi     Sharma    ,     Jesse     S.     Treuttner    , 
and     Paula     Dore-Duffy   

    Abstract     The microvascular pericyte is an important regulatory cell that maintains 
tissue homeostasis. One of the mechanisms by which pericytes maintain tissue 
homeostasis is through the induction of endogenous adaptative changes to stress 
signals. These adaptations include migration, differentiation and induction of angio-
genesis. We have investigated pericyte responses to hypoxic stress (1 % O 2 ) and 
have reported that pericytes adapt to hypoxia, in part, through changes in endoge-
nous and released microRNAs (miRNAs). Of those miRNAs, Let-7d plays an 
important role. We exposed pericytes to hypoxia with and without basic fi broblast 
growth factor (bFGF) in stem cell medium. The expression of Let-7d in pericyte- 
derived neurospheres was determined. Evidence of differentiation was determined 
by immunocytochemistry. Hypoxia enhanced pericyte spheres were positive for 
Let-7d. The transcription factor Sox2, a marker of cell differentiation, was also 
induced in pericytic spheres. Taken together, our results suggest that pericyte 
expression of Let-7d in response to hypoxia and bFGF is involved in pericyte dif-
ferentiation. Thus, for the fi rst time, we propose a pathway for induction of pericyte 
differentiation. Modulation of this pathway in pericytes may be an important target 
in tissue repair.  
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1       Introduction 

  MiRNAs   are small noncoding RNAs that repress target gene expression by binding 
to the 3′-untranslated region or UTRs of mRNA targets [ 1 ]. They regulate diverse 
biological functions including differentiation, proliferation and cell death [ 2 – 6 ]. 
Many of the identifi ed miRNAs are highly conserved within species. An example of 
this is the Let-7 family [ 7 ,  8 ] shown to have a central role in the regulation of devel-
opment, proliferation and differentiation [ 9 ]. Let-7 increases during stem cell dif-
ferentiation and may have a role in regulation of differentiation of the adult stem 
cell, the microvascular pericyte [ 10 – 12 ]. 

 The pericyte is a regulatory cell that maintains vascular function and tissue 
homeostasis [ 10 ,  11 ]. One of the  mechanisms   by which pericytes maintain vascular 
homeostasis is through the induction of endogenous adaptative changes to stress 
signals. These adaptations include migration, differentiation and induction of angio-
genesis [ 13 – 15 ]. Pericyte differentiation is increased following stress. We reported 
that pericyte adaptation to hypoxic stress (1 % O 2 ) included changes in miRNAs 
[ 16 ]. Let-7 family members were signifi cantly increased in response to hypoxia. 
Pericytes cultured with bFGF differentiate to neurospheres over a 3-week period. 
Spheres expressed Let-7d and the transcription factor SOX2. Results suggest that 
pericyte Let-7d is involved in differentiation.  

2     Methods 

2.1      Isolation   of Primary Pericytes 

 Microvessels were isolated from cortical brain [ 17 ]. Tissue was harvested and 
homogenized in shaved Dounce homogenizers. Fat was removed and vessels col-
lected on micromesh sieves of 80 and 40 μm porosity. Microvessels were enzymati-
cally disrupted and single cell suspensions prepared. Pure pericytes were isolated by 
differential adhesion or by fl ow cytometry for platelet derived growth factor β 
Receptor (PDGFβR) positive cells.  

2.2      Induction of Sphere Formation   

 Pericytes were plated in 35-mm Petri dishes in medium [(DMEM/F12 with N2 sup-
plement, no serum containing 20 ng/mL murine recombinant bFGF (Gibco, Grand 
Island, NY, USA)]. The number of free-fl oating spheres was counted after varying 
days in culture. Spheres were cultured on poly- l -ornithine (Poly-O)-coated glass 
coverslips for immunocytochemistry.  
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2.3     In Vitro Exposure to  Hypoxia   

 A GasPak 100 system (Becton Dickinson, Sparks, MD, USA) consisting of hydrogen 
and carbon dioxide generating envelops and polycarbonate anaerobic jar, disposable 
methylene blue indicator and catalyst chambers containing palladium catalyst pellets, 
were used. Cells were incubated in the hypoxia chambers for varying periods of time. 
Time zero was defi ned at that time when the methylene blue indicator changed  color  .  

2.4      Isolation   of miRNAs and Quantitative RT-PCR 

 Total RNA was extracted using RNAse easy plus MiRNA isolation kit (Qiagen, 
Valencia, CA, USA) and analyzed on Parafl ow microfl uidic chips containing 388 
known rat miRNAs (LC Sciences). Expression of Let-7d was confi rmed by qRT- 
PCR. Results are shown as fold change verses control cultures. U6, a small conserved 
non-coding nucleolar RNA, was used as the endogenous control for all samples.  

2.5      Immunohistochemistry   

 Spheres were fi xed in 4 % paraformaldehyde, and permeabilized with 0.01 % Triton 
X-100 then stained with primary antibodies GFAP, NF200 (both from Sigma, St 
Louis, MO, USA), O4 (Chemicon International, Temecula, CA, USA) for 30 min at 
room temperature, washed then incubated with fl uorochrome-conjugated secondary 
antibody as appropriate. Secondary antibody alone and/or isotype control antibody 
was used as a control.   

3     Results 

 We have investigated the pericyte response to  hypoxic stress   and have reported that 
primary pericytes adapt to hypoxia, in part, through changes in endogenous and 
released microRNAs (miRNAs) [ 16 ]. Micro-array analysis was used to examine the 
expression of 388 rat miRNAs in primary rat cortical pericytes with and without 
exposure to low oxygen (1 %) after 24 or 48 h. Pericytes subjected to hypoxia 
showed 27 miRNAs that were higher than control, and 31 that were lower [ 16 ]. 
Among those, Let-7 family members and especially the Let-7d, which were shown 
to have a role in the regulation of cellular growth and differentiation, were induced 
signifi cantly as seen in Fig.  5.1    , which is the partial presentation of previously pub-
lished data [ 16 ]. Because Let-7 has been shown to have a role in cell differentiation 
we questioned whether hypoxia induced Let-7 may be involved in increased stem 
cell activity.
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   To confi rm these  microarray fi ndings  , we performed qRT-PCR and found that the 
hypoxia induced expression of  Let-7d   in mouse pericytes as well, in a time depen-
dent manner (Fig.  5.2a ). In addition, when we evaluated the effect of hypoxia on the 
differentiation antigen SOX2, we found that hypoxia also enhanced the expression 
of SOX2 protein in pericytes (Fig.  5.2b ). These data suggested that hypoxia stimu-
lates pericyte differentiation.

   In second series of experiments, we examined Let-7 expression in bFGF stimu-
lated pericyte spheres. In the absence of bFGF, there was no sphere formation. 
Spheres express neurofi lament (NF), glial fi brillary acidic protein (GFAP), and the 
oligodendrocyte marker 04 confi rming (Fig.  5.3 ) [ 11 ] differentiating pericytes 
towards glial and neuronal lineages. Spheres expressed Let-7d (Fig.  5.4 ). Results 
showed that the transcription factor SOX2, another marker of cell differentiation, 
was induced in pericytes spheres (Fig.  5.5 ). Taken together, our results suggest that 
Let-7d is involved in pericyte differentiation.

  Fig. 5.1    Partial representation of previously published heat map of  miRNAs   [ 16 ] that showed 
signifi cant (p < 0.01) differences between control, 24 h hypoxia, and 48 h hypoxia groups.  Red  
indicates upregulation over control groups and  green  indicates downregulation       

  Fig. 5.2    ( a ) Hypoxia induced  Let-7d expression   was confi rmed with qRT-PCR using ABI Assays- 
on- Demand™ Taqman kits, and the levels of Let-7d were calculated after normalizing cycle 
thresholds against the “housekeeping” gene U6 and are presented as the fold-induction (2 −ΔΔCt ) 
value relative to normoxic pericytes (mean ± SD).  Asterisk  denotes the signifi cant differences 
between normoxic and the hypoxic cells (* P  < 0.05), while the pound sign denotes difference 
between 24 h vs. 48 h hypoxia (# P  < 0.05). ( b ) Bar graphs represent the SOX2 protein expression 
evaluated by Western blotting, and quantitated by densometric scanning of the fi lms. For quantita-
tion, the pixel intensity of each SOX2 band from pericytes was normalized to the amount of actin 
included as a “housekeeping” gene       

 

 

N. Esen et al.



41

  Fig. 5.3     Spheres   were stained with PE conjugated NG2 or O4, and FITC conjugated GFAP, NF or 
NG2 antibodies. Pictures were taken using 40× magnifi cation       

  Fig. 5.4     Hypoxia   has 
induced Let-7d in sphere 
forming microvessels. 
Let-7d were calculated 
after normalizing cycle 
thresholds against the 
“housekeeping” gene U6 
and are presented as the 
fold-induction (2 −ΔΔCt ) 
value relative to normoxic 
pericytes       

  Fig. 5.5    SOX2 expression 
is induced in sphere 
forming pericytes as shown 
by qRT-PCR. The levels of 
SOX2 gene were 
calculated after 
normalizing cycle 
thresholds against the 
“housekeeping” gene 
GAPDH and are presented 
as the fold-induction 
(2 −ΔΔCt ) value       
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4          Conclusion 

 In conclusion, for the fi rst time, we propose a pathway for induction of pericyte dif-
ferentiation in response to hypoxic stress. Modulation of this pathway in the peri-
cyte may be an important target in tissue repair and therapeutics.     
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    Chapter 6   
 Magnifi cation of Cholesterol-Induced 
Membrane Resistance on the Tissue Level: 
Implications for Hypoxia                     

     Ryan     Shea    ,     Casey     Smith    , and     Sally     C.     Pias    

    Abstract     High cellular membrane cholesterol is known to generate membrane 
resistance and reduce oxygen (O 2 ) permeability. As such, cholesterol may contrib-
ute to the Warburg effect in tumor cells by stimulating intracellular hypoxia that 
cannot be detected from extracellular oxygen measurements. We probe the tissue- 
level impact of the phenomenon, asking whether layering of cells can magnify the 
infl uence of cholesterol, to modulate hypoxia in relation to capillary proximity. 
Using molecular dynamics simulations, we affi rm that minimally hydrated, adja-
cent lipid bilayers have independent physical behavior. Combining this insight with 
published experimental data, we predict linearly increasing impact of membrane 
cholesterol on oxygen fl ux across cells layered in tissue.  

  Keywords     Cholesterol   •   Cancer   •   Molecular dynamics simulation   •   Oxygen 
 bioavailability   •   Kinetics  

1       Introduction 

 Here, we consider intracellular  oxygen bioavailability   and the potential impact of 
membrane resistance as a hindrance to oxygen fl ux. In particular, we examine the 
kinetics of oxygen transport across a series of several membranes, relevant to cells 
buried between capillaries, especially within tumors. 
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 Several investigations provide valuable evidence that  oxygen fl ux   is reduced by 
substantial membrane cholesterol incorporation. Swartz and colleagues [ 1 ] demon-
strated, using electron paramagnetic resonance (EPR) oximetry, that cultured mam-
malian cell lines with distinct  membrane cholesterol levels differ in intracellular 
oxygenation. Using a technique that differentiates intra- and extracellular oxygen 
measurements, the group showed that an oxygen gradient could be observed across 
the plasma membrane. Assays were performed on three Chinese hamster ovary 
( CHO  )    cell lines with phenotypic differences in cholesterol metabolism and plasma 
membrane cholesterol level. The  magnitude   of the oxygen gradient increased with 
the plasma membrane cholesterol concentration. Manipulation of the cholesterol 
level in the cell lines, likewise, infl uenced the gradient, with increasing cholesterol 
content tending to decrease intracellular oxygenation relative to extracellular [ 1 ]. 

 Such a gradient could arise if the rate of oxygen consumption exceeded the rate 
of replenishment. Thus, the work suggests that high-cholesterol plasma membranes 
can present a measureable barrier to oxygen transport. We especially note from 
the CHO cell study that plasma membrane cholesterol content can infl uence intra-
cellular oxygenation in a manner not directly interpretable from extracellular 
measurements. 

 The view of high-cholesterol cell membranes as a barrier is further affi rmed in 
studies of red blood cell (RBC) oxygenation by Buchwald and colleagues [ 2 ,  3 ]. 
Specifi cally, the rate of oxygen uptake and release declines with the plasma 
 membrane cholesterol content of RBCs [ 3 ]. As a result,  RBC oxygen saturation   is 
diminished, and oxygen release upon demand is diminished [ 2 ]. The authors pro-
pose that angina pectoris in patients with hypercholesterolemia may be caused 
partly by reduced oxygen release from RBCs with elevated membrane cholesterol, 
contributing to heart muscle hypoxia and painful lactic acid buildup [ 3 ]. 

 These studies, together, present compelling evidence that high-cholesterol mem-
branes present a  kinetic  barrier to oxygen  transport  . Biophysical experiments with 
EPR oximetry reinforce this view. Subczynski and colleagues have found that cho-
lesterol reduces the membrane oxygen permeability coeffi cient (a descriptor of fl ux) 
by several-fold, compared with phospholipid alone [ 4 ,  5 ]. Given this resistance to 
 oxygen transport  , Brown and Galea previously suggested that cholesterol may con-
tribute to the Warburg effect in  cancer cells   [ 6 ]. Indeed, the existing evidence 
strongly implies that intracellular hypoxia is possible, even when extracellular oxy-
gen is abundant. 

 We investigate the tissue-level impact of reduced oxygen fl ux through cholesterol- 
rich membranes. We do so by examining the structural and functional independence 
of bilayers placed very close together, representing direct juxtaposition of plasma 
membrane segments in layered cells. We combine the results with experimentally 
derived fl ux information to predict how plasma membrane cholesterol impacts  oxy-
gen bioavailability   within tissue, given the necessity of crossing multiple mem-
branes to reach mitochondria in cells buried between capillaries.  
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2     Methods 

 We have used all-atom  molecular dynamics simulations   of two adjacent bilayers 
separated by a thin water layer to calculate electron density and oxygen diffusional 
free energy profi les. All simulations used the GPU/CUDA-accelerated implemen-
tation [ 7 ] of the Amber 14 or Amber 12 biomolecular simulation software [ 8 ,  9 ], 
along with the Lipid14 force fi eld [ 10 ] and a cholesterol extension by Ross Walker 
and Benjamin Madej [ 11 ]. We developed O 2  parameters in our laboratory, defi ning 
the bond length as 1.21 Å from the CRC Handbook [ 12 ], with a vibrational force 
constant of 849.16 kcal/mol∙Å 2  based on Raman spectroscopic measurements [ 13 ] 
and with all other parameters defi ned the same as the carbonyl oxygen (oC) atom 
type in Lipid11 [ 14 ]. 

  Lipid bilayers   were constructed initially using the CHARMM-GUI membrane 
builder [ 15 ,  16 ]. A bilayer containing 1-palmitoyl-2-oleoylphosphatidylcholine 
(POPC) and cholesterol in a 1:1 ratio was built with 128 lipids total, including 32 
POPC and 32 cholesterol molecules per leafl et and was pre-equilibrated for 500 ns 
using the GAFFLipid force fi eld [ 17 ] with the Lipid11 cholesterol parameters [ 14 ]. 
The Lipid14 force fi eld [ 10 ] with a cholesterol extension by Ross Walker and 
Benjamin Madej [ 11 ] was used throughout the remaining simulations. The pre- 
equilibrated POPC/cholesterol system was further equilibrated for 200 ns with this 
force-fi eld combination. Its closest 15 water molecules per lipid molecule (“per 
lipid”) were retained using the AmberTools [ 8 ] program CPPTRAJ [ 18 ], and this 
minimally hydrated POPC/cholesterol structure was used as the starting confi gura-
tion for “double bilayer” simulations. 

 All simulations used the TIP3P water model [ 19 ]. Through trial-and-error, we 
established that bilayers separated by 15 waters per lipid remained structurally dis-
tinct, while bilayers separated by only 10 waters per lipid showed physical fusion 
behavior early in the simulations. 

 Bonds to hydrogen were constrained using the  SHAKE algorithm   [ 20 ], allowing 
a 2-fs timestep. A constant temperature of 310 K (37 °C) was maintained using 
Langevin dynamics with a collision frequency of 1 ps −1  during the equilibration 
phases and using the Berendsen thermostat [ 21 ] during the production phase. 
A constant pressure of 1 atm was maintained using the Berendsen barostat [ 21 ] 
 during the pre-equilibration and the Monte Carlo barostat (as implemented in Amber 
14) thereafter. 

 A  POPC bilayer   was constructed with CHARMM-GUI, including 15 waters per 
lipid. This bilayer was size-matched with the pre-equilibrated POPC/cholesterol 
structure described above, based on an expected POPC area per lipid calculated 
from previous simulations. This surface-area matching called for 82 POPC lipids, 
with 41 in each leafl et. We used PackMol [ 22 ] to place the POPC bilayer close to 
the pre-equilibrated POPC/cholesterol bilayer. This double bilayer system was min-
imized over 20,000 steps, heated from 100 to 310 K over 100 ps, then equilibrated 
for 200 ns prior to adding oxygen. 
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 O 2  molecules were introduced by replacing water molecules between the bilayers, 
and the double bilayer systems with oxygen were minimized and heated in the same 
manner as above, while applying a Cartesian restraint on the O 2  molecules with a 
force constant of 5 kcal/mol∙Å 2 . An O 2  concentration of 200 mM was used for the 
entire molecular system (water and lipid). Though higher than the concentration of 
air-equilibrated water (approximately 200 μM), this concentration allows the O 2  
molecules to diffuse independently while facilitating rapid sampling of the O 2  con-
fi gurational space [see also  23 ]. Production simulations were run without restraints 
for 300 ns. 

  Free energy and electron density profi les   were calculated using CPPTRAJ. The 
free energy was calculated at 1-Å intervals (bins) along the bilayer normal,  z , 
 following the approach of Marrink and Berendsen that applies the relationship 
 G ( z ) = −RT ln{ C ( z )/ C  max }, where  C ( z ) is the O 2  population of a given  z  bin and  C  max  
is the population of the most populated bin [ 24 ].  

3     Results and Discussion 

 The constituent POPC and POPC/cholesterol bilayers in the minimally hydrated 
“double bilayer” system remain structurally independent. As such, the electron 
 density and free energy profi les of both bilayers (Fig.  6.1 ) closely resemble those 
calculated in our laboratory for single bilayer systems (data not shown). This obser-
vation agrees with prior experimental work demonstrating that the structural dis-
tinctness of lipid bilayers is maintained by headgroup-associated hydration repulsion 
[reviewed in  25 ]. Thus, we treat each bilayer as having independent oxygen trans-
port behavior in the analysis that follows.

   Subczynski and colleagues found in  EPR oximetry studies   that incorporation of 
cholesterol in a 1:1 ratio with phospholipid results in a three- to fi ve-fold reduction 
in the permeability coeffi cient for oxygen fl ux [ 4 ,  5 ]. Based on free energy barriers 
alone and not accounting for the diffusional/collisional behavior of oxygen, we pre-
dict a rate reduction of the same order of magnitude as the EPR study (data not 
shown). We recently have investigated the impact of higher cholesterol concentra-
tions on oxygen transport and have found a consistent decrease in the predicted rate 
of oxygen transport with modest increases in cholesterol content (publication 
forthcoming). 

 Yet, what is the tissue-level impact of  membrane resistance  ? To reach mitochon-
dria, oxygen must diffuse across a minimum of two cholesterol-containing mem-
branes—namely, the plasma membrane of the red blood cell and the plasma 
membrane of the target cell. Endothelial cell membranes may also intercede, pre-
senting an additional barrier if the cholesterol content is substantial. For cells buried 
between capillaries, oxygen will then diffuse via the path of least resistance until it 
reaches its site of consumption. Assuming highly permeable cellular membranes, it 
seems likely that the most favorable path will normally involve passage from mem-
brane to membrane [ 26 ,  27 ], as the membrane interior provides a low-energy envi-
ronment for oxygen (observable in Fig.  6.1 ). 
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 If oxygen were required to pass through several membranes, the rate of diffusion 
would be reduced in proportion to the number of resistant  membranes  . Supposing a 
series of equally resistant membranes, we predict the kinetic impact of passing oxy-
gen across several cell layers. Figure  6.2  projects the cumulative effect on oxygen 
fl ux when several cholesterol-rich membranes are traversed, assuming a three- or 
fi ve-fold reduction in permeability per membrane. The overall rate impact is 
expected to depend linearly on the number of membranes crossed and on the mag-
nitude of resistance presented by each membrane. In the case that an individual 
membrane reduces oxygen permeability by three-fold, ten sequential membranes 
are anticipated to decrease oxygen fl ux by 30-fold, reaching 1/30 or roughly 3 % of 
the unhindered fl ux.

   The above analysis describes a “worst-case scenario” for  oxygen diffusion   across 
cholesterol-rich tissues. In actual tissue, it is likely that oxygen may fi nd alternative, 
lower-resistance paths for diffusion that avoid some of the large energy barriers 
presented by cholesterol-rich membranes. For example, oxygen may pass around 
cells through the extracellular space. Thus, the degree of overall fl ux reduction may 
be lower than predicted with our current model. Even if diffusion through extracel-
lular space were possible, the diffusional path-length required for avoiding passage 
across resistant cells would increase relative to the membrane-to-membrane diffu-
sion scenario, generating a reduction in fl ux proportional to the path-length. Further 
modeling that takes the possibility of diffusion through extracellular space into 
account may be informative. 

  Fig. 6.1    Electron density and free energy profi les are independent for hydrated bilayers in close 
proximity. The image shows a double bilayer system image overlaid with electron density ( white line ) 
and relative free energy ( black line ) plotted against relative depth perpendicular to the bilayer plane. 
The  left  bilayer contains only POPC, and the  right  contains POPC and cholesterol in a 1:1 ratio. The 
bars on the electron density  curve  indicate the standard deviation. Both curves were calculated from 
a single trajectory, covering 300 ns of production. The small  red points  indicate the positions of 
explicit water molecules, simplifi ed for clarity. Bilayers: POPC carbon atoms— gray , cholesterol car-
bon atoms— blue , O 2  molecules— green  spheres. All hydrogen atoms omitted for clarity       
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 It is also important to note that our model greatly simplifi es the structure of 
 biological membranes. We have examined membranes incorporating only POPC 
phospholipid and cholesterol, while actual membranes incorporate many other 
types of phospholipid, along with substantial amounts of protein. Membrane pro-
teins, like cholesterol, may reduce the permeability of membrane lipids, and the 
proteins, themselves, may have very low oxygen permeability [ 4 ,  28 ,  29 ]. Further, 
we have assumed compositional homogeneity across the leafl ets of the bilayer, 
while plasma membranes are known to differ in the  lipid composition   of the extra-
cellular and intracellular leafl ets. We plan to address such complexities of cellular 
membrane structure in future modeling work. Moreover, we intend to use our 
 models in conjunction with oxygen measurements in living cells, under conditions 
predicted by the models to infl uence intracellular oxygenation.  

4     Conclusion 

 The capacity of cholesterol-rich cellular membranes to hinder oxygen diffusion 
may result in intracellular hypoxia not discernable from extracellular measure-
ments. Even modest reduction of fl ux across a single membrane could substantially 
impact tissue oxygenation, due to magnifi cation of the rate effect when oxygen 
must traverse several membranes or navigate around intervening cells.    

  Fig. 6.2     Predicted 
magnifi cation   of fl ux 
reduction as O 2  traverses 
multiple cell layers       
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    Abstract     Respiratory pores are essential for the survival of the embryo within the 
eggshell. Distribution patterns of such pores on ostrich ( Struthio camelus ) eggshells 
show remarkable variations in bird group. Eggshells preserved in the museum of 
New Zealand have long, superfi cial, winding grooves and ridges, with pores distrib-
uted densely in the bottom of grooves. Both the grooves and ridges that separate 
them are twisted. By contrast, the surfaces of eggs from farmed ostriches are mostly 
smooth, with only occasional, short grooves, and respiratory pores distributed more 
evenly. The cause of ridging and grooving of the surface of eggs from wild birds is 
unclear but may be due to the need for stronger shells and effects of environmental 
stresses. It appears that the arrangement of respiratory pores on ostrich eggshells 
seems to be changeable by surrounding stresses.  

  Keywords     Ostrich   •   Eggshell   •   Respiratory pores   •   Acclimatization  

1       Introduction 

 All animal species have developed respiratory systems appropriate to their needs. 
For example, dragonfl y ( Oligoaeshna pryeri/Sararaeschna pryeri  (Martin, 1909)) 
eggs have numerous micro (respiratory) pores through the cuticle wall. These pores, 
74 nm in diameter are densely distributed on the inner surface of dragonfl y egg-
shells and occupy 0.17 % of the total surface area [ 1 ]. 

  Avian eggs   have calcifi ed shells which are perforated by pores that allow gas 
exchange between the embryo and the atmosphere. The average diameter of a single 
respiratory pore in an ostrich ( Struthio camelus ) eggshell has been reported to be 
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107 μm and the surface area of the pores in ostrich eggshells has been found to 
occupy 0.11 % of the total shell surface area [ 2 ,  3 ]. Ostriches evolved in the dry, hot 
African environment but recently they have been domesticated in farms throughout 
many parts of the world, sometimes in very different environments. In the present 
communication we compare surface morphology of the eggshells from presumed 
wild and farmed ostriches.  

2     Materials and Method 

  Ostrich eggshell surfaces   were examined by visual inspection and recorded photo-
graphically. Distribution of the respiratory pores was studied on the equators of the 
eggshells with each external surface pore being counted on fi ve squares of 1 × 1 cm 2 . 
Three groups of eggs were studied: Group 1: Five eggs that lacked collection data 
(numbered 25752, 25753, 25754, 25755, 25757) were assumed to be of wild origin 
in the Museum of New Zealand Te Papa Tongarewa, Wellington; they had been in 
the collection of the museum for decades so were presumed to have come from wild 
African birds although the species was farmed in New Zealand as far back as the 
1880s (  http://www.teara.govt.nz/en/exotic-farm-animals/page-4    ), website viewed 
14 Oct 2014. Group 2: three eggs laid in Japanese ostrich farms in Dacho (= Japanese 
word for ostrich) kingdom, Ishioka, Ibaraki near Tokyo and Group 3: two eggs from 
farms in Kagoshima, south Japan. Both the latter groups (2 and 3) were from the 
domestic black-feathered ostrich strain [ 4 ].  

3     Results 

 Long and continuous grooves were present on the eggshells of group 1, although the 
depth of grooves was variable. These did not stretch linearly and symmetrically 
along the long axis of the shell but twisted like whorls of hair. Respiratory pores 
were clustered densely in the bottom of grooves (Figs.  7.1  and  7.2 ). An  impressive 
cluster   of respiratory pores could be seen over the air chamber on the egg (Fig.  7.3 ).
Grooves were separated by ridges. The distance between the neighboring pores 
along the groove (1.94 ± 0.42 mm) was signifi cantly shorter (P < 0.01 n = 5 by 
Students’ paired t-test) than that between pores perpendicular to the grooves 
(4.43 ± 1.02 mm), i.e. beyond the nearest ridge.

     The surfaces of eggshells from farmed ostriches of groups 2 and 3 were smooth 
and ridges and grooves were unclear or absent in most eggshells. Only one or two 
short, oblique grooves were scattered over two out of the fi ve eggshells. Since pore 
distances from groups 2 and 3 seemed to be similar, the results in the two groups 
were combined and presented as one group. Distances between two neighboring 
pores were calculated together for the test of signifi cant difference. 
L∥ = 2.66 ± 0.37 mm and L⊥ = 2.30 ± 0.39 mm (n.s. by Students’ t-test) parallel and 
perpendicular to the long axis of eggshells, respectively.  

T. Koyama and A.J.D. Tennyson

http://www.teara.govt.nz/en/exotic-farm-animals/page-4


53

  Fig. 7.1    An example of an  eggshell  , group 1 (NMNZ OR.25755). Grooves and ridges run alter-
nately and twistingly. Most pores, ( black dots ), are situated in the bottom of grooves. One short 
groove crosses other grooves obliquely downward       

  Fig. 7.2    A micrograph of the egg shell (Group 1, NMNZ OR. 25755) at low magnifi cation       

4     Discussion 

 The main structure of the eggshell wall known as the  palisade layer   (previously 
referred to as the spongy layer) [ 5 ,  6 ] is composed of columns of packed calcite crys-
tals which extend from the mammillary knobs upward to the cuticle. Spaces between 
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the crystal columns form occasional channels. In ostrich eggshells, this structure is 
less porous than in chicken eggshells [ 7 ]. Richards et al. [ 7 ] surmised that this 
reduced porosity made the ostrich eggshell relatively stronger and less likely to be 
damaged by trauma. Our fi ndings suggest that the  calcite crystals   in ostrich egg-
shells may grow in a laminar way, so as to form a twisted pattern on the eggshell 
surface, with grooves and ridges on their boundaries. 

 In one eggshell of group 1 (Fig.  7.1 ) long continuous ridges and grooves were 
present on the shell surface. Similar structures, though less pronounced, were 
observed on the other four eggshells in this group. This kind of a surface creates a 
“corrugated” structure that may strengthen the breakable eggshell in birds like 
ostriches which are often exposed to dangers in the wild. 

 The surface of ostrich eggshells from farms had almost no depressions or 
grooves, nor any clear indication of twisting on the shell surface, although a few 
short oblique ridges and grooves were found on the eggshells of some of group 2 
eggs. The smooth surfaces of farmed eggs showed a  uniform distribution   of breath-
ing pores. The causes of such differences between groups 1 and 2 + 3 remain 
obscure. 

 However we theorise that these differences might be explained by group 1 
birds being from eggs laid in the wild.  External environmental stresses   on wild-
laid eggs might lead to stronger eggshells with more corrugated surfaces. It seems 
probable that the eggshell structure and pore sites are so arranged as to provide 
maximum protection to the embryo from adverse environmental factors. If the 
group 1 eggs were not from wild laid eggs but were from early captive popula-
tions, an explanation might be that early captive conditions led to more environ-
mental stress than is found in the modern farmed populations that we obtained 
eggs from. Finally, it should be mentioned that the ostrich is a widespread running 
bird. They are divided into fi ve subspecies. The eggshell surface may show some 
differentiation.  

  Fig. 7.3    The micrograph 
shows a cluster of 
respiratory pores over the 
air chamber of the egg 
(NMNZ S. 25755)       
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5     Conclusion 

 Twisting grooves and ridges were seen on ostrich eggshells which were assumed to 
have been laid in the wild. Respiratory pores were distributed solely in the grooves. 
No pores were found on ridges. Thus, a remarkably inhomogeneous distribution of 
respiratory pores was seen on the wild ostrich eggshells. The surfaces of eggshells 
from farmed, domesticated ostriches were smooth. Respiratory pores were distrib-
uted homogeneously over the shell surface. It is surprising that recent domestication 
of ostriches seems to have caused remarkable changes in the distribution patterns of 
respiratory pores on ostrich eggshells. This theory needs to be further tested by 
examination of known wild-sourced eggs.    
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    Abstract     Cellular damage such as oxidation and lipid peroxidation, and DNA 
damage induced by free-radicals like reactive oxygen species, has been implicated 
in several diseases. Radicals generated by 2,2-azobis (2-amidino-propane) dihydro-
chloride (AAPH) are similar to physiologically active ones. In this study we found 
that polydatin, a resveratrol natural precursor derived from many sources, has the 
capacity of free radical scavenging and antioxidative damage. Using free radical 
scavenging assays, the IC 50  values of polydatin were 19.25 and 5.29 μg/ml with the 
DPPH and the ABTS assay, respectively, and 0.125 mg ferrous sulfate/1 mg poly-
datin with the FRAP assay. With the AAPH-induced oxidative injury cell model 
assay, polydatin showed a strong protective effect against the human liver tumor 
HepG2 cell oxidative stress damage. These results indicate that the antioxidant 
properties of polydatin have great potential for use as an alternative to more toxic 
synthetic antioxidants as an additive in food, cosmetics and pharmaceutical prepara-
tions for the treatment of oxidative diseases.  

  Keywords     Free radical scavenging   •   Polydatin   •   Antioxidation   •   AAPH  
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1       Introduction 

 Antioxidants are believed to play an important role in the body’s defense system 
against reactive oxygen species (ROS). A marginal dietary intake of antioxidants 
may lead to an increased production of ROS, which have been demonstrated to 
induce cellular damage and accelerate the aging process, and are involved in the 
onset of many diseases, including type 2 diabetes, infl ammatory diseases, arterio-
sclerosis and different types of cancer [ 1 ]. Two of the lipid peroxidations are caused 
by the alkoxy radical (RO - ) and the peroxy radical (ROO - ), and can be induced by 
both physiologically active or a free radical generator, 2,2-azobis(2-amidino- 
propane) dihydrochloride (AAPH)   . 

 Polydatin (or piceid; Fig.  8.1 ),  resveratrol-3-O-β-glucopyranoside  , is a precursor 
of resveratrol isolated from  Polygonumcuspidatum  Sieb.et Zucc. (Chinese name: 
Huzhang) and glycosylation of resveratrol protects it from enzymic oxidation [ 2 ]. 
Polydatin is reported to exhibit promising pharmacological activities including anti-
platelet aggregation, antihemorrhagic shock, and antioxidation activity [ 3 ,  4 ]. 
Recently, polydatin was found to promote Nrf2-ARE antioxidative pathway through 
activating Sirt1 [ 5 ].

   In this report, polydatin  antioxidation   on free radical scavenging capacity and 
antioxidative damage effect was investigated. The antioxidative effect was evalu-
ated by the DPPH, FRAP and ABTS free radical scavenging assays. The antioxida-
tive damage effect was determined by AAPH-induced HepG2 cell oxidative injury 
cell model assays.  

2     Materials and Methods 

2.1     Analytical Chemicals 

 All  chemicals   used were of analytical grade. 2,2ʹ-azino-bis-3-ethylbenzothiazoline-  6-
sulphonic acid (ABTS), 1,1-diphenyl-2-picryl-hydrazil (DPPH), 2,4,6-tripyridyl- s-
triazine(TPTZ), 2,2-azobis(2-amidino-propane) dihydrochloride(AAPH), potassium 
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  Fig. 8.1     Chemical 
structure   of polydatin       
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persulfate, iron (III) chloride, 2,6-di-tert-butyl-4-methylphenol(BHT) and polydatin 
(the contents ≥95 % by HPLC) were purchased from Aladdin Industrial Inc. (Shanghai, 
China). MTT was purchased from Sigma Chemical (St. Louis, MO, USA).  

2.2      Free Radical Scavenging Capacity Determination   

 The DPPH assay was used to measure radical scavenging activity as reported [ 6 ], 
but with slight modifi cations. All samples were tested individually at different con-
centrations by addition to an ethanolic solution of DPPH radical (40 μmol/l). For 
each measure 100 μl appropriately diluted standards or the sample was added to 
3.0 ml of DPPH reagent, the mixtures were stirred and allowed to stand in the dark 
at room temperature. The same volume ethanol instead of the diluted sample was 
used as control solution. The absorbance of the resulting solutions was measured at 
515 nm after 30 min. Each reaction was performed in triplicate. From this, the radi-
cal scavenging activity was determined by the following equation: 

 DPPH scavenging effect (%) = [1−(Ac−As)/Ac] × 100 

 where Ac = absorbance of control and As = absorbance of sample. 
 The ABTS method was carried out as reported [ 6 ], but with some modifi cations. 

Briefl y, ABTS •+  was prepared by mixing an ABTS stock solution (7 mmol/l in 
water) with 2.45 mmol/l potassium persulfate solutions and then incubated in the 
dark at room temperature for 12 h. This reagent was stable for 2–3 days when stored 
at 4 °C in the dark. On the day of analysis, the ABTS •+  solution was diluted with 
ethanol to an absorbance of 0.70 (±0.02) at 734 nm. After the addition of 1.0 ml 
ABTS •+  solution to 0.10 ml of sample, the mixture was stirred for 30 s and the 
absorbance reading was started after another 30 s and fi nished after 6 min. The read-
ings were performed at 734 nm. The inhibition rate was calculated with the follow-
ing equation: 

 ABTS scavenging effect (%) = [1−(Ac−As)/Ac] × 100 

 where Ac = absorbance of control and As = absorbance of sample. 
 In the ferric reducing antioxidant power (FRAP) method [ 6 ,  7 ], the yellow Fe 3+ -

TPTZ complex is reduced to the blue Fe 2+ -TPTZ complex by electron-donating sub-
stances under acidic conditions. Any electron donating substances with a half 
reaction of lower redox potential than Fe 3+ /Fe 2+ -TPTZ will drive the reaction and the 
formation of the blue complex forward. To prepare the FRAP reagent, a mixture of 
0.1 mol/l acetate buffer (pH 3.6), 10 mmol/l TPTZ, and 20 mmol/l ferric chloride 
(10:1:1, v:v:v) was made. To 900 μl reagent, 90 μl water and 30 μl sample were 
added. The absorbance readings were started immediately after the addition of the 
sample, and they were performed at 593 nm with readings every 20 s for 10 min. The 
blank consisted of 120 μl water and 900 μl reagent. The concentrations of polydatin 
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and FeSO 4  · 7H 2 O (used as a standard) were chosen to give an absorbance value not 
higher than 1.0. The FRAP value represents the ratio between the slope of the linear 
plot for reducing Fe 3+ -TPTZ reagent by polydatin compared to the slope of this plot 
for FeSO 4  (expressed in △ A  per μg)   .  

2.3      Antioxidative Damage Cell Assay   

 Cell viability was measured using the MTT-based colorimetric assay as described 
by Mosmann [ 8 ]. The cells were seeded in 96-well culture plates at 10 5  cells/ml and 
allowed to adhere for 24 h. Thereafter, the test sample and/or the radical donor were 
pretreated with polydatin, with different concentrations, for 24 h and then 1 mmol/l 
AAPH was added to culture medium, and the plates were incubated under routine 
conditions for 24 h. Then, 10 μl MTT (1 mg/ml) solution was added to each well. 
After incubation for 4 h at 37 °C, the medium containing MTT was removed. The 
resultant formazan crystals in the viable cells were solubilized with 100 μl dimeth-
ylsulfoxide (DMSO). An absorbance at 570 nm of each well was then read using a 
microplate reader (Model 3550-UV, BIO-RAD, Tokyo, Japan).  

2.4      Statistical Analysis   

 All experiments were performed at least in triplicate. Analysis of variance was per-
formed on the data obtained. Signifi cance level was accepted at p < 0.05.   

3     Results and Discussion 

 Several features of these results are pertinent for the purpose of this report, which is 
to demonstrate the polydatin free-radical-scavenging capacity and antioxidative 
damage effect. One important  advantage   is the three-assays evaluation. Secondly 
the antioxidant capacity is determined, which emphasized the contribution of poly-
datin at the cellular level. 

 All the results of the three free radial scavenging, DPPH assay, ABTS assay and 
FRAP assay, are summarized in Fig.  8.2 . The free radical DPPH possesses a char-
acteristic absorption at 517 nm (purple color), and the activity observed is in good 
correlation with the concentration of polydatin with an IC 50  value of 19.25 ± 1.37 μg/
ml at 517 nm (Fig.  8.2a ). The  anti-oxidant activity   of polydatin was calculated from 
the decolorization of the ABTS •+ , which was measured at 734 nm. The percentage 
inhibition was calculated and plotted as concentration of polydatin with an IC 50  
value 0.529 ± 0.064 μg/ml (Fig.  8.2b ). In the FRAP assay, a reduction from ferric to 
ferrous was measured and the result is 0.125 mg ferrous sulfate/1 mg polydatin at 
593 nm (Fig.  8.2c ).
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   At the cellular level,  AAPH-induced oxidative stress   in HepG2 cells could be 
ameliorated by polydatin. Polydatin suppressed AAPH-induced oxidative stress in 
HepG2 cells (Fig.  8.3 ). And our study will focus more on the cellular level of the 
effect of polydatin on antioxidants.

   These results indicate that the antioxidant properties of polydatin have great poten-
tial for use as an alternative to more toxic synthetic antioxidants as an additive in food, 
cosmetics and pharmaceutical preparations for the treatment of oxidative diseases.     

  Fig. 8.2    ( a ) DPPH free radical scavenging  capacity  . The percentage of inhibition is plotted against 
the concentration of polydatin. ( b ) ABTS free radical scavenging capacity. The inhibition rate is 
plotted against the concentration of polydatin. ( c ) FRAP free radical scavenging capacity. The 
absorbance is plotted against the mass of ferrous sulfate. Values are presented as mean ± SD (n = 3)       

  Fig. 8.3    Effects of 
polydatin on the viability 
of cells treated with  AAPH         
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Abstract Many kinds of fibrosis are related to the content of pyridinoline cross- 
linking in type 1 collagen. In this study, ZIF-8 (zeolitic imidazolate framework), a 
metal organic framework (MOF), and ZIF8-hypocrellin B (ZIF8-HB), which 
combined the merits of hypocrellin B and the properties of ZIF-8, were prepared 
and applied to the photodegradation of the pyridinoline cross-linking. The effects of 
O2 and H2O2 in the photodynamic action were investigated. The results indicate that 
ZIF8-HB is an efficient photosensitizer to decompose pyridinoline cross-linking in 
collagen.

Keywords Fibrosis • Photosensitizer • ZIF8-HB • Hydroxyl radical • Fluorescence

1  Introduction

Fibrosis is a class of extracellular matrix-related diseases, which is mainly related to 
the transcriptional regulation of collagen in an organ or tissue. The abnormal accu-
mulation of collagen and little degradation leads to fibrosis, which is related to the 
formation of pyridinoline cross-linking in the collagen [1]. In a recent study, some 
measures were taken to reduce the content of pyridinoline cross-linking in collagen 
in order to suppress the synthesis of the fibrosis [2]. Hypocrellin B (HB) as an effec-
tive phototherapeutic agent and natural photosensitizer isolated from the traditional 
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Chinese herb Hypocrella bambuase has attracted considerable attention owing to its 
low toxicity and potent biological activity [3]. However, the low water solubility and 
the weak absorption in the phototherapeutic window (600–900 nm) limit its photo-
dynamic therapy application clinically. In recent years, the preparation of a hypocrel-
lin carrier has proved to be an efficient way to facilitate its application [4].

Metal-organic frameworks (MOFs) are a novel class of crystalline porous mate-
rials constructed from metal ions connected with organic linkers. Owing to their 
large surface areas, tuneable pore sizes, numerous structures, as well as catalytic, 
optical, and electrical properties, MOFs have received a great attention in diverse 
applications [5]. Among the numerous MOFs reported so far, ZIF-8 was one of the 
most topical solids, which exhibits higher thermal and chemical stability than other 
MOFs. Its high specific surface area, photocatalytic property and permanent poros-
ity from its uniformly pore sized cavities make it particularly desirable for many 
potential applications [6]. In this paper, ZIF8-HB was prepared and used as a highly 
efficient photosensitizer to decompose the pyridinoline cross-linking in type 1 
collagen.

2  Methods

2.1  Materials and Apparatus

Type 1 collagen was purchased from Sigma. HB was prepared by our lab [7]. 
Zn(NO3)2·6H2O, N,N-dimethylformamide (DMF), ethanol and isopropanol were 
obtained from Concord Fine Chemical Research Institute (Tianjin, China). 2-methy-
limidazole was purchased from Sinopharm Chemical Reagent Co., (Shanghai, 
China). Ultrapure water (Wahaha Foods Co. Ltd., Kunming, China) was used 
throughout this work. All reagents used were analytical grade or above. The fluores-
cence spectra were recorded by the Hitachi F-7000 fluorospectro- photometer.

ZIF-8 was synthesized according to the work of Yan et al. [8] with a little modi-
fication. A solid mixture of Zn(NO3)2·6H2O (0.16 g) and 2-methylimidazole (0.04 g) 
was dissolved in 12 mL DMF in a teflon-lined stainless steel container. The con-
tainer was sealed and heated to 140 °C for 24 h and then cooled to room tempera-
ture. After that, the colorless crystals were washed with DMF and collected by 
centrifugation at 10,000 rpm (8,720 × g) for 10 min. After another two cycles of 
DMF washing centrifugation, the obtained crystals were washed with ethanol, and 
dried at room temperature under reduced pressure for 2 h to obtain ZIF-8. ZIF8-HB 
was prepared as follows: 10 mg of ZIF-8 kept in a desiccator was added into 20 mL 
of HB aqueous solution having concentration of 25 mg/L, followed by magnetic 
stirring at 25 °C. After adsorption for 24 h, adsorbent was collected by centrifuga-
tion at 12,000 rpm (12,550 × g) for 10 min, then washed with ethanol, and dried at 
room temperature under reduced pressure for 2 h to obtain ZIF8-HB.
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2.2  The Degradation Experiments

The activities of ZIF8-HB as photosensitizer were evaluated by photodegradation of 
the pyridinoline cross-linking in type 1 collagen at the wavelength of 475 nm under 
300 W Xe lamp irradiation in open air, under room temperature. The distance 
between the light source and the cuvette containing the reaction mixture was fixed 
at 5 cm. The reaction system was prepared as follows: 1 mg of ZIF8-HB was put 
into 3 mL of collagen aqueous solution (1 mg/mL in PBS buffer solution). Some 
will be treated with oxygen for 10 min, others will be treated with H2O2. The 
isopropanol was used as the hydroxyl radicals (•OH) scavenger owing to its property 
to trap hydroxyl radical effectively and selectively [9]. Before the degradation 
experiments, the mixture was stirred in the shaking table in dark for 180 min to 
ensure the establishment of an adsorption-desorption equilibrium. A fluorescence 
emission peak at 395 nm upon excitation at 295 nm was used to detect the content 
change of pyridinoline cross-linking [7].

3  Results and Discussion

3.1  The Effect of Degradation in the Presence of O2 and H2O2

In a previous study, it was shown that the biological activity of hypocrellin is sensi-
tive to oxygen [10]. Figure 9.1a shows the fluorescence spectra of different photody-
namic systems in the presence of H2O2 or O2. It can be seen that the photodynamic 
systems have a better photodynamic performance than those without O2 or H2O2. The 
results confirm the conclusions reported previously [10]. Furthermore, H2O2 
improved the performance of photodynamic action better, compared with the O2. 
However, the emission fluorescence spectra of collagen in the presence of H2O2 
changed a little. The results reveal that H2O2 did not degrade the collagen directly.

The fluorescence decay effect of pyridinoline cross-linking in type 1 collagen pho-
todegraded by ZIF-HB and HB were compared under the same experimental condi-
tions. It can be seen from Fig. 9.1b that ZIF8-HB showed a better activity than HB both 
in the presence and absence of H2O2. The reason for this may be that ZIF-8 favored the 
formation of hydroxyl radicals, which might play a crucial role in the reaction [6].

3.2  Mechanism for Collagen Degradation with ZIF8-HB

As widely accepted, hydroxyl radicals are deemed to be the crucial active species 
during the photocatalytic process. Usually, a high generation rate of hydroxyl radi-
cal results in rapid degradation and short reaction time to achieve specific treatment 
objectives.
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In this study, a comprehensive investigation of the activity of the ZIF8-HB will 
necessarily consider the roles of •OH in the photodynamic action. Hence, isopropa-
nol was used as scavengers of •OH to decrease its concentration and to investigate 
its effect on collagen. It can be seen from Fig. 9.1c that the photodegradation of the 
collagen in the absence of isopropanol is much better than in the presence of it. This 
result shows that the hydroxyl radical played a main role in the photodegradation of 
pyridinoline cross-linking in type 1 collagen. As shown in Fig. 9.1d, fluorescence 
intensity decreased gradually with the increasing concentration of H2O2 in a range 
of 10–40 μmol/mL. However, fluorescence decay became weaker with its 
concentration increasing to 50 μmol/mL. As reported [11], H2O2 could increase the 
rate of •OH formation. However, surplus H2O2 molecules as scavengers of •OH 
would generate H2O and O2 (see Eqs. (9.1)–(9.3)) [11]. Hence, we deduced that 
hydroxyl radicals generated by the ZIF8-HB probably played a crucial role in the 
reaction.

 H O e OH OH2 2 + ® +×- -

 (9.1)

Fig. 9.1 (a) Fluorescence spectra of collagen in different reaction systems; (b) Comparison fluores-
cence decay of collagen with ZIF-HB and HB in absence and presence of H2O2; (c) Comparison fluo-
rescence decay of collagen in absence and presence of isopropanol; (d) Fluorescence decay curve of 
collagen with the increasing concentration of H2O2 (emission peak at 395 nm excited at 295 nm)
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× ×+ ® +OH H O H O HOO2 2 2  (9.2)

 HOO OH H O O× ×+ ® +2 2  (9.3)

4  Conclusions

ZIF8-HB is considered an efficient photosensitizer for degradation of pyridinoline 
cross-linking in collagen. Furthermore, indicate the effect of the degradation can be 
enhanced by ZIF8-HB in the presence of H2O2. It is expected to be applied in the 
field of photodynamic therapy for fibrosis.
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    Abstract     The fi rst derivatives of gelatin and type I collagen fl uorescence spectra 
were characterized in order to describe the effect of free radicals on pyridinoline 
(PYD) cross-links. The different gas saturation conditions were used to investigate 
the effect of different free radicals. An analysis of fi rst derivative fl uorescence spec-
tra suggests that PYD cross-link fl uorescence emission is composed of three peaks 
in gelatin, but only two in type I collagen. The PYD cross-link was photo-degraded 
more than other gases in the presence of O 2 . This suggests that the singlet oxygen 
( 1 O 2 ) plays a key role when using photodynamic therapy to treat skin fi brosis dis-
ease with Hypocrellin B (HB).  

  Keywords     Free radical   •   Photodynamic therapy   •   Hyporellin B   •   Fibrotic skin dis-
eases   •   Pyridinoline cross-link  

1       Introduction 

 Photodynamic therapy (PDT) has been a routine clinical treatment for many dis-
eases, such as cancer, port wine stains, dermatology and Barrett’s esophagus (BE) 
[ 1 – 4 ]. The  PDT   action depends on photo-generated free radicals and reactive oxy-
gen species (ROS), the ROS including superoxide anion radical (O 2  •− ), hydrogen 
peroxide (H 2 O 2 ) and hydroxyl radical (HO • ) [ 5 ]. Hypocrellins, mainly including 
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hypocrellin A (HA) and hypocrellin B (HB), are excellent natural photosensitizers 
from a fungus  hypocrella bambusae  (Fig.  10.1 ). The use of hypocrellins for PDT 
has been reported in many studies [ 2 ,  6 ,  7 ].

    Fibrosis   has a common characteristic of an over-accumulation of collagen in the 
extracellular matrix (ECM), such as type I, type III and type IV collagen [ 8 – 11 ]. 
The literature indicates that the level of pyridinoline ( PYD  ) cross-links in  fi brotic 
skin  , which cross-linked via the hydroxylysine aldehyde, is higher than in normal 
skin tissues [ 12 ]. Also, the metalloproteinase cannot degrade the collagen in fi brotic 
tissues due to the level of PYD cross-links in collagen. The fl uorescence emission 
peak of PYD cross-links was observed in type I collagen, and in gelatin, which is 
the denatured collagen protein, and also found in PYD cross-links fl uorescence 
peak at around 392 nm [ 6 ]. In the current work, gelatin and type I collagen were 
used as a model to investigate the photo-degradation by  free radicals   and ROS 
which was induced by HB-PDT. The action of the free radicals to degrade PYD 
cross-links was investigated by the reaction system saturated by different gas condi-
tions. The fi rst derivative fl uorescence spectroscopy was used to investigate the 
model’s reaction system.  

2     Materials and Methods 

2.1      Materials   

 Collagen (type I, c9879) was purchased from Sigma, terephthalic acid (AR) was 
obtained from Aladdin, and all the reagents were used as received. Gelatin was 
obtained from the Institute of Photographic Chemistry, Chinese Academy of 
Sciences (derived from calf bone). Hypocrellin B (HB) was obtained by the dehy-
dration of HA which was extracted from the fungus  Hypocrella bambusae . The 
phosphate-buffered saline (PBS) of pH = 7.4 was prepared by using 50 mmol/L 
K 2 HPO 4  and 50 mmol/L KH 2 PO 4 . The gelatin solution was 12.5 g/L, and type I col-
lagen solution was 1 g/L. The working solutions were prepared shortly before use.  

  Fig. 10.1    The  structure   of 
 hypocrellin A (HA)   and 
 hypocrellin B (HB)         

 

H. Yan et al.



71

2.2     Methods 

2.2.1      Spectroscopy Measurements   

 Steady-state absorption and fl uorescence spectra were recorded on a TU-1901 UV/
Vis spectrophotometer (Beijing Purkinje General Instrument Co., Ltd., China) and 
an F-7000 spectrophotometer (Hitachi, Japan), respectively. For the fl uorescence 
measurement, gelatin and type I collagen were excited at 295 nm for PYD cross- 
links. Samples were dark adapted at room temperature for 10 min prior to fl uores-
cence measurement.  

2.2.2      Irradiation   

 The HB-gelatin and HB-collagen solutions were oxygen saturated or bubbled with 
argon according to the experimental requirements, and then irradiated in a 
1 cm × 1 cm quartz cuvette. A 300 W xenon lamp equipped with a fi lter cutting off 
the wavelengths shorter than 470 nm and more than 800 nm was used for irradia-
tion. The fl uence rate was about 100 mW/cm 2  measured by a UV radiometer.       

3     Results and Discussion 

3.1     Normal and First Derivative Fluorescence Spectrum 
of  Gelatin and Type I Collagen   

 The normal fl uorescence spectra and fi rst derivative fl uorescence spectra of gelatin 
and type I collagen are shown in Fig.  10.2 . This fi gure shows that the normal fl uo-
rescence spectra of gelatin and type I collagen have the same shape which excited 
at 295 nm, and have a band peak at about 390 nm which is the fl uorescence emission 
peak of PYD cross-links. The normal fl uorescence spectra of gelatin and collagen 
cannot provide more information for us. Numerous papers have indicated the deriv-
ative spectrum can provide more information [ 13 ,  14 ]. Therefore, in this work, the 
fi rst derivative fl uorescence spectra of gelatin and type I collagen was used for com-
parison with the normal spectra.

   Figure  10.2  shows the fi rst derivative spectra of PYD cross-links in  gelatin and 
type I collagen  . The fi rst derivative spectra for gelatin show a 360 nm peak and two 
negative peaks around 426 and 475 nm, and those for collagen show a 350 nm peak 
and a broad negative peak from 377 to 550 nm. The fi rst derivative fl uorescence 
spectra show some differences between gelatin and type I collagen, so the derivative 
fl uorescence can provide more information about the gelatin and type I collagen 
than normal fl uorescence spectroscopy.  

10 The Role of Free Radicals in the Photodynamic Treatment of Fibrotic Skin Diseases
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3.2     Effect of  Free Radicals   on  PYD Cross-Links   

 The photochemistry path has two reactions, the type I reaction (superoxide anion radi-
cal and hydroxyl radical, etc.) and type II reaction (singlet oxygen), in PDT. The two 
paths generated different free radicals and ROS [ 15 ]. To investigate the effect of vari-
ous free radicals and ROS on PYD cross-links, oxygen, air and argon were used to 
saturate the reaction solutions to get different free radicals and ROS by PDT. Oxygen 
can affect the free radical species and oxygen is a critical component in these reactions 
[ 1 ]. The photo-oxidative reaction with the photosensitizer is shown in Fig.  10.3  and 
the degradation ratio is shown in Fig.  10.4  under different conditions.

    Figure  10.3  shows that the fi rst derivative fl uorescence peak of gelatin around 
360 nm decreased with the irradiation time in all experiments, but the peak decreased 
more than other conditions in the presence of oxygen saturation. The negative peak 
at around 426 nm shows the same changes. When oxygen is present in the reaction 
system, the type II reaction might be the main path, so the singlet oxygen ( 1 O 2 ) 
attacks the  PYD cross-links   in gelatin to cause the reduction of the intensity of fl uo-
rescence. These results are in agreement with the literature [ 1 ].  

3.3     The Fluorescent Probe to Determine Hydroxyl Radical 

 Because the  hydroxyl radical (HO • )      is generated by type I reaction, determination of 
this radical can help us to show that the degradation path of PYD cross-links in PDT 
with HB. Terephthalic acid (THA) was used in many studies as a fl uorescent probe 
to determine HO •  [ 16 ]. In this experiment, the 1 mmol/L THA was used to deter-
mine HO •  in HB-gelatin and HB-collagen reaction systems. If the HB-gelatin and 
HB-collagen generate HO •  under irradiation, the HO •  can attack THA to generate 
the THA-OH which has a fl uorescence emission peak at 425 nm [ 16 ]. However, in 
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our experiment we did not fi nd the emission peak in an oxygen and air saturated 
system. This result suggests no hydroxyl radicals were generated in HB-gelatin and 
HB-collagen reaction systems. This result also confi rms that the type II reaction 
may be the main path to degrade the PYD cross-links in gelatin and collagen by 
PDT at the molecular level.   

4     Conclusions 

 This work investigated the role of free radicals in photodegradation of PYD cross-
links in gelatin and type I collagen by HB-PDT. The different gases, including oxy-
gen, air and argon, were used to obtain different free radical generated conditions. 
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The results show the PYD cross-links could be degraded by HB-PDT. In this experi-
ment no hydroxyl radical was found in the reaction system using the fl uorescent 
probe THA. This suggests that the type II mechanism might be the main path to 
degrade the PYD cross-links by HB-PDT.       Acknowledgments   This work was fi nan-
cially supported by the National Nature Science Foundation of China (21362010), 
and the Yunnan Natural Science Foundation (2010ZC0153).  
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    Abstract     Tumor hypoxia is a hallmark of solid malignant tumor growth, pro-
foundly infl uences malignant progression and contributes to the development of 
therapeutic resistance. Pathogenesis of tumor hypoxia is multifactorial, with contri-
butions from both acute and chronic factors. Spatial distribution of hypoxia within 
tumors is markedly heterogeneous and often changes over time, e.g., during a course 
of radiotherapy. Substantial changes in the oxygenation status can occur within the 
distance of a few cell layers, explaining the inability of currently used molecular 
imaging techniques to adequately assess this crucial trait. Due to the possible impor-
tance of tumor hypoxia for clinical decision-making, there is a great demand for 
molecular tools which may provide the necessary resolution down to the single cell 
level. Exogenous and endogenous markers of tumor hypoxia have been investigated 
for this purpose. Their potential use may be greatly enhanced by multiparametric  in 
situ  methods in experimental and human tumor tissue.  

  Keywords     Tumor hypoxia   •   Malignant progression   •   Tumor hypoxia, detection   • 
  Tumor hypoxia, subtypes   •   Tumor hypoxia, heterogeneities   •   Multiparametric 
immunohistochemistry   •   Hypoxia markers  

1       Introduction 

 The tumor  microenvironment   can be distinguished from that of normal tissues by a 
number of features, among which a key factor is the critically reduced level of oxy-
genation, i.e., hypoxia, that, at present, is recognized as a principal parameter infl u-
encing the disease outcome [ 1 ]. For many years, tumor hypoxia has been regarded 
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as an obstacle to the local control of solid tumors treated with standard radiotherapy, 
some chemotherapies and photodynamic therapy. During the last two decades, 
accumulated evidence demonstrates that hypoxia has a strong negative impact driv-
ing cancer cells toward a more aggressive phenotype, resulting from an increased 
mutagenicity (<0.1 % O 2 ) and a hypoxia-driven regulation of a plethora of genes 
promoting changes of the proteome and the metabolome (<1 % O 2 ), ultimately lead-
ing to a poorer patient prognosis [ 2 ,  3 ]. 

 In this chapter, the various pathomechanisms responsible for the development of 
tumor hypoxia, leading to different  subtypes   of oxygen defi ciency states, the 
(micro-) regional heterogeneities, and the role of tissue-based markers for hypoxia 
detection is given special emphasis.  

2      Pathogenesis   of Tumor Hypoxia 

 Based on underlying pathogenetic mechanisms and their respective duration, two 
main types of tumor hypoxia have been identifi ed, coexisting in tumor subvolumes, 
with complex temporal and spatial heterogeneities: (a)  chronic hypoxia , most prob-
ably the dominant type in solid human malignancies, is mainly caused by diffusion 
limitations due to enlarged diffusion distances and adverse diffusion geometries 
(e.g., elongated, U-shaped tumor microvessels with diffusion shunt, glomeruloid 
microvascular proliferations). Further pathogenetic mechanisms are hypoxemia in 
anemic patients and elevated interstitial fl uid pressure compromising tumor micro-
circulation by leveling off perfusion pressure gradients (see Fig.  11.1 , upper panels) 
[ 4 – 6 ]; (b)  acute hypoxia  preferentially results from transient perturbations of the 
microcirculation (e.g., by vascular obstruction) or fl uctuations of red blood cell 
fl uxes (see Fig.  11.2 , upper panels).

    An in-depth characterization of these hypoxia subtypes in the clinical setting is 
lacking so far, although of great relevance since diagnostic procedures and therapeutic 
measures may be different when dealing with these subtypes. In addition, chronic and 
acute hypoxia may foster the development of aggressive phenotypes and treatment 
resistance in different ways/mechanisms (see Figs.  11.1  and  11.2 , lower panels).  

3      Microregional Heterogeneities   of Tumor Hypoxia 

 As already mentioned, tumor oxygenation is heterogeneous, both within and (even 
more pronounced) between tumors. Most solid tumors exhibit spatial and temporal 
heterogeneities, independent of tumor stage and histological type. There are com-
plex dynamic changes in the degree (level, severity) of hypoxia, in the topographi-
cal distribution (tumor center vs. tumor periphery), in the extension of individual 
hypoxic areas, and in the number of hypoxic subvolumes (single vs. multiple). 
Hypoxic subvolumes may have spatial dimensions in the submillimeter- range with 
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very steep pO 2  gradients (up to 60 mmHg/mm). This latter type of hypoxic subre-
gions, despite their clinical importance, cannot be accessed with the currently avail-
able PET techniques in the clinical setting due to the averaging  problem  .  

4     Detection of Tumor Hypoxia in the Clinical Setting 

 Direct  detection   and exact quantifi cation of hypoxia and its subtypes as a routine 
procedure within the patient workup is highly desirable due to its diagnostic, thera-
peutic and prognostic importance. However, this demand has not been met so far. 

  Fig. 11.1     Causative mechanisms   for the development of chronic hypoxia ( upper panels ), and 
biological and clinical consequences leading to the loss of vital cell functions and antiproliferative 
effects ( lower left panel ). Below 2 % O 2 , mechanisms of therapeutic resistance are activated ( lower 
right panel ). Under moderate hypoxia (<1 % O 2 ), altered cell signalling may result in survival and 
maintained cell proliferation ( lower central panel ). The latter two mechanisms contribute to tumor 
progression and poor patient outcome       
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Direct measurements of the tissue oxygenation status using invasive needle elec-
trodes are inter alia laborious and rely on experienced investigators. Despite several 
limitations, this technique is still considered the “gold standard” [ 7 ]. Direct assess-
ment of tumor hypoxia is also possible using the electron paramagnetic resonance 
(EPR) oxymetry [ 8 ]. First clinical EPR oxymetry studies to obtain pre-treatment 
and intra-treatment measurements have been started to test its clinical feasibility 
([ 9 ], H.M. Swartz, personal communication). 

 Current molecular imaging of tumor hypoxia using the PET technique with 
hypoxia-specifi c tracers is qualitative rather than quantitative and short-term 
changes of hypoxia are diffi cult to detect [ 10 ]. Furthermore, the spatial resolution 
of imaging is too low with regard to the spatial dimensions of microregional het-
erogeneities, and different biologically relevant levels of hypoxia cannot be 
discriminated.  

  Fig. 11.2     Causative mechanisms   for the development of acute hypoxia ( upper panels ). At moder-
ate levels of hypoxia (<1 % O 2 ), activation of the HIF-system occurs ( central right panel ), while 
more severe hypoxia (<0.1 % O 2 ) can cause genomic and epigenomic instability and foster subse-
quent clonal selection ( central left panel ). Both processes contribute to tumor progression and poor 
patient outcome       
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5     Tissue-Based Markers of Hypoxia 

 The existence of hypoxic tissue areas can also be demonstrated in histological sec-
tions (e.g., of biopsies, surgical specimens, and experimental tumors), and within 
them in single cells, using biomarkers. From a biological point of view, this may be 
the most meaningful way to assess tumor hypoxia, which invariably exerts its effects 
at the level of the single cell, e.g., by preserving its clonogenicity during a course of 
radiotherapy. Two primary approaches exist for the assessment of hypoxia in tissue. 

5.1      Exogenous Markers   

 Derivatives of 2-nitroimidazole (azomycin) can be utilized as exogenous (extrinsic) 
markers which undergo covalent binding to proteins in intact cells under hypoxic 
conditions, thus creating neoepitopes, which can be detected by immunohistochem-
istry (IHC) using specifi c antibodies. Agents currently most widely used are pimo-
nidazole (PIMO), CCI-103F and EF5 [ 11 ]. The extent of binding of these drugs in 
the tissue corresponds to the cumulative extension of the hypoxic areas during the 
exposure to the drug and, therefore, includes not only areas with chronic, but also 
with acute hypoxia which has occurred transiently during the time frame starting 
with the intracellular accumulation of the marker and terminating with the removal 
of the tissue. Exogenous hypoxia markers may be combined to address specifi c 
scientifi c questions, e.g., hypoxic cell turnover. Different pharmacokinetics of exog-
enous hypoxia markers must be taken into account: for PIMO, it is necessary to wait 
for at least 2 h after injection before the tissue can be harvested. In the case of EF5, 
this delay must be at least 24 h long. For PIMO and CCI-103F, an additional infl u-
ence of the tissue-pH must be considered [ 12 ], while pH does not seem to play a 
role for EF5. Since chronic hypoxia in solid tumors—as was pointed out—is often 
caused by greatly increased diffusion distances, the question arises as to whether 
tissue areas beyond a critical distance from the nearest blood vessel are at all reached 
by hypoxia markers by diffusion, or whether these areas, due to diffusion limitations 
of the delivery of the marker in question, would falsely be classifi ed as not being 
hypoxic. A clear answer cannot be given on the basis of available data. However, no 
compelling evidence can be found in the literature which indicates that putative dif-
fusion limitations are a relevant obstacle for the delivery of exogenous hypoxia 
markers to those parts of the tumor, which contain viable tumor cells. In principle, 
there is also a chance that different levels and activities of nitroreductases in various 
cell types or tumors could distort the quantitative relationship between pO 2  and 
intensity of marker binding. Due to the redundancy of the enzymes that act as nitro-
reductases, though, a great importance of this mechanism appears to be relatively 
unlikely. In conclusion, exogenous hypoxia markers offer some excellent properties 
for studies of tumor biology. In fact, using these markers, some fundamental insights 
have been gained. These relate to, e.g., the relationship between hypoxia and cell 
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proliferation, and the dynamics of hypoxic tissue areas during the course of (frac-
tionated) radiotherapy [ 13 ,  14 ]. Arguably the biggest drawback of exogenous 
hypoxia markers (which explains why data obtained with them are derived mainly 
from studies of experimental tumors) is the fact that the injection of a drug in 
humans is invasive, requires informed consent from the patient and is also associ-
ated with a signifi cant logistical effort on behalf of the treating physician and other 
medical staff (e.g., coordination between the application of the marker, and diag-
nostic biopsy extraction or surgery)   .  

5.2      Endogenous Biomarkers   

 The latter diffi culties could be avoided if hypoxia would consistently lead to qualita-
tive and, ideally, quantitative changes in the proteome in human cells, particularly in 
tumor cells: such proteome changes could be used as endogenous hypoxia biomark-
ers. With the discovery of hypoxia inducible factor (HIF)-1 by Semenza and Wang at 
the beginning of the 1990s [ 15 ], such a vision seemed to become tangible. Studies 
showed  in vitro  that the α-subunit of this heterodimeric transcription factor, HIF-1α, 
is very stringently regulated by hypoxia [ 16 ,  17 ]. Furthermore, immunohistochemical 
studies demonstrated the expression of the protein in precancerous lesions, numerous 
invasive tumors of different entities and their metastases [ 18 ,  19 ]. Investigations of 
this kind also revealed expression patterns at least partially compatible with triggering 
of the expression of the protein by diffusion limitations of oxygen [ 20 ]. However, it 
also quickly became evident that the inducibility of HIF-1α is strikingly cell type 
dependent. In some cell types, HIF-1α signals could be detected by western blot even 
under normoxic conditions [ 21 ]. In addition to mutations in the von Hippel Lindau 
gene, which is directly involved in the regulation of HIF-1α, activation of oncogenes, 
the effect of growth factors and cytokines, among others, were recognized as hypoxia-
independent infl uences on the quantitative level of protein expression of HIF-1α. 

 The regulation of gene expression by hypoxia via HIF-1 is not restricted solely 
to the regulation of the protein abundance of the α-subunit, but also involves other, 
complex post-translational modifi cations [ 22 ]. For example, hypoxia inhibits aspar-
agine hydroxylation of HIF-1α by the protein Factor Inhibiting HIF (FIH), which 
would otherwise lead to a reduction of the binding of the transcriptional cofactors 
CBP/p300 and a consecutive attenuation of the transactivation of a subgroup of 
HIF-1 target genes [ 23 ]. Hence, it was considered that certain target genes of HIF-1 
could be better endogenous hypoxia markers than HIF-1 itself since their protein 
abundance refl ects additional steps of hypoxia-dependent regulation of gene expres-
sion. Requirements for such marker proteins include a robust and quantitative 
induction by hypoxia via HIF-1 and at the same time, ideally, a lack of interference 
with regard to their protein abundance by other mechanisms. Glucose transporter 
(GLUT)-1 and carbonic anhydrase (CA) IX were the two HIF-1 target genes that 
were the most prominent candidates in this respect and have thus been investigated 
most intensively. 
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 Both HIF-1α and its target proteins GLUT-1 and CA IX have been studied as 
endogenous hypoxia markers using IHC of human tumors with varying results. In 
some early publications, weak correlations between the intensity of their expression 
and data obtained with the Eppendorf oxygen electrode were described [ 20 ,  24 ,  25 ]. 
The latter method (see above) is considered to be the gold standard for determining 
the oxygenation status by many authors. It was, however, evident that these correla-
tions were unable to assign individual patients to groups of hypoxic or better oxy-
genated tumors with suffi cient certainty, particularly on the basis of a single reading 
in a clinical specimen. The weakness of the correlations found was partially attrib-
uted to the sampling error arising from the fact that IHC and electrode measure-
ments were carried out in different parts of the tumor tissue. 

 Therefore, we and others carried out comparisons of the expression of these 
markers in precisely those micro-regions of the tumor, in which the oxygenation 
status had previously been determined [ 26 – 29 ]. As a surprisingly persistent result of 
these studies, no statistically signifi cant correlation between the two methods was 
found anymore. These data were frequently interpreted as proof for the dominance 
of non-hypoxic stimuli over total HIF-1α protein abundance  in vivo . Indeed, studies 
from different institutions have repeatedly demonstrated expression patterns of 
HIF-1α and its target genes GLUT-1 and CA IX in selected specimens that appear 
to be compatible with such an interpretation [ 20 ]. Additionally, we were able to 
show in severely hypoxic leiomyomas that these tumors do not activate the HIF- 
system at all, whereas the HIF-system was invariably active in their malignant coun-
terparts, leiomyosarcomas [ 30 ]. On the one hand, these fi ndings are compatible 
with a concept of modulation of the pure pO 2  signal by different activity states of 
intracellular signal transduction cascades. On the other hand, it should also be noted 
that the spatial resolution of electrode and IHC differ considerably. While endoge-
nous hypoxia markers indicate the oxygenation status of each individual cell, data 
from the Eppendorf electrode represent the average oxygenation of hundreds of 
cells at each step of its path through the tissue. In uniformly hypoxic or well- 
oxygenated tissues, these considerations would have little impact on the intermodal 
comparability. The pattern of hypoxic and well-oxygenated tumor areas actually 
found  in vivo , however, is characterized by proximity of these two extremes in con-
fi ned spaces. Because of this methodological “mismatch”, assessment of the suit-
ability of endogenous hypoxia markers should not be based solely on the comparison 
with the Eppendorf electrode  data  .   

6     Perspectives 

 In the meantime, a large number of studies have shown that a high level of expres-
sion of proteins of the HIF-mediated transcriptional response reaction—whether 
they are caused by hypoxia or not—is accompanied by a worsening of the patients’ 
prognosis and that these proteins are also causally involved in tumor progression 
and resistance to therapy [ 31 ]. Thus, there is now a primary motivation to 
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investigate components of the HIF system in tumors. Ideally, this should be done in 
a multiparametric approach, which investigates endogenous hypoxia markers in the 
pathophysiological context of tumor vascularization, proliferation and activation of 
specifi c signal transduction cascades (Fig.  11.3 ).
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    Abstract     Molecular imaging of tissue hypoxia generates contrast in hypoxic areas 
by applying hypoxia-specifi c tracers in organisms. In cancer tissue, the injected 
tracer needs to be transported over relatively long distances and accumulates slowly 
in hypoxic regions. Thus, the signal-to-background ratio of hypoxia imaging is very 
small and a non-specifi c accumulation may suppress the real hypoxia-specifi c sig-
nals. In addition, the heterogeneous tumor microenvironment makes the assessment 
of the tissue oxygenation status more challenging. In this study, the diffusion poten-
tial of oxygen and of a hypoxia tracer for 4 different hypoxia subtypes: ischemic 
acute hypoxia, hypoxemic acute hypoxia, diffusion-limited chronic hypoxia and 
anemic chronic hypoxia are theoretically assessed. In particular, a reaction-diffusion 
equation is introduced to quantitatively analyze the interstitial diffusion of the 
hypoxia tracer [ 18 F]FMISO. Imaging analysis strategies are explored based on reac-
tion-diffusion simulations. For hypoxia imaging of low signal-to- background ratio, 
pharmacokinetic modelling has advantages to extract underlying specifi c binding 
signals from non-specifi c background signals and to improve the assessment of 
tumor oxygenation. Different pharmacokinetic models are evaluated for the analysis 
of the hypoxia tracer [ 18 F]FMISO and optimal analysis model were identifi ed 
accordingly. The improvements by model-based methods for the estimation of 
tumor oxygenation are in agreement with experimental data. The computational 
modelling offers a tool to explore molecular imaging of hypoxia and pharmacoki-
netic modelling is encouraged to be employed in the corresponding data analysis.  
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1       Introduction 

 Tumor hypoxia is considered a major  resistance factor   of standard radiotherapy and 
some chemotherapy, and can trigger tumor aggressiveness. It occurs mainly due to 
insuffi cient supply of oxygen [ 1 ] and can be characterized by different subtypes 
including ischemic hypoxia, hypoxemic hypoxia, diffusion-limited hypoxia and 
anemic hypoxia [ 2 ].  Molecular imaging   provides a non-invasive method to assess 
the tissue oxygenation status upon systemic  application   of hypoxia-specifi c tracers 
such as [ 18 F]FMISO [ 3 ,  4 ], [ 18 F]FAZA [ 5 ] or [ 60/61/64Cu ]ATSM [ 6 ]. However, the 
amount of hypoxia-specifi c tracer accumulated depends on the microenvironment 
within tumor tissues. For the different hypoxia  subtypes   shown in Fig.  12.1 , the less 
diffusible tracer needs to be transported over relatively longer distances than oxygen 
to reach hypoxic regions usually far away from functional blood vessels. It 
accumulates slowly in hypoxic regions [ 7 ]. Thus, the signal-to-background ratio of 
hypoxia imaging is very small and the non-specifi c accumulation of the tracers 
during transport may suppress the real hypoxia-specifi c signals. In addition, the 
heterogeneous tumor microenvironment makes the estimation of the tissue 
oxygenation status from the integrated signals of non-uniform tracer distribution 
more challenging.

   The diffusion limitation of the hypoxia-specifi c molecule can be assessed by 
immunohistochemistry. Figure  12.2  shows the staining image of an example 
cryosection of a CAL-33 xenograft tumor in nude mice [ 8 ]. The tissue section is 
stained using CD31 for vascular endothelium, Hoechst 33342 for perfusion and 
pimonidazole (PIMO) for hypoxia. PIMO is a typical molecular marker for tumor 
hypoxia and the functional mechanism is similar to the PET tracer [ 18 F]FMISO. The 
intensity profi les between two example vessels (marked as yellow line in Fig.  12.2a ) 
of PIMO and Hoechst are plotted in Fig.  12.2b . It is shown that in the middle of the 
two vessels, the Hoechst intensity stays constant but the PIMO intensity drops 
substantially.

  Fig. 12.1    Diffusion limitations of  O 2    (‘maximal O 2  diffusion front’) and of a hypoxia-specifi c 
tracer for different subtypes of hypoxia in a tumor tissue cylinder ( broken line )       

 

K. Shi et al.



89

   Understanding the diffusion behavior of the hypoxia-specifi c tracer is important 
for the development of imaging strategies of hypoxia. The diffusion potential of a 
molecule depends on both the transport and the reaction within the tissue.  Reaction- 
diffusion models   were employed to investigate the diffusion of hypoxia tracer in 
tissues. They have  advantages   in exploring the diffusion properties of molecules in 
tissues and revealing the quantitative relation between  in vivo  imaging and the tumor 
microenvironment [ 9 ,  10 ]. In order to model the oxygen distribution within the 
tumor, the distribution of the microvasculature has been incorporated into the model 
and the reaction-diffusion equations were solved under certain boundary conditions 
on this geometry [ 11 – 14 ]. Kelly and Brady put forward a model to simulate the 
spatio-temporal distribution of [ 18 F]FMISO in tumors and generated meaningful 
time courses of imaging [ 9 ]. Histology-derived microvessel maps have been inte-
grated for the simulation of realistic dynamic [ 18 F]FMISO PET imaging [ 15 ]. 

 For hypoxia imaging with low signal-to-noise ratio due to diffusion limitations, 
special analysis strategies need to be considered to extract real hypoxia-related 
uptake from background signals.  Pharmacokinetic modelling      is an advanced method 
to compensate for the infl uence of confounding factors and to reduce the deviation 
between estimation and underlying physiology [ 16 ].  Compartmental models   defi ne 
physiologically different pools of the tracer substance as compartments and set up 
the relation between these compartments using linear differential equations [ 17 ]. 
Casciari et al. attempted (using a four-compartment model based on the 
pharmacodynamics of misonidazole) to determine the cellular reaction rate of [ 18 F]
FMISO [ 18 ]. Thorwarth et al. proposed a specifi c model to identify the tumor 
oxygen status by decomposing the time-activity curve (TAC) into perfusion, 
diffusion and hypoxia-induced retention components based on the two-compartment 
model [ 7 ]. An empirical model was proposed to assess hypoxia by the slope of the 
late phase of dynamic activities [ 19 ]. The performance of the  pharmacokinetic 
models   depends on the description of the uptake procedure of the hypoxia tracer as 
well as the numerical stability.  Computational simulation   using a reaction-diffusion 
tool offered a measure to explore quantitative strategies of hypoxia imaging. The 

  Fig. 12.2    Example of diffusion limitation for  pimonidazole  : ( a ) staining image; ( b ) intensity 
profi le of Hoechst and PIMO along a line connecting the two microvessels indicated in  yellow 
arrows  as shown in ( a )       
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present study evaluated the existing  pharmacokinetic modelling   methods for a 
typical hypoxia imaging tracer [ 18 F]FMISO based on reaction-diffusion simulations 
and identifi ed an optimal analysis method accordingly.  

2     Methods 

 To understand the transport of a hypoxia-specifi c tracer, a reaction-diffusion model 
is established to simulate the supply and accumulation of the tracer in hypoxic 
tissue. In this study, we focus on the hypoxia tracer [ 18 F]FMISO. A 2D-vascular 
map of different vessel densities is randomly generated to mimic tumor tissues of 
different oxygen levels and heterogeneities.  Tissue oxygenation status   is simulated 
by modelling oxygen diffusion from the microvasculature and metabolism according 
to Michaelis-Menten kinetics [ 9 ,  10 ]. The transport and metabolism of [ 18 F]FMISO 
is described by a reaction-diffusion equation [ 9 ,  10 ], and the uptake in tissue is cal-
culated based on the microvasculature and oxygen level. 

  Digital phantoms   (2D, 1 × 1 mm, pixel: 10 × 10 μm) of various microvascula-
tures and hypoxia distributions are constructed by simulating the transport and 
consumption of oxygen, as well as the delivery and the accumulation of [ 18 F]
FMISO using the described reaction-diffusion equations. The phantoms are gener-
ated according to the pO 2  distribution. The tracer uptake signal is integrated spa-
tially over the phantom and a TAC is generated, respectively. Noise is simulated 
according to Gaussian distribution. The simulated noisy TACs are fi tted by each 
pharmacokinetic model investigated (Casciari, Irreversible & Reversible two-
tissue compartmental, Thorwarth, Cho). The modelling results are compared to the 
features of each phantom. The prognostic capability of a model depends on the 
relation between relevant model-estimated kinetic parameters and underlying 
oxygen tensions. A monotonic correlation is expected and we defi ne the hypoxia- 
sensitivity as the Spearman correlation to pO 2 . Here we expect a negative value for 
hypoxia-sensitivity.  

3     Results and Discussion 

 Figure  12.3  shows an example of three selected phantoms with different  vascular 
maps   corresponding to severe hypoxia, mild hypoxia and normoxia. The mean pO 2  
increases as the vascular density (VD) raises. The hypoxia fraction (HF) is described 
as the proportion of hypoxic areas with a threshold of 7.5 mmHg (approx. 1 % O 2 ). 
The corresponding simulated TAC of each phantom is displayed on the bottom. The 
fi rst 5 min of TAC corresponding to perfusion bolus increases from severe hypoxia 
to normoxia. In contrast, the last frames of TAC corresponding to [ 18 F]FMISO uptake 
decreases as HF decreases. The fi tting results of the Casciari model, irreversible 
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two-tissue compartmental model (Irreversible), reversible two-tissue compartmental 
model (Reversible) and Thorwarth model are illustrated. All four models allow to 
produce a suitable fi tting by setting proper initial values and fi tting boundaries.

   Figure  12.4  shows the  sensitivity   of each investigated model to hypoxia which is 
calculated as the Spearman correlation coeffi cient between the estimated hypoxia- 
related parameter and corresponding oxygen tension of 300 phantoms. The phan-
toms are selected according to an experimental pO 2  distribution based on 
polarographic measurements of oxygen tensions in C3H mouse mammary adenocar-
cinomas [ 20 ]. The hypoxia-related parameters were estimated on both ideal TAC and 

  Fig. 12.3    Three phantoms of various  vascular maps   corresponding to severe hypoxia, mild 
hypoxia and normoxia: the  upper panels  display the distributions of the oxygen tension (pO 2 ) in 
the phantoms; the  bottom panels  show simulated TACs and corresponding modelling results of the 
investigated models.  VD  vascular density       

  Fig. 12.4     Model sensitivity   to hypoxia: ( a ) the simulated pO 2  distribution of 300 phantoms; ( b ) 
the sensitivity of different models to oxygen for ideal TAC (no noise) and TAC with noise, which 
is the Spearman correlation coeffi cient between the estimated hypoxia-related parameter and 
corresponding oxygen tension of 300 phantoms in ( a )       
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TAC with added Gaussian noise for each model. The results show that both the irre-
versible two-tissue compartmental model and the Cho model have the highest sensi-
tivity to underlying oxygen tensions and the irreversible two-tissue compartmental 
model is less sensitive to noise. The irreversible two-tissue compartmental model has 
been reported by various experimental studies as an appropriate model to analyze 
[ 18 F]FMISO imaging [ 21 ]. This is consistent with our (so far unpublished) experi-
mental results.

4        Conclusions 

 The diffusion of hypoxia-specifi c tracers within tissues is complicated according to 
various subtypes of tumor hypoxia. Although reaction-diffusion simulation could 
not cover all the aspects of the pathophysiological procedure, it provides a tool to 
get quantitative insight into the hypoxia tracer uptake and can assist the develop-
ment of imaging protocols. For the analysis of hypoxia PET imaging, pharmacoki-
netic modeling is encouraged to extract the low hypoxia signals from high perfusion 
backgrounds. Clinical studies of pharmacokinetic modeling of [ 18 F]FMISO PET in 
glioma patients are currently performed with stereotactic biopsy validations.   
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    Abstract     The fi rst systematic multi-center study of the clinical use of EPR oxim-
etry has begun, with funding as a PPG from the NCI. Using particulate oxygen 
sensitive EPR, materials in three complementary forms (India Ink, “OxyChips”, and 
implantable resonators) the clinical value of the technique will be evaluated. The 
aims include using repeated measurement of tumor pO 2  to monitor the effects of 
treatments on tumor pO 2 , to use the measurements to select suitable subjects for the 
type of treatment including the use of hyperoxic techniques, and to provide data that 
will enable existing clinical techniques which provide data relevant to tumor pO 2  
but which cannot directly measure it to be enhanced by determining circumstances 
where they can give dependable information about tumor pO 2 .  
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1       Introduction 

 It is widely recognized that hypoxia has a profound effect on the radiosensitivity of 
tissue and that hypoxic cells can be as much as three times less sensitive to radiation 
than well oxygenated cells [ 1 – 5 ]. A practical consequence of this fact is that tumors 
with signifi cant hypoxia that are treated with  radiation therapy   have decreased prob-
abilities for complete tumor control and reduced patient survival rates [ 1 ]. Despite 
the fundamental importance of tumor oxygenation during radiation therapy,  mea-
surements   of the partial pressure of oxygen ( pO 2   ) are not routinely performed in the 
clinical setting because of a lack of available quantitative measurement techniques 
that are noninvasive. 

 Electron Paramagnetic Resonance ( EPR  ) oximetry based on particulates is a 
technique that is capable of providing repeated, direct, and noninvasive measure-
ments of pO 2 , following one-time implantation of a paramagnetic oxygen reporter 
[ 6 ]. These capabilities contrast with other techniques currently clinically available 
to measure oxygenation, which provide indirect measurements and/or are invasive 
at the time of measurement [ 7 ]. Based on the unique capabilities of EPR oximetry, 
the National Cancer Institute of US National Institutes of Health has funded a 5-year 
program project grant at Dartmouth (Dartmouth PPG) whose primary aim is to 
demonstrate the clinical capabilities of EPR oximetry for cancer. An additional goal 
is to relate EPR measurements to existing clinically available techniques, in order to 
understand under what circumstances those less direct techniques can give clini-
cally useful information about  tumor   pO 2 . 

 The  clinical utility   of repeated measurements of tumor oxygen is based on well- 
established observations of the effects of hypoxia on outcomes, the variability of 
oxygen levels in apparently similar tumors in different patients, the variation of 
oxygen levels as a function of growth of the tumor and in response to therapy, and 
the potential to modify oxygen levels by treatments such as breathing oxygen-rich 
mixtures [ 8 – 10 ]. Therefore, repeated measurements of tumor oxygen would enable 
the selection of subjects for various therapeutic approaches, evaluation of the 
effectiveness of methods to modify a patient’s oxygen level, and guidance of the 
timing of treatments to ensure more optimal oxygen levels at the time of 
irradiation. 

 The PPG, while centered at Dartmouth, collaborates with two other academic 
radiation oncology centers (Emory University in Atlanta, Georgia and the 
Université catholique de Louvain in Brussels) to evaluate EPR oximetry using 
three different types of paramagnetic oxygen sensitive materials with complemen-
tary properties.  
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2     Methods 

 All measurements utilize clinical EPR in vivo oximetry, which has previously been 
described in some detail in reference [ 6 ]. The organizing principle for the PPG is the 
use of three different methods, which provide complementary capabilities to make 
the measurements in patients with tumors, These are described in some detail in the 
following. 

 The fi rst method uses India ink whose  oxygen-dependent broadening   of the EPR 
linewidth reports the pO 2  of the tissue. India ink has already been used successfully 
in a wide array of animal studies [ 11 – 13 ] and in human subjects [ 6 ,  14 – 16 ]. India 
ink, because of its extensive prior use in human subjects including its current use for 
marking boundaries in surgery and radiation therapy, does not require approval by 
the US Food and Drug Administration ( FDA  )    as a new drug. Consequently, early 
results for EPR oximetry focused on this sensor and were a major factor in the deci-
sion to fund the Dartmouth PPG (discussed in results below, Table  13.1 ). However, 
because India ink has a large linewidth, the sensor needs to be placed within 10 mm 
of the surface to get adequate signal to noise and therefore, while very useful for 
superfi cial tumors, it is not suitable for deeper tumors. It is placed in one or more 
sites in the tumor at depths from 1 to 5 mm, by a simple injection through a small 
needle (about 23 gauge).

   The second method uses a  paramagnetic material   that is a derivative of lithium 
pthalocyanine, lithium octa-n-butoxynaphthalocyanine (LiNc-BuO) (see Fig.  13.1a, 
b  [A]). Because of its very narrow linewidth and high spin density, it can be detected 
at deeper depths than India ink (discussed further in results below, Fig.  13.3 ), 

    Table 13.1    EPR oximetry using injected India ink to assess pO 2  measurements in tumors 
measured in vivo while patient breathes room air and enriched oxygen a    

 Tumor 
 Tumor pO 2  as 
mmHg 

 Type  Site 
 Breathing 
room air 

 Breathing 
enriched oxygen 

 Effect of breathing 
enriched oxygen 

 Lymphoma  Post. thigh  <5  >100  Increased 
 Lymphoma  Post. thigh  <3  >10  Increased 
 Lymphoma  Post. thigh  ~1  >5  Increased 
 Melanoma  Knee  <10  >50  Increased 
 Melanoma  Foot  Anoxic  Anoxic  No change 
 Melanoma  Scalp  Anoxic  Anoxic  No change 
 Melanoma  Scalp and 

neck 
 ~6  ~12  Increased 

 Melanoma  Scapula  <1  <5  Increased 
 Melanoma  Chest  ~10  ~10  No change 
 Melanoma  Calf  Anoxic  ~3  Increased 
 Sarcoma  Nose  ~10  ~10  No change 

   a Adapted from a table in Swartz et al. [ 6 ]; reproduced with permission.  
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 making it potentially a more effective oximetric material for deeper tumors. Like 
India ink, it also is very unreactive and very stable, both of which are very desirable 
characteristics for substances placed into tumors. However, because, unlike India 
ink, lithium phthalocyanine derivatives have not been commonly used in humans, 
they would require the very time-consuming and very expensive regulatory pro-
cesses to get approval from the FDA for direct implantation, even though they are 
inert. To reduce the regulatory requirements for direct implantation of the crystals, 
we have developed a method to package them in a widely accepted biocompatible 
material that is permeable to oxygen, polydimethylsiloxane (PDMS) (Fig.  13.1b  

  Fig. 13.1    ( a )  Molecular structure   of lithium phthalocyanine (LiPc) and lithium octa-n- 
butoxynaphthalocyanine (LiNc-BuO) oximetry probes. The probes are prepared in the form of fi ne 
crystals which are paramagnetic and biologically inert. The crystals exhibit high spin density 
(~10 20  spins/g), single sharp EPR peak (peak-to-peak width <50 mG under anoxic conditions), and 
are sensitive to oxygen partial pressure of oxygen (5–9 mG/mmHg pO 2 ). ( b )  LiNc-BuO crystals  , 
PDMS coating, and the OxyChip. ( A ) Microcrystals of LiNc-BuO are encapsulated into ( B ) 
polydimethylsiloxane (PDMS), a biocompatible and oxygen-permeable polymer, to obtain ( C ) 
small pieces of probes (OxyChip) for implantation in tissues. The OxyChip is 0.6 mm in diameter 
and 5 mm in length and can be conveniently loaded into the tip of an 18-G angio-catheter to be 
implanted in tumors. ( b  [B] is reproduced from Courtney 2015 [ 23 ])         
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[B]). This packaging has enabled us to get an approved Investigation Device 
Exemption (IDE) from the FDA to conduct an initial Phase 1 safety study in human 
subjects. The packaged sensor currently in use is 5 mm in length, 0.6 mm in diam-
eter and consists of 40 % of the sensor to 60 % of PDMS; this packaged sensor, 
called an OxyChip, has been extensively studied in preclinical studies (Fig.  13.1b  
[C]) [ 17 – 19 ].

   When this early Phase 1 study using  OxyChips   is successfully completed, we 
anticipate not only expanding our clinical studies in humans using the OxyChip but 
also using this demonstration of the safety of the coated material to receive an IDE 
to conduct clinical studies using the third method in the PPG, an implantable 
resonator. 

 The implantable resonator contains multiple tips, each of which contains an  oxy-
gen sensitive material   (based on the OxyChip) which is then connected to a loop 
under the skin by means of a very thin wire. We then can magnetically couple a 
surface component to the implanted part of the resonant circuit (Fig.  13.2 ). The 
FDA has already reviewed preliminary documentation for an IDE for the implant-
able resonator and, based on these discussions, we anticipate receiving approval 
once the OxyChip passes the criteria for Phase 1 safety (expected in 2016). The 
resonator is put in place either through a large biopsy needle or directly at the time 
of an open biopsy or other procedure that exposures the tumor.

3        Results 

 Table  13.1  shows clinical measurements of pO 2  made in 11 patients with three  types   
of tumors located in several different anatomical sites, all measured using India ink. 
All patients were measured initially while breathing room air and then again while 

  Fig. 13.3     OxyChips   were measured at depths of 1, 7, 13, and 19 mm in lossy material. The peak- 
to- peak amplitude [V pp ] ( left ) and estimated linewidth ( right ) are shown. Consistent linewidths, 
regardless of depth, establish the capability to measure pO 2  at 2 cm depth in as little as 5 s per 
measurement. (Error bars are estimated uncertainty in fi t parameter, where the oxygen response is 
~7 mG/mmHg)       
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breathing 100 % oxygen through a face mask. These results show that EPR oxime-
try can be used to make measurements in tumors under clinically applicable 

  OxyChip   to be reliably equilibrated with the test gas (100 % N 2 ). Single 5 s scans 
of the spectrum were carried out with constant non-saturating RF power and low 
modulation amplitude that did not distort the spectrum. 

 Figure  13.3  shows the peak-to-peak amplitude and estimated linewidth, as the 
depth was increased from conditions.

   Perhaps most importantly, the results also show that not all tumors respond to 
breathing enriched oxygen. Only seven of the eleven patients had an increase in 
oxygen after breathing gas mixtures enriched with oxygen. Of the four patients who 
showed no change after breathing enriched oxygen, two had tumors that were ini-
tially assessed as anoxic, and the other two tumors had the highest observed initial 
levels of oxygen (~10 mmHg). 

 The fi nding of  tumor variability   in response to breathing oxygen has very impor-
tant implications. The failure of a substantial number of tumors to respond to the 
increased oxygen in the breathing gas provides an explanation for why previous 
attempts to improve outcomes by the use of hyperoxic approaches have had at best 
marginal success [ 3 ,  8 ,  20 ]. Without monitoring tumor hypoxia directly and repeat-
edly in response to breathing enriched oxygen (or in some cases without controlling 
the timing of hypoxic therapy relative to treatment), they could not differentiate 
between tumors that did and did not respond to the hyperoxic therapy. Therefore, 
before separating the data into the appropriate subpopulations, they concluded that 
the procedure did not signifi cantly improved outcomes. 

  Fig. 13.2     Implantable resonators   for deep-tissue EPR oximetry. The implantable sensors can be 
made with different length of the transmission line (i.e., depth) that can vary from 1 to >10 cm. 
Multiple implantable deep-tissue oxygen sensors can be implanted with sensory tips inserted into 
the tissue of interest and coupling loops positioned under the skin. The external surface loop reso-
nator of the EPR spectrometer is used for inductive coupling to acquire EPR spectra       
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 Our results, showing the ability to determine which tumors are responsive to 
 hyperoxic therapy  , i.e., which will have increased pO 2  after breathing enriched oxy-
gen, support the conclusion that it is possible to assess which tumors respond to 
hyperoxic therapy so that these patients could be selected to receive concurrent 
hyperoxic therapy with their standard treatments. Alternatively, some have sug-
gested that treatment could be delivered more aggressively knowing that the tumor 
is hypoxic and unresponsive to hyperoxic therapy [ 21 ] and so oximetry would pro-
vide clinically useful information in such cases as well. 

  In vitro measurements   were performed to establish depth sensitivity profi les for 
oximetry using the second type of sensor, the OxyChip (Fig.  13.3 ). The non- resonant 
losses of microwaves which occurs in tissue was modeled using slices of bologna 
sausage, which allowed the OxyChips to be placed at well-defi ned depths while 
maintaining a regular geometry and constant non-resonant losses such as that which 
occurs in tissues in vivo. Within the block of bologna at four different depths, a 
single OxyChip was placed within Tefl on tubing inside a microcapillary tube that 
allowed the 1 mm to ~2 cm. Of importance for clinical oximetry, consistent, valid 
data continued to be obtained throughout the full range of depth. Additional averag-
ing of multiple 5 s scans can be used to increase precision of the measurement and/
or provide the capability to get measurements deeper than 20 mm. 

 These data support the conclusion that the  OxyChip   can be used to make mea-
surements directly from the surface up to 20 mm, which would signifi cantly enhance 
the applications using surface resonators. (The implantable resonator would allow 
assessment at any depth.)  

4     Discussion and Conclusions 

 The results to date in preclinical and clinical studies indicate that clinical applica-
tions of EPR  oximetry   based on particulates may provide valuable additional capa-
bilities to the current state for measuring hypoxia in tumors and, using that 
knowledge, to improve clinical care. Furthering this evidence for EPR oximetry and 
our understanding of the mechanisms involved is the primary aim of the Dartmouth 
PPG. 

 There are several existing options available to clinicians to measure hypoxia. 
While providing much useful information, other current methods cannot provide the 
 quantitative data   on  tumor   pO 2  that can be obtained with EPR oximetry with par-
ticulates. Therefore, a second but very important goal of the Dartmouth PPG is to 
systematically gather data using existing methods in current use to characterize 
hypoxia, in conjunction with EPR oximetry. For a brief listing of the clinically 
available techniques to measure oxygen in tumors, see the companion paper in this 
volume by Flood et al. which discusses methods in the context of comparative effec-
tiveness [ 22 ]. Here we briefl y discuss how the clinical uses of these methods relate 
to and could be augmented by measurements of EPR oximetry. 
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 The  oxygen electrode   (which is no longer made for clinical use) while providing 
very important data, is too invasive for repeated use and is limited to relatively 
superfi cial tumors. Other limitations are due to local perturbations when used. 
Nevertheless, the data from EPR oximetry could delineate where the data obtained 
with its one time use might provide a better basis for its use for patient selection. 

 There are several MRI techniques that are widely available clinically. They pro-
vide information that, while not directly measuring pO 2 , is related indirectly to 
 tumor hypoxia  , e.g., by providing evidence of poor rates of diffusion of oxygen to 
the tumor. Techniques that are especially clinically promising include blood oxygen 
level dependent (BOLD), diffusion-weighted imaging, perfusion weighted imaging, 
and magnetic resonance spectroscopy. The parameters that they measure can be 
signifi cant factors in hypoxia. Changes they measure may already be clinically sig-
nifi cant, but their effective use could be signifi cantly enhanced if EPR oximetry was 
used either as an important second source of data or to delineate the circumstances 
where these techniques would most likely refl ect clinically important information 
on hypoxia in a patient. 

 The use of  optical methods   such as near infrared to measure the saturation and 
volume of hemoglobin are also becoming more widely available. While this infor-
mation can give pO 2  in the vascular system, it cannot then be directly used to esti-
mate pO 2  in the tumor. However, coupled with data from EPR, its clinical value 
could be enhanced if used under conditions when EPR oximetry has shown that the 
optical method is a reasonable indicator of tumor oxygenation. 

 The positron emission tomography ( PET  )       tracers of hypoxia localizing drugs are 
increasing available, providing qualitative indication of the presence of hypoxic 
areas at the time that the drugs were given. Again, while the information is limited 
to qualitative indications and describes one point in time, EPR oximetry could help 
to delineate those circumstances in which the information from hypoxic localizing 
drugs could be useful in the clinical management of therapy to overcome the effects 
of tumor hypoxia. 

 In summary, the translation from preclinical to clinical use of EPR  oximetry   
based on particulates is proceeding effectively with measurements initiated in 
human subjects. In the near future it should be feasible to test the clinical impact of 
these measurements. That impact is anticipated to include: improved selection of 
patients for hyperoxic therapy, enhanced effectiveness of radiation therapy (includ-
ing optimizing combinations with chemotherapy) by delineating the windows when 
the radiation will be most effective, and improved clinical utility of existing but 
indirect methods to characterize tumor hypoxia. If the goals of the PPG are fully 
achieved the result would be a very signifi cant enhancement of the ability to effec-
tively treat many solid cancers.   
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    Chapter 14   
 Impact of the Tumor Microenvironment 
on the Expression of Infl ammatory Mediators 
in Cancer Cells                     

     A.     Riemann    ,     A.     Ihling    ,     S.     Reime    ,     M.     Gekle    , and     O.     Thews    

    Abstract     Hypoxia and extracellular acidosis are common features of solid malignant 
tumors. The aim of the study was to analyze whether these pathophysiological param-
eters affect the expression of infl ammatory mediators in tumor cells. Therefore the 
mRNA expression of MCP-1 (monocyte chemotactic protein 1), iNOS and osteopon-
tin was measured under hypoxic (pO 2  1 mmHg) and acidotic (pH 6.6) conditions by 
qPCR in AT1 R-3327 prostate cancer cells. In addition, the underlying signaling 
cascades were analyzed by using inhibitors of the p38 and ERK1/2 MAP kinase 
pathways. 

 Hypoxia led to a signifi cant decrease of the expression of MCP-1 and osteopon-
tin over the complete observation period of 24 h, whereas the iNOS expression after 
an initial reduction slightly increased. Acidotic conditions for up to 6 h increased 
the iNOS expression signifi cantly which was functional as indicated by an elevated 
level of nitrate/nitrite formation by 30 %. Acidosis had almost no impact on the 
MCP-1 expression of tumor cells, whereas the osteopontin level tended to increase 
leading to a signifi cantly elevated level after 24 h at pH 6.6. Inhibiting the p38 and 
ERK1/2 under control conditions revealed that the MAPKs play a signifi cant role 
for the regulation of the expression of infl ammatory mediators. MCP-1 expression 
could be lowered by inhibiting ERK1/2 whereas iNOS expression was dependent 
on both p38 and ERK1/2 MAPK. These results indicate that the adverse tumor 
microenvironment affects the expression of infl ammatory mediators by tumors cells 
and may therefore modulate the immune response within the tumor tissue.  
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1       Introduction 

 The tumor microenvironment is  characterized   by an insuffi cient oxygen supply 
resulting in a forced glycolytic metabolism. For this reason pronounced hypoxia 
(with pO 2  values below 5 mmHg) is commonly found in experimental as well as in 
human tumors [ 1 ,  2 ]. This adverse milieu can limit the effi cacy of non-surgical treat-
ment modalities, but can also affect the malignant progression of tumors (reduced 
apoptotic potential, increased invasiveness or formation of far-distance metastasis). 
The infl ammatory response in the tumor tissue, for instance the activity of tumor-
associated macrophages (TAM) or the release of infl ammatory mediators [ 3 ,  4 ], is an 
important aspect for local tumor progression or control. The sources of cytokine 
secretion could be TAMs, fi broblasts but also the tumor cells themselves [ 4 ]. 
Previous studies indicated that the expression of different infl ammatory mediators 
(TNF-α, COX-2, MCP-1 and iNOS) in normal tissue fi broblasts is modulated by the 
extracellular pH [ 5 ]. For this reason, the aim of the present study was to analyze 
whether the expression of cytokines by tumor cells is also dependent on parameters 
of the metabolic microenvironment. Therefore, the expression of the monocyte che-
motactic protein 1 (MCP-1), the inducible NO synthase (iNOS) and osteopontin 
(OPN) was studied in tumor cells during hypoxia and extracellular acidosis. 

 Since previous studies clearly revealed that extracellular acidosis activates MAP 
kinases p38 and  ERK1/2   in different tumor cells as well as in  fi broblasts   [ 5 – 7 ] the 
question arises whether these signaling pathways are involved in the modulation of 
the expression of infl ammatory mediators in tumor cells. Therefore, the expression 
during acidosis was assessed while these MAPK were inhibited.  

2     Methods 

2.1      Cell Culture   

 The subline AT-1 of the rat R-3327 Dunning prostate carcinoma was used in all 
experiments. Cells were grown in RPMI medium supplemented with 10 % fetal calf 
serum (FCS). Twenty-four hours before the experiments, cells were serum-depleted. 
Afterwards they were incubated for 3, 6 or 24 h in bicarbonate-HEPES- (pH 7.4) or 
MES- (pH 6.6) buffered Ringer solutions in room air supplemented with 5 % CO 2 . 
For hypoxia experiments cells were incubated for 3, 6 or 24 h in room air (+5 % 
CO 2 ) or a gas mixture containing 0.1 % O 2 , 94.9 % N 2  and 5 % CO 2  resulting in a 
pO 2  of approximately 1 mmHg. 

 For assessing the role of the MAP kinases, inhibitors of p38 (SB203580) or 
 ERK1/2   (U0126) were added to the medium during acidotic or hypoxic 
incubation,  
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2.2      Measurements   

 Expression of MCP-1 (CCL2), iNOS and OPN (SPP1) were assessed after acidotic 
or hypoxic incubation by quantitative PCR. In brief, total RNA was isolated using 
the InviTrap Spin Tissue RNA Mini Kit (Stratec, Berlin, Germany). 1 μg RNA was 
subjected to reverse transcription with SuperScript II reverse transcriptase 
(Invitrogen, Carlsbad, CA, USA) and analyzed by qPCR using the Platinum SYBR 
Green qPCR Supermix (Invitrogen, Carlsbad, CA, USA). For data analysis qPCR 
data were normalized to the results at pH 7.4 under normoxic conditions. 

 Production of nitrite and nitrate was studied using nitrate/nitrite fl uorometric 
assay kit (Cayman Chemical, Ann Arbor, MI, USA). Data were normalized to over-
all protein content in μg before calculating relative hypoxia/ acidosis-induced 
 effects  .   

3     Results 

 Incubating AT1 cells at 1 mmHg pO 2  led to a signifi cant decrease in  MCP-1  expres-
sion. After 3 h expression was more than halved (Fig.  14.1a ) further continuously 
decreasing over the whole observation period of 24 h fi nally reaching a value ten- 
times lower than under normoxic conditions. In contrast, incubating the cells at an 
 acidotic pH   of 6.6 (under normoxic conditions) had no effect on the MCP-1 expres-
sion (Fig.  14.1b ).

   Inducible NO-synthase (  iNOS   )    showed only minor dependency on the environ-
mental pO 2 . During the fi rst 3 h of hypoxia the expression was initially lowered, 
however, afterwards iNOS mRNA constantly increased up to 24 h (Fig.  14.1c ). 
Exposing the cells to an acidic environment for 3–6 h the iNOS expression was 
signifi cantly increased by a factor of 2–4 (Fig.  14.1d ). Keeping the cells at pH 6.6 
for 24 h had no effect on the mRNA level. 

 The expression of   osteopontin    showed both, hypoxia- and pH-dependency. 
Under hypoxic conditions the OPN mRNA level was constantly reduced by a factor 
of 2–4 (Fig.  14.1e ). However, keeping the cells under normoxia but at pH 6.6 led to 
an increase in the OPN expression after 24 h (Fig.  14.1f ). 

 Since  acidosis   had a strong impact on the iNOS expression it was tested whether 
this change in expression is refl ected functionally by an increased formation of nitrite 
and nitrate. After 3 h iNOS expression was increased by a factor of 1.8 (1.5–2.1) but 
the nitrite/nitrate remained almost unchanged (101 ± 10 % of control at pH 7.4). 
However, after 6 h, where the iNOS expression increased to a factor of 3.6 (2.5–5.4), 
the nitrite/nitrate production increased signifi cantly to 129 ± 6 % (p < 0.01) indicating 
that the acidosis-induced change in iNOS expression has a functional impact. 

 Since previous data showed that extracellular acidosis strongly activates p38- and 
ERK1/2-MAP kinases [ 6 ] further experiments should test whether the acidosis- 
induced changes in infl ammatory mediator expression (Fig.  14.1 ) was facilitated by 
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the MAPK signalling pathways. Therefore, the acidosis-induced change in mRNA 
expression was assessed after inhibiting p38 or ERK1/2. Incubating AT-1 cells with 
the p38 inhibitor SB203580 for 3 h had almost no impact on the expression of MCP- 
1, either at pH 7.4 or at pH 6.6 (Fig.  14.2a, b ). However, interrupting the ERK1/2 
pathway (by inhibiting the upstream kinases MEK1/2 by U0126) signifi cantly 

  Fig. 14.1    Change of expression of  MCP-1   ( a ,  b ), iNOS ( c ,  d ) and OPN ( e ,  f ) either by hypoxia ( a , 
 c ,  d ) or extracellular acidosis ( b ,  d ,  f ) measured by qPCR. Cells were incubated at pH 7.4 and pO 2  
1 mmHg or at pH 6.6 and pO 2  150 mmHg for up to 24 h. Data show the fold induction and ∆∆Ct 
values of the respective mRNA induced by hypoxia or acidosis. n = 4–15; (*) p < 0.05 vs. control; 
(**) p < 0.01 vs. control       
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reduced the expression of MCP-1. Even at pH 7.4 U0126 reduced the expression by 
a factor of 2 (Fig.  14.2a ), indicating that MCP-1 expression depends on ERK1/2. 
Under acidotic conditions U0126 reduced the MCP-1 expression by a larger factor 
(8×) (Fig.  14.2b ) which shows that at low pH the impact of ERK1/2 is more pro-
nounced. The  iNOS expression   was signifi cantly increased by the acidic environment 
(Fig.  14.1d ). When blocking the MAP kinase pathways the expression was markedly 
reduced to approximately the same level as at pH 7.4 (Fig.  14.2c ). This reduction 
was reached either with p38 inhibition (SB203580) or ERK1/2 inhibition (U0126). 
The osteopontin expression was independent of MAPK signalling (Fig.  14.2d ).

  Fig. 14.2    Impact of  inhibition   the MAP kinase signaling pathways p38 and ERK1/2 on the change in 
expression of the infl ammatory mediators ( a ,  b ) MCP-1, ( c ) iNOS and ( d ) OPN at pH 7.4 or pH 6.6. 
Cells were incubated in an acidotic medium (pH 6.6) for 3 h. MAP kinases were inhibited by specifi c 
blockers (SB2013580: p38-inhibitor; U0126: ERK1/2-inhibitor). n = 3–15; (*) p < 0.05 vs. w/o inhibi-
tor; (**) p < 0.01 vs. w/o inhibitor; (#) p < 0.05 pH 6.6 vs. pH 7.4; (##) p < 0.01 pH 6.6 vs. pH 7.4       
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4        Conclusion 

  Infl ammatory mediators   in tumor tissues can affect the progression or the local con-
trol of tumors [ 4 ]. MCP-1 regulates the migration and infi ltration of monocytes, 
memory T- and NK-cells in tumors and, therefore, plays a role in anti-tumoral 
immunity [ 8 ,  9 ], iNOS is a major source of reactive nitrogen species (e.g., peroxyni-
trite formation) relevant for cytotoxic effects and immune modulation [ 10 ], and 
osteopontin (OPN) is a chemoattractant and acts as an anti-apoptotic factor [ 11 ]. 
Hypoxia (pO 2  1 mmHg) as well as acidosis (pH 6.6) had an impact on the mRNA 
expression of these infl ammatory mediators in AT1 prostate carcinoma cells. 
Hypoxia led to a decreased expression of MCP-1 and OPN (Fig.  14.1 ). Since MCP-1 
and OPN are responsible for immune cell recruitment, hypoxia might hamper the 
immunological response in the tumor tissue. These functional aspects of altered 
expression of infl ammatory mediators on the immunological response should be 
addressed in further studies. 

 In contrast to hypoxia,  acidosis   increased the iNOS as well as osteopontin 
expression. As indicated by the increased nitrite/nitrate formation under acidotic 
conditions, the modulation of infl ammatory mediators seems to be functionally rel-
evant. These results reveal that the acidotic extracellular environment could support 
the cytotoxic effect of irradiation or some chemotherapeutic agents acting by the 
formation of radicals. Concerning MCP-1 expression, acidosis led to only a slight 
reduction. The results of iNOS and MCP-1 are in good accordance with the obser-
vations on the effect of acidosis in normal tissue fi broblasts [ 5 ] which are part of the 
tumor stroma as well as in tumor-associated macrophages [ 12 ]. These data indicate 
that the response to acidosis is cell line independent. In fi broblasts the acidosis-
induced up- regulation of iNOS was p38-dependent [ 5 ] a fi nding which was 
described for other cell lines and other stimuli as well [ 13 ,  14 ]. In AT1 tumor cells 
both signaling pathways play a relevant role (Fig.  14.2b ). The MCP-1 expression in 
AT1 cells was predominantly ERK1/2-dependent (Fig.  14.2a ) which was described 
in fi broblasts in a similar manner [ 5 ]. 

 The results of the present study indicate that  hypoxia   as well as acidosis 
affect the secretion of inflammatory mediators in tumor cells which could mod-
ulate the response to immune cells within the tumor tissue (e.g., tumor- 
associated macrophages) as well as therapeutic cytotoxicity. Since hypoxia 
and/or acidosis have opposing effects on different mediators, the net effect can-
not be predicted. Additionally, the interaction of other cells integrated into the 
tumor mass (fibroblasts, macrophages), which also react to low pH or pO 2 , has 
to be taken into account.     
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    Chapter 15   
 Comparing the Effectiveness of Methods 
to Measure Oxygen in Tissues for Prognosis 
and Treatment of Cancer                     

     Ann     Barry     Flood     ,     Victoria     A.     Satinsky     , and     Harold     M.     Swartz    

    Abstract     Given the clinical evidence that hypoxic tumors are more resistant to 
standard therapy and that adjusting therapies can improve the outcomes for the sub-
population with hypoxic tumors, in vivo methods to measure oxygen in tissue have 
important clinical potential. This paper provides the rationale for and methodologi-
cal strategies to use comparative effectiveness research to evaluate oximetry for 
cancer care. Nine oximetry methods that have been used  in vivo  to measure oxygen 
in human tumors are evaluated on several clinically relevant criteria to illustrate the 
value of applying comparative effectiveness to oximetry.  

  Keywords     Comparative effectiveness   •   Clinical oximetry   •   EPR (electron para-
magnetic resonance)   •   Tumor hypoxia   •   Cost effectiveness  

1       Introduction 

 There is a considerable body of evidence to support the observation that solid 
tumors, especially malignant tumors, exhibit a very low oxygen concentration com-
pared to normal tissue of a comparable type [ 1 ]. Hypoxia in tissues develops from a 
variety of  factors  , including the well-described poor vascularization and structural 
abnormalities in malignant tumors, which result in poor perfusion and diffusion of 
oxygen in the tumor [ 2 ,  3 ]. Likewise, the evidence is strong that hypoxia in cancer 
has very important clinical implications for predicting long-term patient outcomes, 
i.e., hypoxia is associated with poorer outcomes irrespective of type of treatment. 
Perhaps more importantly, for the subpopulation of patients whose tumors respond, 
there is strong evidence that the therapeutic ratio can be improved when radio-or 
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chemotherapy is augmented by appropriately timed administration of hyperoxic 
therapy (such as breathing enriched oxygen or carbogen) and/or vasoactive agents 
(such as nicotinamide) or cytotoxic agents that function in the presence of hypoxia 
(such as tirapazamine) [ 2 ,  4 – 7 ]. 

 The scientifi c evidence about the  mechanisms   leading to hypoxia, the biological 
consequences of its presence (such as increased insensitivity to radiotherapy or che-
motherapy, the proliferation of aggressive malignancies that can thrive in low oxy-
gen), and the clinical importance of reducing hypoxia during therapy are all 
substantial and highly relevant to the importance of our thesis. However, these top-
ics per se are not reviewed in depth here. Instead, the focus of this paper is how the 
clinical implications of these factors can be enhanced by greater application of com-
parative effectiveness methodology to meaningfully compare and contrast available 
methods to assess hypoxia for practical applications to improve cancer care. 

  Comparative effectiveness research   is broadly defi ned as research into the rela-
tive effectiveness of two or more health care practices which can be used in a ‘real 
world’ clinical setting to treat a specifi c disease or condition [ 11 ]. Three primary 
strategies are used to compare effectiveness, based on assessing the risks and ben-
efi ts of each treatment being evaluated: by synthesis of the literature and modeling, 
by observational studies, and by head-to-head trials [ 11 ,  12 ]. 

 Comparative effectiveness methodology is an outgrowth of clinical studies 
designed to establish the effectiveness of a new clinical approach ranging from 
screening to diagnostics to therapeutics [ 8 – 10 ]. The term effi cacy, in contrast to 
effectiveness, is generally used to differentiate outcomes of a treatment when per-
formed under an idealized, highly controlled protocol for care in contrast to what 
can be achieved in conditions of usual clinical practice. Since their introduction in 
the 1940s, randomized controlled trials (RCTs), which typically compare a new 
therapeutic approach to a standard therapy or placebo, have been the ‘gold standard’ 
for determining the effi cacy of a new strategy. Because RCT designs randomly 
assign eligible subjects to treatment arms, follow strict protocols, and have the 
potential for blinding the analysis, they eliminate selection bias and have strong 
internal validity. 

 However, while  RCTs   are well suited for assessing whether an individual method 
represents an improvement over random chance or the standard therapy, they do not 
address several important pragmatic issues regarding the generalizability of the 
results when used in usual care. In other words, because RCTs use strictly defi ned 
and controlled protocols for care, the results may only apply to idealized (i.e., ultra- 
controlled) clinical practices and may only be feasible to carry out in large medical 
centers with strict oversight of trials rather than in usual care settings such as in com-
munity hospitals or clinics. Moreover, intrinsic to the statistical designs governing 
RCTs, the analyses of outcomes in RCTs focus on assessing the average effect on 
patients. As a result, they cannot examine whether only certain subpopulations may 
have benefi tted, without changing the underlying statistical assumptions. In addi-
tion, RCTs are not well suited to compare several widely disparate approaches to 
treatment of the same disease such as comparing prostate cancer treatments as varied 
as surgical intervention, radiation therapy, hormonal therapy or watchful waiting. 
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They also ignore such practical issues as cost differences in the expenditures on 
resources to achieve any improvements in outcomes and ignore aspects that might 
lead patients or their doctors to prefer one strategy over another. Indeed, the rise of 
patient-centered care, with its emphasis on including patient preferences and/or in 
individualizing care based on biological variations in the patient’s tumor or its 
response to treatment, is arguably not well-suited to RCTs because they use a priori 
assignment of all eligible patients to treatment arms and do not permit deviation 
related to patient responses. Finally,  RCTs   are not designed to evaluate multiple 
methods, all of which are still at an investigational development stage, i.e., they are 
not designed to assess the relative effectiveness or to compare the practical feasibil-
ity of methods still being developed for use in standard clinical care. 

 For all these reasons, alternative methodological approaches have emerged as 
important tools for clinical research to be able to answer these more complex and 
practical problems when assessing the clinical feasibility and other practical impli-
cations of alternative strategies. While several approaches have been proposed to 
assess the clinical implications, politically motivated concerns have led to the recent 
focus on  comparative  effectiveness to address these issues, especially in contrast to 
  cost  effectiveness research  . For example, in the US, the federal stimulus bill of 2009 
explicitly targeted that clinical studies use comparative effectiveness methodology. 
Subsequently, as a part of the 2010 major healthcare reform law informally called 
“Obamacare”, a new federal initiative called the Patent-Centered Outcomes 
Research Institute (PCORI) was established to conduct comparative effectiveness 
research. Included in this legislative mandate was an explicit prohibition that PCORI 
 not  include cost effectiveness thresholds in its studies. For example, policy-makers 
raised concerns that third party payers of health care might emphasize research that 
supported paying ‘only’ for less costly alternatives. 

 While some have argued that  comparative effectiveness research  , like RCTs, 
neglects patient-centered care, others argue that, because comparative effectiveness 
studies typically enroll a heterogeneous population, they are well-positioned to 
uncover subpopulations that can benefi t most from particular treatments [ 13 ]. 
Likewise, effectiveness research can help identify treatments or services with essen-
tially equivalent effectiveness, e.g., the likelihood of achieving 5-year disease-free 
status or survival. Where there is such equipoise in outcomes, i.e., where there is no 
dominant reason related to outcomes to choose one treatment over another, patient 
preferences for choosing one treatment over the other can be incorporated, thereby 
usually improving patient satisfaction with care, compliance with the treatment 
regimen and sometimes improving outcomes as well [ 14 ]. 

 Yet, while there has been an important shift in emphasis to promote pragmatic 
clinical studies, the scientifi c body of  clinical studies   of outcomes remains over-
whelmingly focused on RCTs. For example, Holve and Pittman [ 11 ] examined all 
of the clinical studies reported in a US federally mandated registry of clinical trials, 
Clinicaltrials.gov [ 15 ]. Out of approximately 53,000 records on Clinicaltrials.gov 
(with ~13,000 added annually), the overwhelming percent (~85 %) are RCTs, most 
of which are early Phase 1 or 2 studies, i.e., are preclinical studies or early safety 
trials. Of the approximately 1700 active Phase 3 or 4 studies (the majority involving 
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cancer), fewer than one-third were designated as comparative effectiveness research. 
This provides evidence that, despite attempts to promote pragmatic and comparative 
studies of the clinical implications of alternative strategies, there is a general need 
for greater application of these methods to evaluate clinical care across the board.  

2     Methods 

 More specifi cally on the topic of assessing tumor hypoxia and attempts to alter it 
during treatment, we found only one clinical study that attempted to directly com-
pare the effectiveness of different methods for assessing hypoxia [ 21 ] 

 Nonetheless, we argue that the current status of technology and research sup-
ports turning to comparative effectiveness methods to help address some very 
important questions about when and whether to use oximetry, and about which 
oximetry method to use. Namely, there is evidence that  methods   to assess hypoxia 
in tumors have the potential to be clinically meaningful in at least three scenarios: 
(1) because hypoxia is associated with important long-term patient outcomes 
including death, it has prognostic value for physicians and patients and their fami-
lies; (2) if treating physicians could identify the subset of patients whose tumor is 
resistant to radio- or chemotherapy, they could adapt their treatment to be most 
effective; and (3) if physicians knew both that a patient’s tumor was hypoxic and 
that it responds to hyperoxic treatment, oximetry could help with the timing to 
administer care to improve outcomes. Secondly, there is an important need to com-
pile evidence about the comparative effectiveness of oximetry methods. While 
about two dozen oximetry methods to assess hypoxia have been proposed, many 
have not been successfully applied to humans  in vivo  and most, if not all, have yet 
to establish their effectiveness in clinical settings [ 2 ]. 

 Another reason that comparative effectiveness methods need to be applied to oxim-
etry is because they are better suited than  RCTs   to address whether and when sub-
populations of patients may experience better outcomes. Many have argued that 
hypoxia and individualized responsiveness to hyperoxic therapy are the major expla-
nation as to why standard therapies or new variants appear to fail when their effective-
ness is evaluated for the ‘average’ patient. It is because the subpopulation with hypoxic 
tumors require a different approach [ 2 – 5 ,  7 ,  16 ]. Oximetry could help establish when 
hypoxia is present, in order to validate these hypotheses in subpopulations. 

 Finally,  oximetry methods   need to be compared on the basis of practical consid-
erations, such as the capability of the oximetry method to measure tumors at various 
depths, the sensitivity of the method to assess hypoxia at the most clinically sensi-
tive levels of partial pressure of oxygen (pO 2 ), and the practicality of using the 
method during cancer therapy or during application of concurrent hyperoxic ther-
apy (such as the rapidity with which measurements can be repeated or the degree to 
which specialized facilities and equipment would be needed to carry out oximetry). 
Comparative effectiveness can address all these important pragmatic questions as 
well as considering patient oriented preferences—such as the relative discomfort 
and invasiveness of oximetry methods.  
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3     Results 

 The fi rst comparative effectiveness strategy to compare  oximetry methods   consists 
of a synthesis of publications, including prior reviews. While there are several 
excellent reviews related to oximetry methods, most focus on the evidence and 
mechanisms of how tumors become hypoxic, why hypoxia leads to complex respon-
siveness to primary therapy, and evidence from cancer treatment studies [ 2 ,  3 ,  17 , 
 18 ]. A few reviews include or focus on the potential of various types of oximetry to 
be used in clinical care [ 2 ,  4 ,  19 ]. 

 In synthesizing the literature two guiding  principles   are key: (1) determine the 
methods that are most appropriate to compare for the same type of disease or condi-
tion and (2) decide on key criteria to evaluate. For purposes of this paper, we began 
with the list of 23 oximetry methods in Walsh and colleagues’ “Table 4: existing 
techniques for  in vivo  assessment in tissue oxygenation” ([ 2 ], p 1525]). We selected 
the nine methods that have been or are being currently used in humans with tumors. 
Table  15.1  presents these nine methods, organized by whether the method directly 
assesses hypoxia or uses qualitative or indirect methods, such as those that evaluate 
the expression of endogenous markers in the presence of hypoxia. (See Swartz et al. 
in this same volume for further description of these methods [ 20 ].)

   Table  15.1  compares these methods based on four  criteria  . Two criteria describe 
the capacity of the method to assess hypoxia (how deep below the surface the 
method can measure a tumor and how well the method can quantify the extent of 
hypoxia—the latter is especially needed to assess change in hypoxia in the presence 
of hyperoxic therapy). The third criterion, invasiveness of the method, is both a 
patient-centered indicator as well as a potential source for side effects. The last 
criterion is whether the measurement can be repeated, with the assumption that this 
capacity is more conducive to monitoring the effects of treatments. 

 Table  15.1  shows that three of the nine methods currently are limited as to the 
depth of the tumor they can assess and, while fi ve assess the amount of hypoxia, 
only three are precise. The  Eppendorf electrode probe   is the only method labeled as 
signifi cantly invasive in this table. Others, however, are minimally invasive. For 
example, the carbon-based EPR particulates leave a permanent tattoo, and all EPR 
particulates require being injected or implanted into the tumor initially but thereaf-
ter are noninvasive. Likewise, several imaging technologies require administering a 
tracer, usually intravenously, for each measurement session. 

 Repeatability in this table applies to all but one method. However, more subtle 
descriptions of repeatability, such as the ease and rapidity with which measurements 
can be repeated for monitoring during treatment, are not noted here. A practical 
consideration, such as how specialized the facility is or how cumbersome the device 
would be to co-locate during radiation therapy, may also preclude making rapidly 
repeated measurements in usual clinical care. 

 While  observational studies  , the second strategy of comparative research, are not 
detailed here, the practical considerations as well as strengths and limitations of a 
given oximetry method are not easy to discern in the literature to date. The third 
strategy, head-to-head comparisons of different oximetry methods to assess the 
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same set of patients with the same condition, has seldom been carried out. A notable 
exception is a head-to-head comparison of fi ve marker assays regarding their ability 
to predict local-regional control [ 21 ]. The authors reported diversity and little cor-
relation among the markers within individual tumors of 67 head and neck patients 
in their study.  

4     Conclusions and Implications 

 There is strong evidence that hypoxia in tumors is prognostic of poorer outcomes 
and can infl uence clinical treatment decisions, including the decision to use hyper-
oxic therapy concurrently with standard treatment to improve responsiveness to 

     Table 15.1    Methods of  oximetry   used in vivo in humans and criteria for effectiveness research   

 Criteria: 
 Oximetry method:  Depth 

 Quantitative/
Qualitative  Invasive?  Repeatable? 

 A. Direct assessment of hypoxia (O 2  concentration or pO 2 ) 
 Polarographic oxygen 
electrode (Eppendorf) 

 3–4 cm  Quantitative  Yes  No 

 EPR oximetry (spectroscopy 
with particulates): 

     Carbon- or 
phthalocyanine-based 
paramagnetic sensors 

 1–2 cm a   Quantitative  No b   Yes 

     Implantable wires with 
phthalocyanine- based sensors 

 Any  Quantitative  No b   Yes 

 B. Other assessment of hypoxia 
 MRI/MRS techniques: 

     DCE-MRI  Any  Indirect: not applicable  No  Yes 
     BOLD  Any  Indirect: not applicable  No  Yes 
     Diffusion and perfusion 

assessment 
 Any  Indirect: not applicable  No  Yes 

     Near-infrared (NIR) 
spectroscopy   (multiple 
modalities) 

 1–6 cm  Indirect: not applicable  No b   Yes 

 PET: 
  18 F tracers: FMISO, etc.  Any  Qualitative  No b   Yes 

  64 Cu-ATSM  Any  Qualitative  No b   Yes 

  Acronyms:  BOLD  blood oxygen level dependent,  DCE  dynamic contrast enhanced,   EPR    electron 
paramagnetic  resonance  ,  PET  positron emission tomography,  MRI/MRS  magnetic resonance 
imaging/ 19 F-magnetic resonance spectroscopy,  FMISO  fl uoro-misonidazole,  Cu-ATSM  Cu(II)-
diacetyl-bis( N  4 -methylthiosemicarbazone) 
  a EPR Probes can be placed intra-cavity so that depth can apply to oral cancer, uterine or cervical 
cancer, or colorectal cancers as well as at same depth below skin 
  b Method is minimally invasive. EPR carbon-based particulates produce a permanent tattoo. EPR 
particulates need to be injected or implanted initially but thereafter are measured noninvasively. 

Tracers need to be injected intravenously prior to each measurement session  
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radio- and chemotherapy. Indeed tumor hypoxia is a powerful and independent 
prognostic factor, even when stage, tumor size and treatment type are considered 
[ 22 ]. More importantly for this paper, not all tumors of the same type exhibit 
hypoxia and not all respond to hyperoxic therapy. Consequently, there is an impor-
tant need for practical, effective oximetry methods. While about two dozen oxime-
try methods have been proposed, not all are equally available or well suited for all 
types and depths of tumors, and some may not be practical in standard clinical 
practice. Comparative effectiveness strategies and methodologies offer an important 
means to rigorously compare and contrast oximetry methods, even at the stage of 
early clinical phases of research. 

 Besides the obvious implications of guiding  treatment   of cancer, a systematic 
evaluation of oximetry methods could result in some methods being invaluable in 
preclinical studies to understand the mechanisms of how hypoxia infl uences tumors 
even though not well suited for clinical studies or standard care. If one type of oxim-
etry method is clearly more effi cient and effective in predicting success in treat-
ment, then there would be a ‘dominated’ oximetry winner—at least for some types 
of cancer. If instead there are several oximetry methods comparable in their effec-
tiveness, other reasons to choose among them may begin to predominate, e.g., based 
on patient-based preferences such as the convenience or time to undergo oximetry 
measurements or based on physician or health care system related reasons, includ-
ing having suffi cient patient volume to justify the purchase of equipment or appro-
priate expertise available to administer the method. 

  Head-to-head clinical studies   for comparative effectiveness research, like RCTs, can 
be very expensive to carry out [ 11 ] and so there is an imperative to use systematic and 
rigorous methods to evaluate the evidence already available in the literature wherever 
feasible. These other strategies developed for comparative effectiveness research can 
help provide the needed insights while avoiding the biases in observational studies car-
ried out independently. Especially in complex situations where the underlying scientifi c 
and medical mechanisms are themselves evolving and there is no real ‘gold standard’ 
for assessing hypoxia, comparative effectiveness research needs to include the insights 
and perspectives of researchers who are cognizant of the problems with measuring 
oximetry as well as with the complexity of intervening on biological mechanisms. 

 So the challenges to apply comparative effectiveness to evaluate oximetry meth-
ods in cancer care are great, but so is the importance of the task to identify subpopu-
lations with hypoxia in order to improve their outcomes.     
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    Chapter 16   
 Potential Indexing of the Invasiveness 
of Breast Cancer Cells by Mitochondrial 
Redox Ratios                     

     Nannan     Sun    ,     He N.     Xu    ,     Qingming     Luo    , and     Lin Z.     Li    

    Abstract     The invasive/metastatic potential of cancer cells is an important factor in 
tumor progression. The redox ratios obtained from ratios of the endogenous fl uores-
cent signals of NADH and FAD, can effectively respond to the alteration of cancer 
cells in its mitochondrial energy metabolism. It has been shown previously that the 
redox ratios may predict the metastatic potential of cancer mouse xenografts. In this 
report, we aimed to investigate the metabolic state represented by the redox ratios 
of cancer cells in vitro. Fluorescence microscopic imaging technology was used to 
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observe the changes of the endogenous fl uorescence signals of NADH and FAD in 
the energy metabolism pathways. We measured the redox ratios (FAD/NADH) of 
breast cancer cell lines MDA-MB-231, MDA-MB-468, MCF-7, and SKBR3. We 
found that the more invasive cancer cells have higher FAD/NADH ratios, largely 
consistent with previous studies on breast cancer xenografts. Furthermore, by com-
paring the fl uorescence signals of the breast cancer cells under different nutritional 
environments including starvation and addition of glutamine, pyruvate and lactate, 
we found that the redox ratios still effectively distinguished the highly invasive 
MDA-MB-231 cells from less invasive MCF-7 cells. These preliminary data suggest 
that the redox ratio may potentially provide a new index to stratefy breast cancer with 
different degrees of aggressiveness, which could have signifi cance for the diagnosis 
and treatment of breast cancer.  

  Keywords     Invasive potential   •   Redox ratio   •   Breast cancer   •   NADH   •   FAD  

1       Introduction 

 Although in the past few decades the 5-year survival rate of breast cancer patient has 
increased signifi cantly in the USA, about 23 % of the surviving patients have a meta-
static disease that will kill about 40,000 people each year [ 1 ,  2 ]. It is estimated that 
20–30 % of patients with node-negative breast cancer will eventually develop a meta-
static disease [ 3 ]. Thus, cancer  metastasis   is the key determinant of cancer prognosis. 
The invasion of surrounding tissue is the fi rst step of the metastasis and the highly 
metastatic cancer cells generally have a higher  invasive potential  . Studying the inva-
sive potential of cancer cells may help us understand cancer metastasis and develop 
methods to inhibit metastasis and reduce the mortality rate of cancer patients. 

 NADH and FAD are two coenzymes with endogenous  fl uorescence   and play key 
roles in the mitochondrial bioenergetics. NADH and FADH 2  pass their hydrogen 
atoms to oxygen to generate ATP and water in the electron transport chain. NADH 
and FADH 2  are oxidized to NAD +  and FAD, respectively. Chance et al. demonstrated 
that the redox ratio, calculated by the fl uorescence intensities of NADH and FAD, 
could be used to represent the metabolic redox state of mitochondria [ 4 ,  5 ]. 

 In this study, we used the endogenous fl uorescence signals from NADH and FAD, 
to study the energy state of breast cancer cells. Previously, our group has used the low-
temperature fl uorescence imaging method, i.e., the Chance redox scanner, to study the 
metabolic state of the melanoma xenografts in nude mice [ 6 ]. It was found that the 
tumors with different degrees of metastatic potential exhibited different  redox ratios   
and their normalized FAD redox ratios, FAD/(FAD+NADH), correlate positively with 
the increase of invasive potential of cell lines. It has also been found that MDA-MB-231 
xenografts with a higher metastatic potential presented a more oxidized state in the 
localized tumor regions than MCF-7 xenografts with a lower  metastatic potential [ 7 ]. 
Based on these results, we aimed to investigate the correlation between the redox state 
and the invasive potential of cultured breast cancer cells in vitro. We also measured the 
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redox state of breast cancer cell lines after adding nutrients (e.g. glucose, glutamine, 
pyruvate and lactate) to cell culture environment, in order to test whether cellular 
environment may affect the relationship between redox state and invasive potential.  

2     Methods 

  NADH and FAD fl uorescence signals   were obtained by DeltaVision Deconvolution 
Microscope System which has a xenon lamp as an excitation light source, a 12-bit 
CCD, and an objective of 40X/0.95 NA. The imaging system (except the eyepiece) is 
covered by a thermally controlled chamber to maintain the samples under 37 °C. The 
excitation wavelengths of NADH and FAD channels are 360/40 nm and 470/40 nm, 
respectively. The  emission wavelengths   of NADH and FAD channels are 455/50 nm 
and 520/40 nm, respectively. Typically for each cell culture dish, three to fi ve fi elds of 
views (FOVs) were alternatively taken with an exposure time of 3 s for each channel. 
In order to decrease the fl uorescence background, the culture medium RPMI 1640 was 
replaced with Live Cell Imaging Solution (LCIS, Life Technologies) 1 h before imag-
ing. LCIS can keep cells healthy for up to 4 hours at ambient atmosphere and tempera-
ture. To make sure light exposure did not cause photobleaching in living cells, ten 
images were acquired consecutively at exposure time of 1 s. The fl uorescence intensity 
of the tenth image did not show a signifi cant difference from that of the fi rst image. 

 To validate that the  fl uorescence signals   came from NADH and FAD, rotenone (a 
mitochondrial inhibitor) dissolved in DMSO was added to MCF-7 cells (fi nal con-
centration 10 μM, treatment time 5 min before imaging) to test the responses of 
NADH and FAD signals in the presence of 10 mM glucose in the imaging solution. 
We also measured the redox ratios of four breast cancer cell lines (MDA-MB-231, 
MDA-MB-468, MCF-7, and SKBr3 cells). The microenvironmental changes of 
MDA-MB-231 and MCF-7 cells were achieved by adding no glucose to the media 
(starvation) or adding glutamine, lactate, or pyruvate (fi nal concentration 20 mM for 
each nutrient in the presence of 10 mM glucose) 1 h before imaging. The reference 
condition was 10 mM glucose in the media. 

 For  data analysis  , we calibrated the excitation light intensity according to the 
photosensor readings that was automatically recorded for each channel as the inten-
sity of illumination on the samples each time before acquiring images. The FAD/
NADH ratio images were constructed from FAD and NADH images pixel by pixel. 
The background intensity of each channel was obtained from a randomly selected 
cell-free area. FAD and NADH intensities were calculated by fi rst subtracting their 
background intensity, respectively, then thresholding at the three times of the stan-
dard deviation of the background. For individual FOVs, the mean values for both 
FAD and NADH were calculated, and the mean value of FAD/NADH was calcu-
lated by the FAD mean value divided by the NADH mean value. The FAD, NADH, 
and FAD/NADH were fi nally reported as averages across all FOVs. For the experi-
ments where four lines were imaged, the MDA-MB-231 cancer cell line was used as 
a reference, and the mean values of FAD, NADH, and FAD/NADH of other cell 
lines were normalized by dividing the respective reference values of MAD-MB-231. 
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The standard errors of the means (SEM) and the p-values of Student’s t test were 
reported based on the number of FOVs.  

3     Results 

 Figure  16.1  shows the effect of  rotenone treatment   on MCF-7 cells. Rotenone, as a 
mitochondrial inhibitor, can disrupt the electron transport chain in the mitochon-
dria, and lead to a decreased production of ATP and cell death. Since DMSO was 
used as the solvent for rotenone, we also studied its effects on the metabolic states 
of the cells. From Fig.  16.1  we can see that, after adding 8 μl DMSO to the imaging 
solution (1 ml), NADH, FAD, and FAD/NADH did not present statistical differ-
ences from the controls ( p  > 0.05). The small dose of DMSO did not have a signifi -
cant effect on cellular redox state. Compared with the control or DMSO group, the 
rotenone treatment group (DMSO&Rote) had a signifi cantly decreased FAD, 
increased NADH, and decreased FAD/NADH. Therefore, we demonstrated that 
rote that none treatment did lead to an accumulation of NADH and a decrease of 
FAD, and the cellular redox state became more reduced. These results were consis-
tent with the reported effects of rotenone on mitochondrial energy pathways.

   The imaging results comparing four breast cancer cell lines are shown in 
Fig.  16.2 . The FAD of the MDA-MB-468 cells had the lowest intensity and was 
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  Fig. 16.1    The addition of rotenone to MCF-7 cells (number of FOVs = 6 from two dishes at one 
experimental session) results in an increase in NADH fl uorescence, a decrease in FAD fl uores-
cence, and a decrease in FAD/NADH ratio. Left  Y-axis  is for NADH and FAD, and the  right Y-axis 
for FAD/NADH ratio. Bar height  represents the mean and  error bar  represents the standard error 
(SE).  Ctrl  represents the control group. There was 10 mM glucose in the imaging solution as the 
basic supply of nutrient for each of the three groups. For the DMSO group, 8 μl DMSO was added 
into 1 ml imaging solution.  DMSO&Rote  represents the group in which 8 μl DMSO with rotenone 
was added into 1 ml imaging solution. The fi nal concentration of rotenone was 10 μM       
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signifi cantly lower than that of the MDA-MB-231 cells ( p  < 0.001). FAD of the 
MDA-MB-231 cells was not statistically different from that of the MCF-7 cells or 
the SKBr3 cells. However, NADH signals showed a very different rank order from 
that of FAD signals. NADH signals of these four cell lines followed the rank order: 
MDA-MB- 231<MDA-MB-468<MCF-7<SKBr3. Therefore, FAD/NADH ratio 
falls in the following rank order: MDA-MB-231>MDA-MB-468>MCF-7>SKBr3. 
This rank order is identical to the order of the  invasive potential   measured by 
Boyden chamber method as reported in literature [ 8 ,  9 ], i.e., when the invasive 
potential is higher, the FAD/NADH ratio is also consistently higher.

   From the above results we postulated that metabolic fl uorescence signals effec-
tively differentiate between breast cancer cells with different invasive potential in 
the case of a suffi cient supply of  glucose   (10 mM glucose in the imaging solution). 
When cells were under starvation, by comparing the MDA-MB-231 cells with 
higher invasive potential and MCF-7 cells with lower invasive potential, we still 
found signifi cant differences in the metabolic fl uorescence signals of two cell lines. 
Despite that redox ratio difference between the two lines was mitigated compared to 
the control condition with high glucose (Fig.  16.2 ), FAD/NADH of the more inva-
sive MDA-MB-231 cells was signifi cantly larger than that of the less invasive 
MCF-7 cells (Fig.  16.3 ). We came to the same conclusion for redox ratios when 
cells with glucose were additionally supplied with 20 mM glutamine, lactate, or 
pyruvate, respectively (Fig.  16.3 ). Therefore, even though the redox state was 
dependent on the nutrition supplies or micro-environmental conditions, the relative 
correlation between the redox ratio and invasive potential was maintained for these 
two breast tumor cell lines.
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  Fig. 16.2    Normalized FAD, NADH, and FAD/NADH values of MDA-MB-231, MDA-MB-468, 
MCF-7, and SKBr3 breast cancer cell lines (three experiments at different days, duplicated dishes 
each time, with total number of FOVs = 24). There was 10 mM glucose in the imaging solutions of 
all groups.  Bar height  represents the mean and the  error bar  represents the SE       
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4        Discussions and Conclusions 

 In this study, the  endogenous fl uorescence signals   of four breast cancer cell lines 
measured  in vitro  demonstrated a correlation between the higher redox ratios and 
their rank order of invasive potentials using reported results in the literature. We 
acknowledge that the rank order of invasive potential between some breast cancer 
lines (e.g. MCF7 vs. SKBR3) might not be consistent among the literature reports 
[ 8 – 11 ]. In our future study, we should measure the invasive potential of cancer cell 
lines via Boyden chamber and directly test the correlation between the invasiveness 
and redox ratios. Even though the redox states of the cancer cells changed when their 
microenvironments were changed, the endogenous fl uorescent metabolic signals still 
effectively distinguished between the highly invasive cells and the slightly invasive 
ones; furthermore, the positive correlation between the rank order of invasive poten-
tials and the redox ratio was maintained. The results from this study are consistent 
with our previous results obtained with cancer mouse xenografts [ 5 ,  6 ]. These results 
suggest the potential value of optical redox imaging for predicting tumor invasive/
metastatic potential in clinical practice so that physicians may tailor therapy based 
on redox indices. Indeed we have applied the method to imaging clinical specimens 
of breast cancer patients [ 12 – 14 ]. Work is in progress to test whether optical redox 
imaging indices have any prognostic values. 

 Lastly we note that our experiments did not measure and control the pH and pO 2  
in cell cultures, which may affect redox state as well. In the future we will investigate 
whether these factors will affect the correlation between the redox ratio and invasive 
potential of cancer cells.   
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Chapter 17
Directional Migration of MDA-MB-231 Cells 
Under Oxygen Concentration Gradients

D. Yahara, T. Yoshida, Y. Enokida, and E. Takahashi

Abstract To elucidate the initial mechanism of hematogenous metastasis of cancer 
cells, we hypothesized that cancer cells migrate toward regions with higher oxygen 
concentration such as intratumor micro vessels along the oxygen concentration gra-
dient. To produce gradients of oxygen concentration in vitro, we devised the gap 
cover glass (GCG). After placing a GCG onto cultured MDA-MB-231 cells (a meta-
static breast cancer cell line), the migration of individual cells under the GCG was 
tracked up to 12 h at 3 % oxygen in the micro incubator. We quantified the migration 
of individual cells using forward migration index (FMI). The cell migration perpen-
dicular to the oxygen gradients was random in the direction whereas FMIs of the cell 
located at 300, 500, 700, and 1500 μm from the oxygen inlet were positive (p < 0.05) 
indicating a unidirectional migration toward the oxygen inlet. Present results are 
consistent with our hypothesis that MDA-MB-231 cells migrate toward regions with 
higher oxygen concentration.

Keywords  Metastasis • Oxygen gradient • Migration • Cancer cell

1  Introduction

Hematogenous metastasis of tumor begins with local invasion of tumor cells fol-
lowed by intravasation. It has not been determined whether tumor cells reach micro 
vessels as a result of directionally random migration or whether they are somehow 
directed to micro vessels. Here, we hypothesized that tumor cells in a hypoxic 
microenvironment preferentially migrate toward higher oxygen regions such as 
intratumor micro vessels along the oxygen concentration gradient. To test this 
hypothesis, we have established an in vitro model for hypoxic microenvironment in 
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cultured MDA-MB-231 metastatic breast cancer cell line using the gap cover glass 
(GCG). We tracked the migration of individual cells in oxygen concentration gradi-
ents for 12 h.

2  Methods

2.1  Gap Cover Glass (GCG)

We devised the GCG by combining two thin (150 μm) rectangular glass slips 
(9 × 18 mm) to a 25 × 18 mm microscopy cover glass (the roof) in such a way that 
the glass slips are placed at an interval of 2 mm beneath the roof cover glass 
(Fig. 17.1). When the GCG is placed on cultured cells in a culture dish, supply of 
oxygen to the cell is limited only from both open ends of the GCG (Fig. 17.1). Thus, 
oxygen consumption by cells gradually reduces oxygen concentration under the 
GCG as it diffuses from the open ends to the center.

O2

O2

18

0.15

1.25

y
[O2]

9 9

2

Fig. 17.1 Structure of the gap cover glass (GCG). Supply of oxygen to the cell is limited only 
from both open ends. Cellular consumption of oxygen produces oxygen concentration gradients 
under the GCG as indicated in the figure. Dimensions in mm

D. Yahara et al.



131

2.2  Cell Tracking

MDA-MB-231 cells were cultured in 35 mm type I collagen coated culture dishes 
(Corning). Cell density was 1.5–2.5 × 106 cells/ml. After replacing the culture medium 
(DMEM, high glucose) with Lavobitz’s L-15 medium that had been exposed to 3 % 
oxygen overnight, the culture dish was placed in the micro incubator on the stage of 
inverted microscope. Oxygen concentration in the micro incubator was regulated at 
3 % and the temperature was kept at 37 °C. Two hours later, a GCG was placed onto 
the cultured cells. Phase contrast images were taken every 1 h up to 12 h using 16-bit 
CCD camera (SV-512, SpectraVision).

Tracking of individual cells was performed offline. First, we defined 120 × 740 μm 
rectangular regions of interest (ROIs) at 100, 300, 500, 700, 900, and 1500 μm inside 
from an open end of the GCG (GCG edge). In addition, a ROI at -300 μm (i.e., out-
side the GCG) served as the control. We arbitrarily picked up four cells with the 
normal spindle shape in the respective ROIs. Finally, we determined, using Image-J 
software, the coordinates of individual cells.

Migration of individual cells was classified according to the initial position (dis-
tance from the GCG edge) of the cell. We calculated the forward migration index, 
FMIx and FMIy, representing the efficiency of the forward migration of cells along 
the x- and y-axis, respectively,
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where Di, xi
E, and yi

E denote total length of the track (accumulated distance), x-end 
point, y-end point, for cell i, respectively.

3  Results

3.1  GCG Effects

GCG appeared to successfully produce gradients of oxygen concentration in mono-
layer cultured MDA-MB-231 cells. The cells (under the GCG) locating approxi-
mately <700 μm from the GCG edge showed normal spindle-like morphology while 
those located beyond this boundary were round-shaped. Because majority of the 
round cells was intact (LIVE/DEAD cell viability kit, Life Technologies), we inter-
pret that these changes in the cell shape indicate the presence of significant hypoxic 
stress in these regions. These results are consistent with our previous data in which 
intracellular oxygen concentration under the cover glass was determined by the red 
shift of GFP fluorescence [1]. Number of cells outside the GCG increased to 116 % 
at 12 h after placing the GCG.
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3.2  Cell Tracking

Total length of the track (accumulated distance) during 12 h in the cell initially 
located in the ROI at −300 μm (control) was 188 ± 76 μm (mean ± SD, n = 32). The 
accumulated distance in cells in each ROIs was not different from the control.

FMIy was significantly different from the hypothesized value (=0) in cells at 300, 
500, 700, and 1500 μm ROIs while FMIx was not significantly different from zero 
(t-test, Fig. 17.2). From these results, we conclude that MDA-MB-231 cells under 
the GCG demonstrated directional migration toward the GCG edge.

4  Discussion

Control of hematogenous metastasis has a significant clinical implication. For this 
ultimate end, we investigated in vitro the basic mechanism how cancer cells in 
hypoxic microenvironment reach the intratumor micro vessels. We hypothesized 
that tumor cells in a hypoxic microenvironment preferentially migrate toward higher 
oxygen regions.

To our knowledge, only two papers have been published that experimentally 
address the “aerotactic” behavior of mammalian cells in vitro. Using the  micro- fluidic 
device, Chang et al. [2] produced gradients of oxygen in the miniature cell culture 
chamber in which oxygen concentration varied from 16 to 1 % along the 3 mm flow 
path. In the A549 carcinoma cell line, they demonstrated directional migrations of the 
cell toward the lower oxygen concentration region (negative “aerotaxis”). Mosadegh 
et al. [3] devised the unique paper-based 3-D invasion assay system. Oxygen gradi-
ents were generated between the top and the bottom layers (320 μm apart), although 
the magnitude of the oxygen gradients was not determined. Subpopulations of the 
A549 cell line in this device underwent directed movement toward higher oxygen 
concentrations indicating a positive “aerotaxis”.

*
* *

*

Fig. 17.2 Forward migration index (FMI) in cells at different distance from the edge of GCG. Data 
are presented as mean ± SD. *, p < 0.05 (comparisons with hypothetical value of 0)

D. Yahara et al.



133

In the present study, we introduced the GCG to produce stable oxygen gradients 
in monolayer cultured cells. Unlike the microfluidic device, GCG utilizes cellular 
consumption of oxygen to produce oxygen gradients. Thus, the distribution of oxy-
gen under the GCG is somewhat less precisely defined; it is affected by the spatial 
distribution of the cell and the cellular respiration. Although we did not directly 
measure the oxygen concentration distribution in the present study, previous studies 
from our laboratory [4] demonstrated in cultured Hep3B cells approximately 
0.045 mmHg/μm gradients of oxygen concentration under the GCG. If these values 
are applicable to the present study, then, at 3 % oxygen in the micro incubator, oxy-
gen would be depleted approximately 500 μm away from the GCG edge. The oxy-
gen diffusion length calculated above appeared to be consistent with the appearance 
of the round-shaped cell in the present study.

In the present study, we demonstrated significant directional migrations toward 
the edge of GCG (positive y-direction) in the cell initially located at 300, 500, 700, 
and 1500 μm from the edge of the GCG. We also found that the cell migrations 
parallel to the x-axis were random in direction. Ideally, under the GCG, oxygen 
concentration reduces in proportion to the distance from the oxygen inlet. Therefore, 
the present result indicates that directionality in cell migration depends on the oxy-
gen level to which the cell is exposed.

In the present GCG, not only gradients of oxygen but also gradients of nutrient 
(glucose), metabolites (for example, H+), and autocrine factors should be produced 
under the GCG. Paradise et al. [5] demonstrated using the Dunn chamber that α(ν)
β(3) CHO-B2 cells  showed preferential migration  toward acid  in extracellular pH 
gradients. In the present study, gradients of pH are also established under the GCG 
where the medium pH decreased proportionally to the distance from the GCG edge 
(pH imaging by BCECF, data not shown). Thus, the cell migration demonstrated in 
the present study was toward alkaline. These data suggest a complex interaction 
among various factors in the microenvironment including oxygen concentration, pH, 
metabolites, nutrients, extracellular signal molecules and so on. We think that particu-
larly the pH gradient might affect oxygen dependent cell migration because enhanced 
lactate output in cancer cells (Warburg effect) should produce steep pH gradients in 
the extracellular space. Therefore, it still remains to be determined whether the direc-
tion of cell migration is predominantly determined by the gradient of oxygen or not.
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    Chapter 18   
 Stress-Induced Stroke and Stomach Cancer: 
Sex Differences in Oxygen Saturation                     

     Maria     Ulanova    ,     Artem     Gekalyuk    ,     Ilana     Agranovich    ,
    Alexander     Khorovodov    ,     Victoria     Rezunbaeva    ,     Ekaterina     Borisova    , 
    Aly     Esmat     Sharif    ,     Nikita     Navolokin    ,     Ekaterina     Shuvalova    , 
and     Oxana     Semyachkina-Glushkovskaya    

    Abstract     Sex differences in stress-related diseases such as stroke and stomach can-
cer are well established, but the mechanisms underlying this phenomenon remain 
unknown. Despite the fact that sexual hormones play an important role in the high 
resistance of females to harmful effects of stress compared with males, the regula-
tion of oxygenation status can be a potential factor, which might explain sex differ-
ences in stress-induced cerebrovascular catastrophes in newborn rats and in mutagens 
activation in adult rats with stomach cancer.  

  Keywords     Sex differences   •   Haemorrhagic stroke   •   Oxygen saturation  

1       Introduction 

 The phenomenon of sex differences in stress-related diseases is an actual and actively 
debated problem in medicine [ 1 ]. There are many theories explaining why this hap-
pens. The sexual  hormones   are the most obvious mechanism underlying sex differ-
ences to stress. However, using this concept it is diffi cult to explain sex differences 
in stress-related  vascular catastrophes   in newborns who have no active sexual status, 
or in old people who have a signifi cant reduction in the level of sexual hormones [ 2 ]. 

 There is a hypothesis that a general  biological process  , such as effectiveness of 
the regulation of oxygenation status, can be an important mechanism responsible 
for sex differences in stress-related pathological processes, independent of the age. 
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 Stroke and cancer are two examples in which there are signifi cant sex differences 
predominantly in the fi rst days of life and in advanced age, i.e. in  newborns and old 
people   in whom metabolic factors play a rather more important role in these pro-
cesses than sexual hormones [ 3 – 5 ]. Changes in oxygen status are strongly associ-
ated with stress-related pathological processes during neonatal stroke development, 
as well as with stomach cancer in old people [ 6 ,  7 ]. 

 Taking these data into account, we studied the role of effectiveness of the regula-
tion of  oxygenation   status as a possible age-independent mechanism underlying sex 
differences in stress-related cerebrovascular catastrophes and mutagenic processes 
in the gastrointestinal tract, using two models of stress-induced diseases, i.e. stroke 
in newborn rats and stomach cancer in old rats.  

2     Methods and  Materials   

 Investigations on stress-related strokes were carried out in  newborn rats  , both sexes, 
3-days old: (1) intact, unstressed newborn rats (control group, n = 10); (2) stressed 
rats 4 h after stress (pre-stroke group, rats with initial pathological changes in the 
brain tissues and cerebral circulation, n = 12); stressed rats 24 h after stress-off (post-
stroke group, rats with intracranial hemorrhage, n = 12). 

 To induce  hemorrhagic stroke  , the following protocol of sound stress impact was 
used (120 dB, 17 Hz): 10 s of sound followed by a 60-s pause; this cycle was 
repeated during 2 h [ 8 ]. To analyze brain injury induced by stress and to confi rm the 
development of stroke, all newborn rats were decapitated for histological study of 
brain tissue. The samples were fi xed in 10 % buffered neutral formalin. The forma-
lin fi xed specimens were then embedded in paraffi n, sectioned (4 μm) and stained 
with hematoxylin and eosin. 

 To induce stomach cancer we used a model of stress + nitrosamine. With this 
aim, old female rats (n = 15) and male rats (n = 15) lived for 9 months under chronic 
social stress (overpopulation) and received external nitrosamine ( N -methyl alanine, 
2 g/kg, with meat and preserved fi sh and nitrite (1 g/L) with drinking water). 

 Levels of blood oxygen saturation (SpO 2 ) in brain tissue were monitored using a 
pulse oximeter (model CMS60D; Contec Medical Systems Co. Ltd., Qinhuangdao, 
China). The optical sensor was based on a dual wavelength pulse oximetry approach, 
using 660 nm and 880 nm for SpO 2  detection. Oxy-hemoglobin saturation (SpO 2 ) is 
given as a percentage of HbO 2  vs. the total Hb in blood. The gastric tissue hemoglo-
bin oxygen saturation (Hb-SpO 2 ) (%) was measured using a commercial optical diag-
nostic system LAKK (SPE “LASMA”, Russia). 

 The results are reported as mean ± standard error of the mean (SEM). Differences 
from the initial level in the same group were evaluated with the Wilcoxon test. 
Intergroup differences were evaluated with the Mann-Whitney test and ANOVA-2 
(post-hoc analysis with the Duncan’s rank test). Signifi cance level was set at p < 0.05 
for all analyses.  
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3     Results and Discussion 

3.1      Sex Differences in Stress-Induced Hemorrhagic  Stroke 
and Cerebral Oxygenation in Newborn Rats   

 Our results showed that female newborn rats demonstrated high resistance to the 
harmful effects of stress on the brain, compared with males in all stages of stroke 
development. Indeed, the pre-stroke was characterized by progressive relaxation of 
cerebral veins. These changes were accompanied by perivascular edema, i.e. fl uid 
pathway from the vessels. The relaxation of cerebral veins and the perivascular edema 
are markers of an accumulation of extensive blood in the venous system and suppres-
sion of blood outfl ow from the brain leading to venous insuffi ciency [ 9 ]. The males 
had more pronounced pre-stroke-related changes in the cerebral vessels than females. 
Figure  18.1  shows perivascular edema, which is more severe in males vs. females.

   The accumulation of blood in the cerebral venous system and the suppression of 
blood outfl ow from the brain were associated with mild hypoxia; this has also been 
shown in other our investigations [ 8 ,  10 ]. The oxygen saturation level was lower in 
males compared with females (Table  18.1 ).

   The sound stress caused brain bleeding in the cortex. The severity of stress- 
induced cortical bleeding was higher in males than in females. Figure  18.2  shows a 
typical example of sex differences in the size of the brain hemorrhage. More males 

  Fig. 18.1    The typical example of sex differences in the severity of perivascular edema in 
newborn  rats         

   Table 18.1    Changes in SpO 2  level in brain tissues in the different stages of stress-induced stroke 
in male and female newborn rats   

 Gender of rats  Control group  Pre-stroke  Post-stroke 

 Female  97 ± 2 %  83 ± 3 %*  67 ± 2 %* 
 Male  95 ± 3 %  70 ± 4 %*†  48 ± 2 %*† 

  P < 0.05: *—vs. controls; †—between sexes  
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(10 of 12 in males, and 8 of 12 in females) demonstrated more pronounced brain 
hemorrhage (average size 0.079 ± 0.003 mm 2  for males and 0.009 ± 0.001 mm 2  for 
females). The mortality rate was 40 % (4 of 10) in males and 25 % (2 of 8) in females.

   Our results present clear sex difference in stress-related stroke and in cerebral 
vascular and hypoxic changes associated with this pathological condition in new-
born rats. Thus, in the early stages of ontogeny, when sex hormones are not func-
tionally active, sex differences in the development of cerebral vascular catastrophes 
(such as stroke) is associated with signifi cant gender-related differences in oxygen 
saturation of the brain tissues. This fact allows us to assume that in newborn rats the 
metabolic mechanisms are a potential factor responsible for sex differences in resis-
tance to stress-related stro ke.  

3.2     Sex Differences in the Development of Stress-Induced 
Gastric Cancer and Oxygenation of Gastric Mucosa in Old 
 Rats   

 There are sex differences in the mutagens processes, which are related to cancer 
development [ 5 ]. Stomach cancer is one example [ 11 ]. There is much debate about 
why this is happening, but our knowledge on metabolic mechanisms, such as oxy-
gen saturation, in these processes remain poorly understood. 

 Here we studied the role of oxygen saturation of gastric mucosa in sex differ-
ences in stomach cancer with gastric ulcers (model of stress + nitrosamine). 

 Our results demonstrate that chronic social stress (housing of 15 females and 15 
males during 9 months in conditions of overpopulation) with an additional factor—
external nitrosamine ( N -methyl alanine, 2 g/kg, with meat and preserved fi sh and 
nitrite (1 g/L) with drinking water) was accompanied by formation of stomach can-
cer with gastric ulcers (small = 1 × 1 mm, and large = 3–7 mm) in 73 % (11 of 15) of 

  Fig. 18.2    Typical example of sex differences in the size of stress-induced intracranial  hemorrhage   
in newborn rats       
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females and in 93 % (14 of 15) of males. Note, that more than half of females 
demonstrated small ulcers (9 of 11), while most number of males had large ulcers 
(12 of 14). Figure  18.3  shows a typical example of the different size of gastric ulcers 
in male and female rats.

   We found low oxygen saturation levels of tumor tissues in stomach compared 
with the normal mucosa, which was more pronounced in males than in females. 
Thus, the reduction of Hb SpO 2  in males was from 80 %-46 %, while in females it 
was from 85 to 61 %. The decrease in oxygenation of gastrointestinal mucosa was 
reported by Wending et al. in 1984 [ 12 ]. Additional clinical investigations have also 
shown poor oxygenation of tumor tissues in gastrointestinal tract [ 13 ,  14 ]. 

 Thus, the results of this experimental series suggest that sex differences in stom-
ach cancer are largely realized by regulation of the oxygenation status of the gastro-
intestinal mucosa.   

4     Conclusions 

 In general, using two models of stress-related diseases ( hemorrhagic stroke   and 
stomach cancer) we clearly show sex differences in resistance to the  harmful effects   
of stress on the cerebral vessels in newborn rats and on gastrointestinal mucosa in 
adult animals. Effectiveness of the regulation of the oxygenation status is indepen-
dent of the age mechanism underlying sex differences in stress-related alterations of 
homeostasis.   
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  Fig. 18.3    Typical example of development of  gastric ulcer  s in females (small size) and in males 
(large size) in old rats       
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Chapter 19
Changes in Oxygenation Levels Precede 
Changes in Amplitude of the EEG 
in Premature Infants

Alexander Caicedo, Liesbeth Thewissen, Anne Smits, Gunnar Naulaers, 
Karel Allegaert, and Sabine Van Huffel

Abstract Brain function is supported by an appropriate balance between the meta-
bolic demand and the supply of nutrients and oxygen. However, the physiological 
principles behind the regulation of brain metabolism and demand in premature infants 
are unknown. Some studies found that changes in hemodynamic variables in this 
population precede changes in EEG activity; however, these studies only used descrip-
tive statistics. This paper describes the relationship between changes in cerebral oxy-
genation, assessed by means of near-infrared spectroscopy (NIRS), and changes in 
EEG, using mathematical methods taken from information dynamics. In a cohort of 
35 neonates subjected to sedation by propofol, we quantified the direction of informa-
tion transfer between brain oxygenation and EEG. The results obtained indicate that, 
as reported in other studies, changes in NIRS are likely to precede changes in EEG 
activity.

Keywords  aEEG • NIRS • Premature infants • Transfer entropy

A. Caicedo (*) • S. Van Huffel 
Department of Electrical Engineering (ESAT), STADIUS, KU Leuven, Leuven, Belgium 

iMinds, Medical IT, Leuven, Belgium
e-mail: alexander.caicedodorado@esat.kuleuven.be 

L. Thewissen • G. Naulaers • K. Allegaert 
Department of Development and Regeneration, KU Leuven, Leuven, Belgium 

Department of Neonatology, University Hospitals Leuven, Leuven, Belgium 

A. Smits 
Department of Pediatrics, University Hospitals Leuven, Leuven, Belgium

mailto:alexander.caicedodorado@esat.kuleuven.be


144

1  Introduction

Brain metabolism is supported by adequate cerebral hemodynamic regulation, 
which provides the necessary substrates and is reflected in appropriate brain func-
tioning. Oxygen is one of the most important substrates that is needed in order to 
meet the energy demand of the brain. For monitoring purposes, brain oxygenation 
levels can be assessed by means of near-infrared spectroscopy (NIRS), while brain 
function can be assessed by means of EEG [1]. Several studies have shown that EEG 
is a very good predictor of early neonatal outcome, especially in asphyxiated infants 
[2]; however, its prognostic value is decreased in cooled neonates [3]. Changes in 
brain oxygenation probably relate to changes in brain function. Consequently, com-
bining the information provided by brain oxygenation levels and brain function 
enables to assess the coupling of the cerebral metabolic demand and oxygen deliv-
ery to the brain. This coupling was shown to be lost in case of pathological condi-
tions such as hypoxic-ischemic encephalopathy [4, 5]. However, these studies are 
only a description of observations and lack metrics that are able to adequately mea-
sure the link between the dynamics of cerebral hemodynamics regulation and EEG.

In this paper we attempt to identify whether changes in brain oxygenation pre-
cede changes in EEG in premature infants, as shown in [5], but using a quantitative 
method based on information dynamics instead of descriptive statistics.

2  Methods

Data were acquired from 35 neonates undergoing an intubation procedure in the 
Neonatal Intensive Care Unit. The data were recorded as part of a study to identify 
the optimal dose of propofol for procedural sedation in neonates (ClinicalTrials.gov 
NCT01621373). Concomitant measurements of brain oxygenation, measured by 
NIRS (INVOS 5100, Covidien, neonatal probe) with the optode located left fronto-
parietal, and raw EEG, from channels C3-C4, were obtained from the patients 
(Olympic CFM 6000, Natus). NIRS signals were measured at 1 Hz, while EEG 
signals were acquired at 100 Hz. The measurements were carried out before admin-
istration of propofol and lasted up to 12 h. In this study we analysed data from 2 min 
before up to 10 h after protocol administration in order to have a homogeneous 
dataset. All data were pre-processed by detecting artefacts manually and replacing 
them by NaN (Not a Number) in the data stream. For the EEG measurements, seg-
ments of data with an impedance higher than 10 KΩ were identified and replaced by 
NaN, since the measurement is unreliable.

Due to the different temporal characteristics between the NIRS signals and EEG, 
we used a continuous estimate of the power contained in the EEG signal, by com-
puting a running root mean squared (RMS) value of the EEG. For this purpose we 
used a window length of 60 s, with an overlapping of 59 s, producing one new value 
every second. In this way both signals, NIRS and the power contained in the EEG, 
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have a common temporal scale and sampling frequency. The 60-s window for the 
RMS computation was selected since the spectral decomposition of the NIRS signal 
indicates that most of its power is located below 0.16 Hz. Therefore, to keep the 
power of this component, a window of around 1-min length was needed; shorter 
windows will introduce components at a higher frequency, while longer windows 
will filter components that we would like to keep. Figure 19.1 is a representative 
sample of the recordings.

In order to identify the directionality of the relation between brain oxygenation 
levels and EEG power, we use transfer entropy. Transfer entropy is a measure for 
the amount of information transferred from one signal (process) to another [6]. A 
transfer entropy equal to zero indicates no transfer of information in the established 
direction, whilst any other value indicates a link between the processes. Higher 
values of transfer entropy indicate a higher transfer of information and, hence, a 
stronger directional coupling [7]. The transfer entropy computes the rate of infor-
mation transfer between two different signals, namely X and Y. This computation 
starts from an autoregressive model between X and Y, using L delays in X and K 
delays in Y as follows:
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Fig. 19.1 Representative set of measurements for one subject. The rScO2, preprocessed EEG and 
raw EEG measurements are shown
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where ar and bq represent the coefficients for this model, and can be simplified in the 
following form y a x b yn

L
n
L K

n
K= −( ) ( ) ( ) ( ) , where the upper script (.) represents a set of 

ensemble, K or L, samples that form a vector of the past instances of the respective 
signals. Transfer entropy is then computed as follows:
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conditional probability distributions.

In order to identify the direction of information transfer, and whether changes in 
oxygenation levels precede the changes in EEG activity, we computed TNIRS EEG→  
and TEEG NIRS→ .

To compute the transfer entropy values we proceed as follows:

 1. The systemic and EEG signals were preprocessed as indicated before.
 2. The time at which the propofol was applied was indicated. The signals were 

segmented from 2 min before propofol administration up to 10 h.
 3. The transfer entropy values were computed for the first 2 min prior to propofol 

administration in order to generate a reference value for the baseline.
 4. The remaining part of the signal was segmented in non-overlapping windows of 

5 min. For each window, TNIRS EEG→  and TEEG NIRS→  were computed.
 5. For each window the method evaluates the order of the model, specifically K and 

L, we have imposed as the maximum model order 20 samples. This is done to 
guarantee that there are enough samples to compute the probability distributions.

 6. The results were analyzed using a Kruskal–Wallis test in order to indicate 
whether the differences between the two values are significant.

3  Results

Figure 19.2 shows the values of TENIRS→EEG and TEEEG→NIRS for the 35 neonates, dur-
ing the 10 h of measurements. The figure presents the median as a solid line, and the 
25–75 percentiles as a shaded area; also presented are the values for TENIRS→EEG in 
blue and the values for TEEEG→NIRS in red.

For the statistical analysis, all data were collected in two variables, each one rep-
resenting each TE measurement. The values were dispersed as follows: TENIRS→EEG 
[0.0036, 0.0062, 0.0202] and TEEEG→NIRS [0.0007, 0.0019, 0. 0128]; where the num-
bers within square brackets represent the 25, 50 and 75 percentiles respectively. 
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Results from the Kruskal–Wallis test indicated that TENIRS→EEG values were signifi-
cantly higher than TEEEG→NIRS values, with p < 0.001.

4  Discussion and Conclusions

In this study, we found that the transfer of information, measured by means of trans-
fer entropy, is larger in the direction of NIRS → EEG than in the direction from 
EEG → NIRS. This indicates that the changes in NIRS are likely to precede the 
changes in EEG. These results are in agreement with the findings of Roche-Labarbe 
et al., who describe that the changes in NIRS precede the changes observed in EEG 
[5]. In their study they investigated whether bursts of EEG activity were coupled to 
a hemodynamic response in premature infants. They found that changes in hemody-
namic parameters were sometimes observed a few seconds before onset of the EEG 
activity. They hypothesize that these observations might be due mainly to the fact 
that the neural activity might have started before it was observed in the EEG. The 
cause for this phenomenon can be multifactorial and may be due to the fact that 
EEG measures only the superficial changes in the electrical activity of the brain and 
not more internal layers, where many processes might occur and not be reflected in 
the EEG; this is further discussed in [5]. We would like to stress that in our study we 
only indicate that, according to the values provided by transfer entropy, changes in 
NIRS are more likely to precede the changes in EEG, than otherwise. To the best of 
our knowledge, this is the first study that quantifies the direction of information 
transfer between NIRS and EEG in general.

Fig. 19.2 Transfer entropy values. The solid line represents the median over the different epochs 
across time, the shaded areas represent the 25 and 75 % percentiles for the TE values across the 
group, the blue values represent TENIRS EEG→ , while the red ones represent TEEEG NIRS→
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Since the transfer of information EEG → NIRS is not zero, this indicates that 
there is a flow of information in this direction. This can be attributed to the feedback 
mechanisms that are in charge of the regulation of brain hemodynamics, and which 
are in charge of delivering nutrients and oxygen to meet the metabolic demand. 
These results indicate that the analysis of EEG–NIRS, using transfer entropy, can be 
used to assess the status of these regulatory mechanisms in the premature brain.

Additionally, we expected some effect of the application of propofol in the cou-
pling between the signals. However, this was not observed in the present results. We 
hypothesized that this might be due to the fact that propofol not only affects the 
hemodynamic regulatory mechanisms due to its vasodilator action, but also pro-
duces a depression in the EEG, via other mechanisms. These two responses might 
have been equally affected, producing no change in the transfer entropy values.

It is important to note that transfer entropy assumes that, in the selected window, 
the processes under analysis are stationary. In addition, the processes are assumed 
to be linearly related and to have a Gaussian distribution. We are aware that these 
conditions might not be fulfilled in the selected window of 5 min. However, even 
though by selecting shorter windows these conditions are more likely to be met, the 
number of samples in the window under analysis then becomes too small to provide 
reliable probability distribution, as well as estimation of model parameters which 
are, afterwards used for the estimation of the transfer entropy values.

In conclusion, the results presented in this study confirm the observations of 
Roche-Labarbe et al., by providing a quantification for the directionality of infor-
mation transfer between NIRS and EEG measurements. The physiological mecha-
nism of this phenomena is still unclear and requires more studies.
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    Chapter 20   
 Effects of Positive and Negative Mood 
Induction on the Prefrontal Cortex Activity 
Measured by Near Infrared Spectroscopy                     

     A.     Compare    ,     Agostino     Brugnera     ,     R.     Adorni    , and     K.     Sakatani   

    Abstract     The neurophysiological mechanism of positive versus negative emotions 
is insuffi ciently understood. In the present study, we examined the effect of event 
recall tasks on the prefrontal cortex (PFC) activity using near infrared spectroscopy 
(NIRS). Nine healthy adults were instructed to recall episodes of their life associ-
ated with positive (happiness) and negative (anger) emotion, both silently and ver-
bally. Heart rate (HR) changes were simultaneously measured. NIRS showed an 
increased oxyhemoglobin (oxy-Hb) in the bilateral PFC during silent and verbal 
recall of both positive and negative episodes. The changes of oxy-Hb in the bilateral 
PFC during silent recall of negative episodes were signifi cantly larger than those 
during silent recall of positive episodes (p < 0.01). There was no difference in aver-
age changes of oxy-Hb between silent and verbal recall of negative episodes 
(p > 0.95), while changes of oxy-Hb during verbal recall of positive episodes were 
larger than those during silent recall of positive episodes (p < 0.05). Both verbal and 
silent recall of positive and negative episodes increased HR; however, verbal recall 
caused larger increases of HR than silent recall (p < 0.01). The present results sug-
gest that recall of negative episodes affect the PFC activity, which plays a key role 
in cognitive control of emotions, more than positive episodes.  

  Keywords     NIRS   •   Emotional recall   •   HR   •   Anger   •   Happiness  
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1       Introduction 

 The prefrontal  cortex   (PFC) is a  cerebral region   involved in a number of high-level 
functions. Indeed, it supports cognitive functions that are necessary to organize 
behavior in time and in context, as social behavior [ 1 ], and it has a key role in cogni-
tive  control   of emotions [ 2 ]. 

 In the past 40 years, the branch of affective neuroscience extensively studied the 
bond between  emotions      and the brain, leading to various hypotheses about the role 
of specifi c brain regions in regulating and experiencing emotions [ 3 ]. Rohr and col-
leagues [ 4 ] reviewed four major emotion processing  hypotheses  : (a) the right hemi-
sphere hypothesis (emotions are processed only by right hemisphere); (b) the valence 
hypothesis (right hemisphere has a major role in negative emotion processing, while 
the left one in positive emotion processing); (c) the one-network hypothesis (all 
emotions are processed by a specifi c set of brain regions); and fi nally (d) the localist 
hypothesis (specifi c emotions are processed by specifi c brain regions). The valence 
hypothesis has been recently studied with near-infrared spectroscopy (NIRS), which 
has been established as a useful tool for evaluating the association between right/left 
asymmetry of PFC activity and psychological stress/emotional responses [ 5 – 7 ]. 
Importantly,  NIRS   is suitable for studies focused on emotion because it offers some 
advantages as compared with other neuroimaging techniques. In particular, NIRS is 
less sensitive to external noise sources (e.g. movements), and requires less time and 
burden (both physical and psychological) for the preparation of the subjects and the 
application of the probes [ 6 – 8 ]. For example, unlike the other neuroimaging tech-
niques, individuals can undergo NIRS recording while speaking and interacting with 
another person, an important condition for the evaluation of emotions. Indeed, per-
sonally relevant recall tasks are known to induce stronger physiological arousal than 
tasks that are not personally relevant [ 9 – 11 ]. 

 Several studies investigated the  relationship   between the autonomic nervous sys-
tem (ANS) activation and the experiencing of emotions [ 12 ]. One common result is 
that positive emotions evoke  differential heart rate (HR)   acute responses as com-
pared to negative ones, with the latter being associated with a major acute sympa-
thetic activity (or reduced parasympathetic activity), which results in higher HR 
[ 10 ]. By contrast, positive emotions seem to be associated with an increased acute 
parasympathetic activity (or reduced sympathetic activity), resulting in a reduced 
HR [ 10 ]. Some studies also explored the use of both central and autonomic nervous 
system indexes, revealing an association between the activation of the PFC and that 
of the ANS in response to emotional experiencing [ 10 ,  13 ,  14 ]. 

 The purpose of the present study was to investigate simultaneously the physio-
logical and neural underpinnings of emotion experiencing. Using high-ecological 
validity recall tasks designed to induce positive and negative emotions, we aimed to 
examine the role of  mood induction   in NIRS responses and ANS reactivity. In par-
ticular, we tested the hypotheses that emotion valence (positive vs. negative) may 
differently affect (i) the lateralization of the PFC activity, (ii) the HR, and (iii) the 
association between the PFC and ANS pattern of activation.  
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2     Methods 

 We studied nine healthy university students. All participants were right-handed; they 
were matched for gender (four males); the mean age was 25 (SD = 3.9) years. The 
study was conducted in accordance with APA (American Psychological Association, 
1992) ethical standards for the treatment of human experimental volunteers (see also 
the Declaration of Helsinki, BMJ, 1991; 302, 1194). 

 Participants were seated in a comfortable chair, in a silent room. During psycho-
physiological recording, they were instructed to limit any  movement   of the body 
and to minimize those of the head. 

 A 5-min rest period (baseline) was followed by completion of two personally rel-
evant recall tasks, designed to evoke positive (happiness) or negative (anger) affects. 
Both the  happiness   and  anger   recall tasks involved a 2-min silent and a subsequent 
3-min verbal recall phase, during which NIRS and psychophysiological measures 
were recorded. The order of the two tasks was randomized across participants. 

 Regarding the  Anger   Recall  task  , the participants were asked to talk about an 
incident that made them feel angry, frustrated, or irritated—as described previously—
[for a full description of the procedure see for example  9 ,  10 ]. They were asked to 
recreate the incident from the beginning to the end relaying what was said and done 
and describing associated thoughts and feelings. During the silent phase (2 min), the 
participants were asked to think about this situation, focusing on visualizing different 
aspects of it (e.g., location, people involved). During the verbal phase (3 min), the 
participants were invited to tell the experimenter about the situation. As the experi-
menter listened, he/she prompted the participants for details. 

 Regarding the  Happiness   Recall  task  , the participants were asked to discuss an 
event that made them feel happy, glad, or cheerful [ 10 ]. The procedure was the same 
as for the Anger Recall task. 

 We used a  Bluetooth ®  CW NIRS system   (Pocket NIRS, Hamamatsu Photonics 
K.K., Japan) for measurements of the concentration changes of oxy-Hb, deoxy-Hb, 
and total-Hb in the PFC. It uses light emitting diodes of three different wavelengths 
(735, 810, and 850 nm) as light sources and one photo-diode as a detector, and has 
two channels, one left and one right. The sampling rate was 61.3 Hz. The concentra-
tion changes of hemoglobin are expressed in arbitrary units (a.u.). Statistical analyses 
were performed considering the differences between experimental conditions and the 
baseline due to fact that  CW NIRS devices   provides only relative hemoglobin con-
centration changes. 

 Regarding the  physiological measurements  , we used the Pulse sensor, a wearable 
Bluetooth ®  designed by  STMicroelectronics   and manufactured by MR&D (Italy). It 
monitors continuously different physiological parameters, among which heart’s 
activity. In the present study, only data on HR are reported. The device was attached 
to the person’s chest using an adhesive patch; the ECG of each subject was visually 
inspected in order to correct missing beats and artifacts. 

 For each experimental condition, we analyzed HR in terms of the difference from 
the mean baseline value. As regards the NIRS  signal  , the concentration changes 
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were averaged to a single mean for each condition (baseline, silent 1 and 2, verbal 1 
and 2). The baseline mean was therefore subtracted from the mean computed for 
every experimental condition (e.g., silent recall 1—baseline). 

 The resulting mean Δoxy-Hb, Δdeoxy-Hb, and Δtotal-Hb and mean ΔHR were 
fi nally subjected to multifactorial repeated-measures ANOVAs. As for NIRS, the 
ANOVA factors were Task (happiness vs. anger), Condition (silent vs. verbal 
recall), and hemisphere (right vs. left). As for HR, the ANOVA factors were Task 
and Condition. Multiple Post-Hoc mean comparisons were performed using the 
Fisher test.  

3     Results 

 NIRS showed an increase of Δoxy-Hb and Δtotal-Hb associated with a decrease of 
Δdeoxy-Hb, in the bilateral PFC during  silent and verbal recall   of both positive and 
negative episodes (see Fig.  20.1  for a typical NIRS signal during the experiment).

   The analyses performed on Δdeoxy-Hb and Δtotal-Hb evidenced no statistical 
signifi cant effects. The analyses performed on Δoxy-Hb evidenced a signifi cant 
interaction between Task and Condition (F1,8 = 5.32; p < 0.05). In particular, Δoxy-Hb 
in the bilateral PFC during silent recall of negative episodes was larger than that 
recorded during silent recall of positive episodes (p < 0.01). There was no difference 
in Δoxy-Hb between silent and verbal recall of negative episodes (p > 0.95), while 
Δoxy-Hb during verbal recall of positive episodes was larger than that recorded dur-
ing silent recall of positive episodes (p < 0.05). Figure  20.2  reports all the means of 
Δoxy-Hb.

  Fig. 20.1    Typical  oxy, deoxy and total hemoglobin concentration changes   during the experimen-
tal conditions recorded in one participant       
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   Overall, both verbal and silent recall of positive and negative episodes increased 
HR (Fig.  20.3 ). The effect of the Condition (F1,8 = 9.80; p < 0.05) suggested that ver-
bal recall was associated with a larger increase of HR than silent recall.  HR changes   
recorded during negative episodes (Mean = 9.4; SE = 2.21) were slightly larger than 
those recorded during positive episodes (Mean = 7.04; SE = 2.36); however, there was 
no statistical signifi cance.

  Fig. 20.2     Mean ∆oxy-Hb   among all subjects (n = 9) in the bilateral PFC during the experimental 
conditions. Below each condition are reported the related means, expressed in arbitrary units (a.u.). 
The lines between conditions represent the signifi cant interactions (with the corresponding 
p-value) found in ANOVA       

  Fig. 20.3    Mean ∆HR among all subjects (n = 9). Below each condition are reported the related 
means       
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4        Discussion 

 The NIRS  data   evidenced an increase of the PFC activation in all task conditions 
with respect to the baseline. The hypothesis that emotion valence may differently 
affect the lateralization of the PFC activity [ 4 – 7 ] is not supported by the present 
results, as we observed an increase of oxy-Hb concentration changes over the PFC 
bilaterally. Interestingly, our results evidenced an increase of the PFC activation dur-
ing both conditions (silent and verbal), when the participants were asked to recall 
negative episodes. Conversely, during the recall of positive episodes, signifi cant 
increase of the PFC activation was observed only during the verbal condition (and 
not the silent one). That is, negative emotions increased neuronal activity of the PFC 
both when the participants were silently recalling the events and when they were 
narrating them. These fi ndings suggest that the recall of negative episodes may affect 
neuronal activity of the PFC, which plays a key role in cognitive control of emotions 
[ 2 ], more extensively (i.e. across different experimental conditions) than positive 
episodes. This observation suggests some caution when using  passive tasks   (i.e. pas-
sive viewing of emotional images or video clips) in cognitive neuroscience studies: 
indeed, passive “induction” of positive emotions could not be directly comparable to 
the passive induction of negative emotions [ 10 ,  11 ]. 

 Regarding the autonomic  data  , interestingly the inferior limit of the participants’ 
standard error during silent  happiness   recall is negative (see Fig.  20.3 ). This suggests 
that some participants experienced a HR decrease, due to a reduced sympathetic 
activity or an increased parasympathetic activity.  Anger   recall is instead constantly 
associated with a slight—even if not signifi cant—increase of  cardiac frequency   
when compared to happiness one, according to the hypothesis of a major activation 
of sympathetic system (or reduced parasympathetic activity) during experiencing 
negative emotions [ 10 ]. 

 Examined all together, these data suggest that autonomic responses to emotional 
tasks have a “linear” trend, while  hemodynamic cerebral responses   show a “more 
complex” activation pattern than one may expect according, for example, to the 
valence hypothesis [ 4 ]. This may be due to the high number of factors affecting the 
PFC activation. Concluding, neurophysiological correlates of emotions remain one 
of the most promising neuropsychological research fi elds, in which NIRS could pro-
vide—in the near future—a valuable help in understanding the underpinning factors 
of emotional experiences and (dys)regulation. 

 This study has some limits. First, it is a preliminary study, therefore all the data 
should be re-examined in the light of an increase of the sample size. Secondly, the 
open nature of the task allowed the participants to recall any memories, thus not 
permitting control of the exact type and the intensity of emotion described and expe-
rienced by participants. 

 Finally, the data’s lack of support to the  valence hypothesis   could be partly 
explained by the high ecological validity of the task. When compared to more wide-
spread and standardized paradigms (i.e. passive viewing of pictures or video clips) 
the free recall of personally relevant emotional episodes is similar to a realistic social 
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interaction. As such, it does not allow the researcher to  control   for a large number of 
experimental factors that could vary between individuals. Therefore, the recall task 
could be infl uenced by spurious variables (e.g. social interaction, self- regulation and 
narrative discourse production) known to be connected with prefrontal activity [ 1 , 
 2 ]. Otherwise, these limits are strictly connected to the ecological validity of the 
protocol, which represents its strong point.     
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    Chapter 21   
 Correlation Between the Cerebral 
Oxyhaemoglobin Signal and Physiological 
Signals During Cycling Exercise: 
A Near- Infrared Spectroscopy Study                     

     Atsuhiro     Tsubaki     ,     Haruna     Takai    ,     Keiichi     Oyanagi    ,     Sho     Kojima    , 
    Yuta     Tokunaga    ,     Shota     Miyaguchi    ,     Kazuhiro     Sugawara    ,     Daisuke     Sato    , 
    Hiroyuki     Tamaki    , and     Hideaki     Onishi   

    Abstract     Near-infrared spectroscopy (NIRS) is a widely used noninvasive method 
for measuring human brain activation based on the cerebral haemodynamic response. 
However, systemic changes can infl uence the signal’s parameters. Our study aimed 
to investigate the relationships between NIRS signals and skin blood fl ow (SBF) or 
blood pressure during dynamic movement. Nine healthy volunteers (mean age, 
21.3 ± 0.7 years; 6 women) participated in this study. The oxyhaemoglobin (O 2 Hb) 
signal, SBF, and mean arterial pressure (MAP) were measured while the volunteers 
performed multi-step incremental exercise on a bicycle ergometer, at workloads cor-
responding to 30, 50, and 70 % of peak oxygen consumption (VO 2 peak) for 5 min. 
The Pearson’s correlation coeffi cients for the O 2 Hb signal and SBF at 50 and 70 % 
VO 2 peak were 0.877 (P < 0.01) and −0.707 (P < 0.01), respectively. The correlation 
coeffi cients for O 2 Hb and MAP during warm-up, 30 % VO 2 peak, and 50 % VO 2 peak 
were 0.725 (P < 0.01), 0.472 (P < 0.01), and 0.939 (P < 0.01), respectively. Changes 
in the state of the cardiovascular system infl uenced O 2 Hb signals positively during 
low and moderate-intensity exercise, whereas a negative relationship was observed 
during high-intensity exercise. These results suggest that the relationship between 
the O 2 Hb signal and systemic changes is affected by exercise intensity.  
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  Keywords     Near-infrared spectroscopy   •   Multistep incremental exercise   •   Oxyhae-
moglobin   •   Skin blood fl ow   •   Mean arterial pressure  

1       Introduction 

 Near-infrared spectroscopy (NIRS) is widely used to monitor real-time haemodynamic 
changes related to cortical neural activation during gross motor tasks. Studies have 
investigated cortical oxygenation during the human gait [ 1 ] and cycling exercise [ 2 ,  3 ]. 

 NIRS measures the concentrations of oxyhaemoglobin ( O 2 Hb  ) and deoxyhaemo-
globin ( HHb     ) in tissues, based on their differential absorption at multiple wavelengths, 
using the modifi ed  Beer-Lambert law         [ 4 ]. Thus, experimental tasks that induce physi-
ological signals can block the detection of cortical activation by NIRS, as the near-
infrared beams are transmitted through the scalp and skull and the resultant O 2 Hb 
signals might represent task-related cardiovascular responses occurring during the 
perfusion of the extracranial layers. 

 Our study aimed to determine the relationship between NIRS signals and skin 
blood fl ow ( SBF  ) or blood pressure during such gross motor tasks. To investigate the 
effect of exercise intensity on the relationship between NIRS signals and the cardio-
vascular control system, an incremental multistep cycle ergometer exercise protocol 
was used.  

2     Methods 

 Nine healthy volunteers ([mean ± standard deviation] age, 21.3 ± 0.7 years; height, 
161.6 ± 9.2 cm; weight, 54.5 ± 8.0 kg; 6 women) participated in this study. The sub-
jects did not exhibit symptoms of neurological, medical, or cardiovascular disease 
and were not taking any medications. Each subject provided written consent after 
receiving information regarding the potential risks, study objectives, measurement 
techniques, and benefi ts associated with the study. This study was approved by the 
Ethics Committee of Niigata University of Health and Welfare and conformed to the 
standards set out by the Declaration of Helsinki. 

 To detect the exercise workload individually, the peak oxygen consumption 
(VO 2 peak) was determined using an incremental protocol on a cycle ergometer 
(Aerobike 75XLII; Combi, Japan) before the main experiments. Exhaustion was 
defi ned as described previously [ 3 ]. 

 In the main experiment, subjects performed multi-step incremental exercise on a 
 cycle ergometer  . After a 4-min rest and a 4-min warm-up, exercise began at workloads 
corresponding to 30, 50, and 70 % of the VO 2 peak, with each phase lasting 5 min. A 
4-min cool-down followed the 70 % VO 2 peak workload. During this  experiment, the 
NIRS signals, mean arterial pressure (MAP) and SBF were measured continuously. 

A. Tsubaki et al.



161

 A multichannel NIRS imaging system (OMM-3000; Shimadzu Co., Kyoto, 
Japan) with three wavelengths (780, 805, and 830 nm) was used to detect changes 
in O 2 Hb at a sampling rate of 190 ms. NIRS optodes, consisting of 12 light-source 
fi bres and 12 detectors providing 34-channel simultaneous recording, were set in a 
3 × 8 multichannel probe holder, as described in our previous study [ 5 ]. The NIRS 
array map covered the right central, left central, and parietal areas of the scalp to 
measure cortical tissue oxygenation in motor-related areas. 

 Beat-to-beat MAP was recorded by volume clamping the fi nger pulse with a 
fi nger  photoplethysmograph      (Finometer; Finapres Medical Systems, Amsterdam, 
The Netherlands) on the left middle fi nger. Changes in SBF were measured at the 
forehead using a laser  Doppler blood fl ow meter      (Omegafl ow FLO-CI; Omegawave 
Inc., Osaka, Japan), which collected data from the scalp layer within 1 mm from the 
probe. Analogue data were converted to digital data using an A/D converter 
(PowerLab; AD Instruments, Australia) at a 1000-Hz sampling rate. 

 To detect the effect of systemic changes on NIRS signals, the average of the 
O 2 Hb values from all 34 channels was calculated for each subject as the global aver-
age of O 2 Hb. MAP and SBF were down-sampled by adopting the sampling rate for 
NIRS monitoring. The global averages of the O 2 Hb concentration,  MAP  , and SBF 
were expressed as the change from the average rest phase value and were calculated 
every 10 s. The relationships between O 2 Hb and SBF and between O 2 Hb and MAP 
were assessed during rest, warm-up, 30 % VO 2 peak, 50 % VO 2 peak, 70 % VO 2 peak, 
and cool-down. Pearson’s correlation coeffi cients were calculated, with the signifi -
cance level set at P < 0.05.  

3     Results 

 During the main experiment, the average O 2 Hb began increasing above the baseline 
value following the 30 % VO 2 peak phase. During the 50 % VO 2 peak phase, the aver-
age O 2 Hb increased to 0.029 mM · cm (Fig.  21.1 ) and subsequently increased to its 
peak value of 0.045 mM · cm during the fi rst minute of the 70 % VO 2 peak phase. 
From that point, O 2 Hb decreased to 0.020 mM · cm at the end of the 70 % VO 2 peak 
phase and decreased even further during the fi rst 30 s of the cool-down phase, with 
lower values at this point than those detected during the initial rest phase. Finally, 
O 2 Hb rebounded during the cool-down phase to 0.027 mM · cm.  HHb      increased from 
the middle part of the 50 % VO 2 peak phase to the fi rst 30 s of the cool-down phase, 
with a peak value of 0.042 mM · cm.

   During the warm-up and 30 % VO 2 peak phases,  SBF   remained below the resting 
value (Fig.  21.2 ). Following the increase in exercise intensity, SBF increased to 
2.74 a.u. at the end of the 50 % VO 2 peak phase and to 7.59 a.u. at the end of the 70 % 
VO 2 peak phase. During the 70 % VO 2 peak phase, SBF increased from 3.75 to 7.59 a.u. 
in 5 min. Following the high-intensity exercise, SBF declined gradually during the 
cool-down phase.
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   We observed a slight increase in MAP from the warm-up phase to the end of the 
30 %  VO 2 peak phase   (Fig.  21.3 ). MAP increased gradually to 18.8 mmHg during 
the 50 % VO 2 peak phase and to 30.0 mmHg during the 70 % VO 2 peak phase, and 
then it rapidly returned to resting levels during the cool-down phase.

   The relationship between O 2 Hb and SBF varied according to the exercise phase 
(Figs.  21.4  and  21.5 ). A moderate positive correlation was observed during the 30 % 
VO 2 peak phase, and a strong positive correlation was observed during the 50 % 

  Fig. 21.1    Temporal changes in the average global oxyhaemoglobin (O 2 Hb,  black circle ) and 
deoxyhaemoglobin ( HHb  ,  grey circle ) values. Values are presented as the mean ± standard error of 
the mean (SEM)       

  Fig. 21.2    Temporal changes in the average skin blood fl ow (SBF) value. Values are presented as 
the mean ± standard error of the mean (SEM)       
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VO 2 peak phase. In contrast, a strong negative correlation was observed during the 
70 % VO 2 peak and cool-down phases. A moderate positive correlation was observed 
between O 2 Hb and MAP during the warm-up and 30 % VO 2 peak phases, and a 
strong positive correlation was observed during the 50 % VO 2 peak phase.

  Fig. 21.3    Temporal changes in the average mean arterial pressure (MAP). Values are presented as 
the mean ± standard error of the mean (SEM)       

  Fig. 21.4    Scatter plots for the skin blood fl ow (SBF) and O 2 Hb during the rest ( a ), warm-up ( b ), 
30 % VO 2 peak ( c ), 50 % VO 2 peak ( d ), 70 % VO 2 peak ( e ) and cool-down ( f ) phases       
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4         Discussion 

 In the present study, the relationships between O 2 Hb and MAP and between O 2 Hb 
and SBF varied by exercise intensity. O 2 Hb was moderately positively correlated 
with both SBF and MAP during the 30 % VO 2 peak phase and strongly correlated 
during the 50 % VO 2 peak phase. A strong negative correlation between O 2 Hb and 
SBF was observed during the 70 % VO 2 peak and cool-down phases. 

 NIRS can be used to measure changes in  cerebral haemodynamics and metabo-
lism  , thus allowing for the use of multichannel NIRS recording for functional opti-
cal imaging of human brain activity [ 6 ]. Many studies have reported that changes in 
O 2 Hb refl ect changes in cortical neural activation [ 1 ,  7 ,  8 ], although none have dis-
cussed the relationship between O 2 Hb changes and systemic circulatory changes 
during gross motor tasks. Our results indicate that brain activation can be monitored 
during motor tasks, such as cycling on an ergometer. 

 SBF, MAP, and O 2 Hb all increased between 30 % VO 2 peak and 50 % VO 2 peak 
and were strongly correlated during the 50 % VO 2 peak phase. These results suggest 
that cortical neural activation, blood pressure changes, and SBF changes affected 
the changes in O 2 Hb during low and moderate-intensity exercise. Some studies have 
reported that an increase in cerebral oxygenation occurs with increased exercise 
intensity [ 2 ,  3 ], which is consistent with our results. The reason for the strong posi-
tive relationship between SBF and O 2 Hb is because  SBF   affects the O 2 Hb concen-
tration, and these parameters have been found to be closely correlated (R 2  = 0.94) in 

  Fig. 21.5    Scatter plots for the mean arterial pressure (MAP) and O 2 Hb during the rest ( a ), warm-
 up ( b ), 30 % VO 2 peak ( c ), 50 % VO 2 peak ( d ), 70 % VO 2 peak ( e ) and cool-down ( f ) phases       
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the frontal cortex [ 9 ]. Another study has shown that O 2 Hb and forehead SBF were 
signifi cantly increased during exercise, and the correlation between O 2 Hb and fore-
head SBF was strong (R = 0.71–0.99) [ 10 ]. The strong positive relationship between 
MAP and O 2 Hb is likely due to the effect of blood pressure on O 2 Hb. Minati et al. 
[ 11 ] reported correlation coeffi cients of 0.93–0.95 between O 2 Hb and MAP during 
visual stimulation combined with motor activity. 

 During the 70 % VO 2 peak phase, SBF increased from 3.75 to 7.59 a.u. over 
5 min, while O 2 Hb decreased from 0.045 to 0.020 mM · cm, resulting in a strong 
negative correlation. Following exhaustive exercise, decreases in O 2 Hb have also 
been observed in the prefrontal cortex [ 3 ,  12 ] and in the prefrontal and motor corti-
ces [ 13 ]. Cortical oxygenation, measured using NIRS in healthy subjects, has shown 
a quadratic response to incremental exercise, increasing during moderate and high 
intensities, then falling at very high intensities [ 14 ]. In contrast, SBF increases dur-
ing exhaustive exercise, and these contrasting phenomena create a strong negative 
correlation during the 70 % VO 2 peak phase, suggesting that O 2 Hb accurately refl ects 
cortical haemodynamic changes during  cycle ergometer   exercise. 

 This study has some limitations. First, the measurement locations differed for 
SBF and O 2 Hb. SBF was recorded at the forehead to prevent interference from the 
near-infrared and laser light emitted from the laser Doppler fl ow meter. Second, we 
could not clarify the relationship between O 2 Hb and exercise duration; our results 
only examined changes in O 2 Hb during 15 min of continuous exercise. Thus, future 
studies are needed to clarify the relationship between O 2 Hb and exercise time. 

 In conclusion, we found that the relationships between  O 2 Hb and SBF   and 
between  O 2 Hb   and  MAP   varied according to exercise intensity during cycling. The 
relationships during the 70 % VO 2 peak and cool-down phases suggest that O 2 Hb 
signals refl ect cortical haemodynamic changes other than SBF or  MAP  . The relation-
ship between O 2 Hb and systemic factors during motor tasks must be confi rmed in 
order to detect cortical activation during gross motor tasks, and the fi ndings of the 
present study serve as the basis for further investigation.     
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    Chapter 22   
 Effect of Locomotor Respiratory Coupling 
Induced by Cortical Oxygenated Hemoglobin 
Levels During Cycle Ergometer Exercise 
of Light Intensity                     

     Keiichi     Oyanagi     ,     Atsuhiro     Tsubaki     ,     Yuichi     Yasufuku     ,     Haruna     Takai     , 
    Takeshi     Kera     ,     Akira     Tamaki     ,     Kentaro     Iwata     , and     Hideaki     Onishi    

    Abstract     This study aimed to clarify the effects of locomotor-respiratory coupling 
(LRC) induced by light load cycle ergometer exercise on oxygenated hemoglobin 
(O 2 Hb) in the dorsolateral prefrontal cortex (DLPFC), supplementary motor area 
(SMA), and sensorimotor cortex (SMC). The participants were 15 young healthy 
adults (9 men and 6 women, mean age: 23.1 ± 1.8 (SEM) years). We conducted a 
task in both LRC-inducing and LRC-non-inducing conditions for all participants. 
O 2 Hb was measured using near-infrared spectroscopy. The LRC frequency ratio 
during induction was 2:1; pedaling rate, 50 rpm; and intensity of load, 30 % peak 
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volume of oxygen uptake. The test protocol included a 3-min rest prior to exercise, 
steady loading motion for 10 min, and 10-min rest post exercise (a total of 23 min). 
In the measurement of O 2 Hb, we focused on the DLPFC, SMA, and SMC. The LRC 
frequency was signifi cantly higher in the LRC-inducing condition (p < 0.05). O 2 Hb 
during exercise was signifi cantly lower in the DLPFC and SMA, under the LRC- 
inducing condition (p < 0.05). The study revealed that even light load could induce 
LRC and that O 2 Hb in the DLPFC and SMA decreases during exercise via LRC 
induction.  

  Keywords     O 2 Hb   •   LRC   •   30 % VO 2 peak   •   DLPFC   •   SMA  

1       Introduction 

 Locomotor-respiratory coupling (LRC) is a phenomenon in which locomotor and 
respiratory rhythms coordinate rhythmically during rhythmical exercise [ 1 ]. Relief 
of respiratory distress and breathing effort, and prolonged exercise time have been 
reported as physiological benefi ts of LRC [ 2 ,  3 ]. 

 Various reports on the generation mechanism of LRC have been published, sug-
gesting that LRC occurs via the interplay between the promotion of expiration caused 
by the contraction of  trunk muscles   at pedaling and the nerve center of respiratory 
rhythm through the input of proprioceptive sensations from the extremities caused by 
motion [ 4 ]. In addition, the fact that motion results from brain activity suggests that 
some brain activities occur during LRC. However, the exact brain activity during 
LRC remains unclear. 

 Therefore, this study aimed to clarify the effects of LRC induced by light load 
during bicycle ergometer exercise on oxygenated hemoglobin ( O 2 Hb     ) in the dorso-
lateral prefrontal cortex (DLPFC), supplementary motor area (SMA), and senso-
rimotor cortex (SMC).  

2     Methods 

 The participants were 15 young healthy adults (9 men and 6 women, mean age: 
23.1 ± 1.8 (SEM) years). We used cycle ergometer for the exercise task. Before test-
ing, the peak volume of oxygen uptake (VO 2 peak) of each participant was measured 
in a submaximal exercise-load test in order to determine the light load (30 % VO 2 peak). 
The exercise was performed under the  induction and non-induction conditions   for 
LRC. The LRC was induced by providing visual and auditory stimulations using an 
LRC induction system. For the induction stimulation, the directions for inhalation or 
exhalation were provided by pedaling on the right side. The LRC frequency ratio was 
one breathing cycle per two pedaling cycles. The pedaling rate was fi xed at 50 rpm. 
The test protocol included a 3-min rest prior to exercise, steady loading motion for 
10 min, and a 10-min rest post exercise. In the measurement of brain activity, O 2 Hb 
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was measured during the task and at rest, using  near-infrared spectroscopy  . In this 
study, we focused on the  DLPFC        ,  SMA  , and SMC [ 5 ]. The distance between each 
optode was 30 mm, and the measurement was conducted at all 31 channels using 10 
light-emitting and 10 light-receiving  optodes   (Fig.  22.1 ). This study was conducted 
with approval of the ethics committee of Niigata University of Health and Welfare.

3        Analysis 

 The occurrence of LRC was judged based on the phase difference between the 
cycles of pedaling and exhalation initiation timing. We decided the occurrence of 
LRC when the phase difference between the consecutive cycles was within ±0.1 s, 
four times or more consecutively. The LRC frequency was calculated using the fol-
lowing formula [ 6 ]: 

 The frequency of LRC = (the number of synchronous respiratory cycles)/(the 
total number of respiratory cycles) 

 The variations of O 2 Hb from the reference value, which was the mean O 2 Hb 
value during the 3-min rest prior to exercise, were calculated for each minute to 
obtain the peak value during the steady loading motion. The frequencies of LRC and 
peak values of O 2 Hb variations during the steady loading motion were compared 
between the exercise conditions using an applicable   t- test  . The level of signifi cance 
was set at p < 0.05.  

  Fig. 22.1    Schematic diagram of the location of the  optodes  . The channels covering the DLPFC 
are shaded  red ; those covering the SMA,  green ; and those covering the SMC,  light blue        
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4     Results 

 The frequency of LRC was signifi cantly higher in the LRC-inducing condition 
(53.7 % ± 11.6 %) than in the LRC-non-inducing condition (21.8 % ± 17.6 %; 
p < 0.001). The time course of the O 2 Hb levels in each condition is shown in 
Fig.  22.2 . In the DLPFC, the peak values of the  O 2 Hb   variations during the steady 
loading motion in the LRC-non-inducing and LRC-inducing conditions were 
0.038 ± 0.008 and 0.015 ± 0.006 mM · cm, respectively. In the SMA, these values 
were 0.0368 ± 0.005 and 0.019 ± 0.001 mM · cm, respectively, showing signifi cantly 
lower values in the LRC-inducing condition (p < 0.05). In the SMC, these values 
were 0.043 ± 0.007 and 0.040 ± 0.007 mM · cm, respectively, showing no signifi cant 
difference.

  Fig. 22.2    Temporal changes in the oxygenated hemoglobin (O 2 Hb) levels in the dorsolateral pre-
frontal cortex (DLPFC), supplementary motor area (SMA), and sensory motor area (SMC). The 
 dotted lines  represent the exercise start (Ex start) and exercise end (Ex end), respectively. *p < 0.05       
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5        Discussion 

 This study revealed that even light load can induce LRC and that the O 2 Hb levels in 
the  DLPFC   and  SMA   were signifi cantly decreased by LRC  induction  . LRC is known 
to occur because of various factors, including the interplay between the mechanical 
and nervous systems. In particular, LRC during bicycle ergometer exercise was 
reported to be caused by the interplay between the input of proprioceptive sensations 
from the peripheral locomotor nerves and the nerve center of the respiratory rhythm 
[ 7 ]. In addition to the previous fi ndings, our study suggests that clarifying the change 
in brain activity depending on the occurrence of LRC induction is useful for devel-
oping an exercise therapy that takes into consideration brain activity. 

 In this study, the frequency of LRC was 53.7 % ± 11.6 % in the LRC-inducing 
condition and 21.8 % ± 17.6 % in the LRC-non-inducing condition, showing a sig-
nifi cantly higher frequency in the LRC-inducing condition. LRC is highly inducible 
by visual and acoustic stimulations [ 8 ]. Therefore, we induced LRC using an LRC 
induction system, in which visual and auditory stimulations for inhalation and exha-
lation were provided, synchronizing with the participant’s pedaling. The spontane-
ous occurrence rate of LRC with light load was reported to be approximately 20 % 
[ 9 ], and we observed a similar tendency. 

 The O 2 Hb peak values in the  DLPFC   and SMC during the steady loading motion 
were signifi cantly lower in the  LRC-inducing condition  . Decreased O 2 Hb levels were 
reported in the DLPFC during the task of synchronizing motion with a rhythmical 
stimulation [ 10 ]. Brain activity in the SMA decreases during steady rhythmical 
motion [ 11 ]. The pedaling rate of 50 rpm was more easily maintained by induction 
stimulation under the LRC-inducing condition than that under the LRC- non- inducing 
condition [ 8 ]. Owing to the lack of rhythmical stimulation, the LRC- non- inducing 
condition may require greater voluntary motion control than the LRC-inducing con-
dition. Taken together, the signifi cantly lower O 2 Hb levels in the  DLPFC      and  SMA   in 
the LRC-inducing condition may be due to the synchronization with a steady rhyth-
mical stimulation. By contrast, in the  SMC  , no signifi cant changes were observed in the 
O 2 Hb levels in the LRC-inducing or LRC-non- inducing  condition      in this study. This 
may be because the cerebral blood fl ow in the SMC presumably refl ects the motion 
output and the load intensity was the same (30 % VO 2 peak) in both conditions. 

 The limitation of this study is that only light load was used. Further analysis of 
the effects of LRC induction on the cerebral blood at mild and heavy loads will 
allow the expansion of the LRC application as a means of exercise therapy.  

6     Conclusion 

 This study clarifi ed the effects of intentional LRC induction on O 2 Hb levels during 
bicycle ergometer exercise at light load. The LRC frequency was signifi cantly 
higher in the LRC-inducing condition. The peak values of O 2 Hb variations during 
the steady loading exercise were signifi cantly lower in the DLPFC and  SMA   in the 
 LRC-inducing condition  .   
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    Chapter 23   
 Hypoxia and Neonatal Haemorrhagic Stroke: 
Experimental Study of Mechanisms                     
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    Abstract     We studied the level of blood oxygen saturation (SpO 2 ) in the brain in 
newborn rats in the pre- and post-stroke periods, as well as the changes in cerebral 
blood fl ow and beta-arrestin-1 as a marker of hypoxic stress. Our results show that 
mild hypoxia precedes the stroke development and is associated with venous relax-
ation and decrease blood outfl ow from the brain resulting in the elevation of synthe-
sis of beta-arrestin-1 in the brain. The incidence of stroke is characterized by severe 
hypoxia, which is accompanied by the progression of pathological changes in cere-
bral veins and the high level of beta-arrestin-1.  
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  Keywords     Hypoxia   •   Neonatal haemorrhagic stroke   •   Cerebral blood fl ow   • 
  Beta-arrestin-1  

1       Introduction 

 Hemorrhagic stroke in human neonates, defi ned as a  cerebrovascular   event occur-
ring during 28 days after birth, is among the top ten causes of death (mortality rate 
is up to 25 %) and cognitive disability (about 45–85 %) in newborns [ 1 ]. Pathogenesis 
of neonatal hemorrhagic stroke (NHS) is multifactorial but there is strong evidence 
that cerebral hypoxia is one of the most frequent causes of mortality and morbidity 
in babies with NHS [ 2 ]. Indeed, most cases of NHS occur in the context of hypoxia. 
For example, in a prospective cohort study of 250 neonates, 35 % of neonatal stroke 
was associated with severe hypoxia [ 3 ]. Despite being relatively small for the body’s 
mass, the brain receives 15 % of total cardiac output and 20 % of the body’s oxygen 
supply. As such, the brain is extraordinary vulnerable to changes to oxygen content. 
So, hypoxia in the perinatal period is an important cause of cerebral palsy and asso-
ciated disabilities in children [ 4 ]. 

  Hypoxia   is one of main reasons for pathological changes in the cerebral blood 
fl ow ( CBF  ) and production of  beta-arrestin-1  , which is marker of vascular stress- 
reactivity [ 5 – 7 ]. However, the correlation between time-dependent changes in cere-
bral oxygenation and the CBF during the stroke development is still unknown. 

 Although investigators have implicated hypoxia as a potential risk factor for NHS, 
the role of hypoxia in NHS remains controversial because brain bleeding itself may 
cause respiratory distress. Therefore, it is diffi cult to ascertain if cerebral hypoxia is 
a key factor in NHS, or if it is a consequence of intracerebral hemorrhage [ 8 ]. 

 Since the reduction of level of SpO 2  in the brain can be a reason for NHS [ 1 – 3 , 
 8 ], we assume that the values of  SpO 2    might be a marker of pre-stroke period. 

 For better understanding of the role of hypoxia in NHS and changes in vascular 
stress-reactivity, we studied the level of blood oxygen saturation ( SpO 2      ) in the brain 
in newborn rats with a model of stress-induced hemorrhagic stroke in the pre- and 
post-stroke periods, as well as the changes in CBF and beta-arrestin-1.  

2     Methods 

 Experiments were carried out in newborn mongrel rats, 3 days old using three groups: 
(1) stressed rats in the pre-stroke groups: i.e. at 0 h (immediately), 1, 2, 3, 4, 5, 6, 7 
and 8 h after stress-termination (n = 10 in each groups); (2) stressed rats 24 h after 
stress termination (post-stroke group, rats with intracranial hemorrhage, n = 10); (3) 
intact, unstressed newborn rats (control group, n = 10). 

 Note, that the rat is a good animal subject for the study of development of cere-
brovascular catastrophes during the fi rst days of life due to similar dynamics of the 
brain maturation with human [ 9 ]. 
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 To induce hemorrhagic stroke, the following protocol of sound stress’s impact was 
used (120 dB, 17 Hz): 10 s of sound followed by a 60-s pause; this cycle was repeated 
throughout a 2 h period [ 10 ,  11 ]. 

 To analyze the CBF we used a commercial swept-source  Doppler optical com-
puted tomography (DOCT)      system OCS1300SS (Thorlabs Inc., USA). 

 The level of blood oxygen saturation (SpO 2 ) in the brain was monitored using a 
cerebrovascular catastrophes during the fi rst days of life due to similar dynamics of 
the brain matpulse oximeter (model CMS60D; Contec Medical Systems Co., Ltd., 
Qinhuangdao, China). 

 Beta-arrestin level was measured in the brain and blood serum in newborn rats 
by  enzyme immunoassay   (Beta-arrestin-1 (ARRB1) ELISA) according to a stan-
dard protocol [  http://www.uscnk.com/manual/ELISA-Kit-for-Arrestin-Beta-1-ARRb1-
SEB993Mu.pdf    ]. 

 The results are reported as mean ± standard error of the mean (SEM). Differences 
from the initial level in the same group were evaluated by the Wilcoxon test. Intergroup 
differences were evaluated using the Mann-Whitney test and ANOVA-2 (post-hoc 
analysis with Duncan’s rank test). The signifi cance level was set at p < 0.05 for all 
analyses.  

3     Results and Discussion 

3.1     Changes in  Blood Oxygen Saturation   of the Brain Tissues 
in the Pre- and Post-stroke Period 

 Figure  23.1  shows that the pre-stroke period was characterized by a gradual reduction 
of the SpO 2  level. Indeed, the decrease in  SpO 2    was observed immediately (0 h, by 
13 %, p < 0.05) after stress termination with maximal reduction of oxygen delivery at 
7 and 8 h of the pre-stroke time (by 26 %, p < 0.05 and 24 %, p < 0.05, respectively). 
In the post-stroke period, the SpO 2  level was decreased by 23 % (p < 0.05), i.e. it 
remained low.

   Thus, our results demonstrate that the stroke-related changes in the brain are 
characterized by development of a time-dependent reduction of oxygen supply from 
moderate to severe cerebral hypoxia. The results of this series of experiments clearly 
show that cerebral hypoxia precedes NHS. Our conclusion is consistent with other 
experimental and clinical data. Thoresen et al. in experiments on newborn pigs 
showed that severe hypoxia itself can induce spontaneous brain hemorrhage in new-
born pigs [ 12 ]. Alderliesten et al. in clinical observations show a lower cerebral 
fraction tissue oxygen extraction in newborns before severe stroke [ 13 ]. Taking into 
account these facts we suppose that hypoxia in the pre-stroke period might be a 
causative factor provoking critical changes in the brain, associated with cerebral 
hemorrhage in newborn rats.  
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  Fig. 23.1    Time-dependent changes in blood oxygen saturation in the neonatal brain in the pre- 
and post-stroke periods       

3.2     Changes in Cerebral Venous Blood  Flow   
in the  Pre- and Post-stroke Period   

 Figure  23.2  shows the time-dependent changes in the diameter of the sagittal sinus 
and the blood fl ow velocity in the pre- and post-stroke episodes. During the pre-
stroke period, we observed a gradual increase in the size of the sagittal sinus and a 
decrease in blood fl ow velocity. The maximal changes of these hemodynamic 
parameters were observed in the post-stroke stage. Thus, the diameter of the sagittal 
sinus was increased maximally 3.7 times in the post-stroke period, compared with 
 control   group (1.11 ± 0.02 vs. 0.30 ± 0.03 mm, p < 0.05). The blood fl ow velocity in 
the dilated sagittal sinus was decreased maximally by 65 % (p < 0.05) in the post-
stroke group versus normal animals (2.09 ± 0.03 vs. 6.00 ± 0.09 mm/s, p < 0.05)   .

3.3        Changes in the Level of  Beta-Arrestin-1   in the Bran 
in the  Pre- and Post-stroke Period   

 In a third series of experiments, we analyzed the time-dependent changes in the pro-
duction of beta-arrestin-1 in the brain, as an important factor of vascular reactivity to 
hypoxic stress [ 7 ]. Figure  23.3  shows that the pre-stroke period was accompanied by 
increase in the level of beta-arrestin-1 in the brain tissues. The similar intensity of 
beta-arrestin production we observed in newborn rats with brain hemorrhages.
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  Fig. 23.2    Time-dependent changes in the sagittal sinus (diameter, mm and blood fl ow velocity, 
mm/s) in the pre- and post-stroke periods       

  Fig. 23.3    Time-dependent changes in beta-arrestin-1 in brain tissues in the pre- and post-stroke       

   Collectively, our results suggest that stroke-related changes in the brain of new-
born rats are associated with increase in diameter of the sagittal sinus with reduction 
of blood fl ow velocity in this vessel and level of  SpO 2    in the brain tissues. The relax-
ing effect of hypoxia on the brain vasculature is described also in other studies [ 6 ]. 
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A normal physiological response to reduction of oxygen delivery is relaxation of 
cerebral vessels that activates metabolism in the brain tissues via the increasing of 
CBF. The particularities of cerebral veins are no muscles and valves in their thin 
walls, therefore, they have low resistance to critical stretching occurring during 
blood accumulation in them. The immature brain vessels of newborns have limita-
tion in vasorelaxation capabilities (increase of vessel size). The hypoxia-induced 
vasorelaxation of cerebral veins causes increasing of  cerebral venous pressure   [ 14 ]. 
This high pressure can induce easily the rupture of thin walls of immature cerebral 
veins of newborns [ 15 ]. 

 Hypoxia causes the vascular stress due to critical relaxation of cerebral vessels 
via modulating of synthesis of beta-arrestin [ 7 ]. The beta-arrestin is marker of stress-
reactivity of vessels and vascular homeostasis [ 16 ]. We found the increased synthe-
sis of this vascular stress factor in the brain and blood of newborn rats in all stages 
of stroke development. Thus, the activation of higher expression of beta- arrestin 
refl ects the increase in stress-response in the brain and peripheral circulatory system 
associated with the stroke-related changes in the cerebral tissues and vessels.   

4     Conclusions 

 In general, our results suggest that the pre-stroke period is associated with progres-
sive reduction of cerebral oxygenation that is accompanied by relaxation of cerebral 
veins with an increase in synthesis of the marker of hypoxic stress (beta-arrestin-1). 
The post-stroke period is characterized by severe hypoxia, which is associated with 
more pronounced changes in the venous system as well as with high production of 
beta-arrestin-1.   
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Chapter 24
Interrelationship Between Broadband NIRS 
Measurements of Cerebral Cytochrome C 
Oxidase and Systemic Changes Indicates 
Injury Severity in Neonatal Encephalopathy
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and Ilias Tachtsidis

Abstract Perinatal hypoxic ischaemic encephalopathy (HIE) is associated with severe 
neurodevelopmental problems and mortality. There is a clinical need for techniques to 
provide cotside assessment of the injury extent. This study aims to use non-invasive 
cerebral broadband near-infrared spectroscopy (NIRS) in combination with systemic 
physiology to assess the severity of HIE injury. Broadband NIRS is used to measure 
the changes in haemodynamics, oxygenation and the oxidation state of cytochrome 
c oxidase (oxCCO). We used canonical correlation analysis (CCA), a multivariate 
statistical technique, to measure the relationship between cerebral broadband NIRS 
measurements and systemic physiology. A strong relationship between the metabolic 
marker, oxCCO, and systemic changes indicated severe brain injury; if more than 60 % 
of the oxCCO signal could be explained by the systemic variations, then the neuro-
developmental outcome was poor. This boundary has high sensitivity and specificity 
(100 and 83 %, respectively). Broadband NIRS measured concentration changes of the 
oxidation state of cytochrome c oxidase has the potential to become a useful cotside 
tool for assessment of injury severity following hypoxic ischaemic brain injury.
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1  Introduction

Hypoxic ischaemic encephalopathy (HIE) resulting from hypoxic ischemic (HI) 
brain injury affects 1–2 live births per 1000 and is associated with severe neurode-
velopmental problems and mortality [1]. Diminished supply of oxygen (hypoxia) 
and blood (ischaemia) to the newborn brain in the perinatal period causes neuronal 
injury. HIE is an evolving process; after the initial period of energy failure during 
the injury, the cerebral metabolism recovers to normal for the first few hours of life 
but then can deteriorate, leading to a secondary energy failure (SEF) [2]. Strategies 
to treat HIE focus on preventing the cascade of events leading to SEF and, currently, 
therapeutic hypothermia (TH) has been the only successful treatment that is in rou-
tine clinical use [3]. The current gold standard assessment of the injury is the mag-
netic resonance spectroscopy (MRS) measured lactate to N acetyl aspartate ratio 
(Lac/NAA) which is the most sensitive predictor of outcome in the first 30 days of 
life [4]. However the magnetic resonance (MR) scan is generally performed at the 
end of the first week of life and a real-time, cotside measurement of cerebral metab-
olism that can assess the progression of cerebral injury would be helpful in the 
immediate stages following HI brain injury.

Our group has previously presented a broadband NIRS device called CYRIL 
(CYtochrome Research Instrument and appLication) to monitor cerebral hemody-
namics and metabolism in the newborn brain [5]. CYRIL measures the changes 
in concentration of oxygenated- and deoxygenated-haemoglobin (Δ[HbO2] and 
Δ[HHb], respectively) and the oxidation state of cytochrome c oxidase (Δ[oxCCO]). 
Cytochrome c oxidase (CCO) is the terminal electron acceptor in the electron trans-
port chain in mitochondria. It is responsible for more than 95 % of oxygen metabo-
lism in the body as it is essential for the efficient generation of ATP [2]. The enzyme 
contains four redox centers, one of which—copper A (CuA)—has a broad absorption 
peak in the near-infrared (NIR) spectrum which changes depending on its redox state. 
As the total concentration of CCO is assumed constant, the changes in the NIRS-
measured oxCCO concentration are indicative of the CCO redox state and, therefore, 
provide a representation of oxygen utilization in the tissue. Detection of CCO using 
NIRS is more difficult than other chromophores as its in-vivo concentration is less 
than 10 % of that of haemoglobin and has a broad spectral signature. We use broad-
band (multi-wavelength) NIRS and the UCLn algorithm to accurately resolve spec-
tral changes due to oxCCO without cross-talk from haemoglobin chromophores [6].

We hypothesize that the dynamic changes in the cerebral metabolism, as moni-
tored by broadband NIRS measured Δ[oxCCO], in response to systemic changes 
will indicate brain injury severity. To test this, we use canonical correlation analysis 
(CCA), a multivariate statistical technique that measures the relationship between 
two groups of variables [7]. CCA can be seen as an extension to normal correlation 
analysis where the relation between two multidimensional datasets (or group of sig-
nals) is analysed instead of two individual signals. In this way CCA can estimate the 
strength of the relationship between systemic changes and cerebral metabolism.
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2  Methods

Ethical approval for the Baby Brain Study at University College London Hospitals 
Trust (UCLH), London was obtained from the North West Research Ethics Centre 
(REC reference: 13/LO/0106). Term infants born at or transferred to UCLH for 
treatment of acute brain injury were eligible for investigation; only babies without 
congenital malformations were considered. Each subject was monitored continu-
ously with EEG and treated with TH which was initiated within 6 h of birth; body 
temperature was lowered to 33.5 °C for 72 h.

Broadband NIRS measurements were collected continuously over a period of 3 h 
on the third day of life during TH. We used a custom-built two-channel broadband 
NIRS system called CYRIL that has been described previously [5]. All measure-
ments were taken bilaterally on the forehead over the frontal lobe at a sampling 
frequency of 1 Hz. The changes in chromophore concentrations (oxCCO, HbO2 and 
HHb) were calculated from the measured changes in broadband near-infrared light 
attenuation using the modified Beer-Lambert law as applied with the UCLn algo-
rithm across 136 wavelengths (770–906 nm) with a fixed differential pathlength fac-
tor of 4.99 and 2.5 cm optode separation.

Systemic data from the Intellivue Monitors (Philips Healthcare, UK) were col-
lected using an application called ixTrend (ixellence GmbH, Germany). Signals 
recorded include oxygen saturation (SpO2) measured by pulse oximetry on the foot 
or hand, heart rate (HR) by electrocardiograph (ECG), respiratory rate (RR), mean 
arterial blood pressure (MABP) from an intra-arterial catheter, and transcutaneous 
carbon dioxide (PaCO2) and oxygen (PaO2) tension.

The babies spent 1 h in the MR scanner after rewarming, this occurred on aver-
age on day 7 of life (range: day 5–15). MR scans included a measurement of tha-
lamic Lac/NAA with proton (1H) MRS; Lac/NAA score ≥ 0.3 has been shown to be 
associated with worse neurodevelopmental outcome.

Data analysis was carried out in MATLAB (Mathworks, USA) and Excel 
(Microsoft, USA). Systemic data were down-sampled and interpolated to the NIRS 
data timeframe (1 Hz). Both NIRS and systemic data were processed with an auto-
matic wavelet de-noising function which reduces the high frequency noise but main-
tains the trend information. Artefacts in the NIRS signals from movement or changes 
in ambient lighting were removed using the method suggested by Scholkmann et al. 
[8] which is based on moving standard deviation and spline interpolation. This 
method also corrects shifts in the baseline due to artefact.

For the CCA analysis, the signals were grouped into ‘cerebral’ (HbO2, HHb and 
oxCCO) and ‘systemic’ sets (MABP, SpO2, HR, RR, PaCO2 and PaO2). The first 
step of CCA is to form linear combinations of the variables in each data set. Then 
the correlation between each group of variables is used to assess the dependency of 
the cerebral signals on the systemic signals. This gives a score that ranges from 0 to 
1, where 0 indicates no dependency and 1 indicates total dependency. CCA results 
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were compared with the severity of the injury which was assessed by MRS mea-
sured Lac/NAA on days 5–15 of life; the subjects were grouped into severe brain 
injury (Lac/NAA ≥ 0.3) and mild brain injury (Lac/NAA < 0.3). The median of the 
CCA scores for the dependency of each chromophore on the systemic changes, also 
known as cross-loading coefficients, were found for each injury group as the data 
were not normally distributed. A Kruskal–Wallis test was used to assess the signifi-
cance of the difference between the groups; the level of statistical significance was 
set at p < 0.05. The sensitivity and specificity of the CCA scores for injury classifica-
tion are evaluated.

3  Results

Data were recorded from 11 subjects (6 female) with HIE: severe injury n = 6, mild 
injury n = 5. One of the severely injured neonates died a few months after birth. All 
infants were born at term gestation (mean 39 ± 1 weeks), and were of normal birth 
weight (mean 3.1 ± 0.6 kg). The CCA analysis showed that each of the cerebral sig-
nals could (in part) be explained by the systemic physiological variations; the HbO2 
signal had a mean CCA score of 0.55 ± 0.20 which means that 55 % of the HbO2 sig-
nal could be explained by systemic variations, the HHb and oxCCO mean CCA 
scores were 0.59 ± 0.23 and 0.58 ± 0.18, respectively. The CCA scores for each cere-
bral variable were grouped into mild and severe injury categories and are shown in 
Fig. 24.1. There is no significant difference between the mild and severely injured 
groups in the dependency of either HbO2 or HHb on the systemic signals (p = 0.36 and 
0.72, respectively). However, the infants with severe injury showed a significantly 

Fig. 24.1 CCA scores for mild (n = 5) and severe (n = 6) groups for each chromophore. Median 
score for each group is displayed as a line. The Kruskal–Wallis test found a significant difference 
between the groups for oxCCO only: HbO2 p = 0.36, HHb p = 0.72 and oxCCO p = 0.04

G. Bale et al.



185

(p = 0.04) higher oxCCO dependency (median: 0.74) than those with mild injury 
(median: 0.49). The infants with severe injury were identified by an oxCCO CCA 
score ≥ 0.6 (sensitivity 100 %, specificity 83 %).

4  Discussion

CCA showed that broadband NIRS measured cerebral signals could be explained, in 
part, by changes in the systemic physiology which is expected because the systemic 
physiology should influence the cerebral haemodynamics and metabolism. Although 
the relationship between changes in the haemoglobin signals (HbO2 and HHb) and 
systemic signals varied between the infants, their relationship was not indicative of 
injury as measured by Lac/NAA. The relationship between Δ[oxCCO] and systemic 
physiology was able to predict injury; a high oxCCO dependency on the systemic 
signals indicated a negative outcome. This means that although the cerebral vascular 
response to systemic events was not significantly different between the mild and 
severe injuries, the cerebral metabolic response was. This could be explained by 
lower cellular energetics in the more injured brain which would mean that CCO has 
less capacity to buffer changes in oxygenation from systemic variations. It is possible 
that the differences in the metabolic responses are due to changes in the brain leading 
to, or after, SEF in the severely injured brain.

We have previously found a strong linear correlation between changes in oxCCO 
and NIRS measured cerebral oxygenation during systemic desaturation events in 
infants with severe HIE [5]. This relationship supports the findings in this study; in 
the more injured brain CCO is more readily affected by changes in oxygen delivery 
and therefore would be more disturbed by systemic variations.

There are many limitations to this study to discuss. Firstly, this is a small sample 
size. Secondly, the Lac/NAA is measured in the thalamus whereas the NIRS mea-
surements are over the frontal lobe, and the Lac/NAA is only a surrogate for patient 
outcome; a neurodevelopmental outcome will be a more robust indicator. Finally, the 
CCA technique assumes a linear and stationary relationship between all of the vari-
ables which may not be true in this complex system; in this study CCA examines the 
relationship over a long window of time (3 h) during which the relationship between 
the variables might change; in future, we could use temporal CCA to investigate the 
relationship between cerebral and systemic variables over time.

5  Conclusions

We identified severe HIE from mild HIE with an early cotside biomarker of metabo-
lism. A strong relationship between oxCCO and systemic physiology, assessed with 
CCA, on day 3 of life indicated severe injury. The broadband NIRS measured 
oxCCO is more sensitive to brain injury than HbO2 or HHb.
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    Chapter 25   
 PFC Activity Pattern During Verbal WM Task 
in Healthy Male and Female Subjects: A NIRS 
Study                     

     Chenyang     Gao    ,     Lei     Zhang    ,     Dewu     Luo    ,     Dan     Liu    , and     Hui     Gong    

    Abstract     Near-infrared spectroscopy (NIRS), as a non-invasive optical imaging 
method, has been widely used in psychology research. Working memory (WM) is 
an extensively researched psychological concept related to the temporary storage 
and processing of information. Many neuropsychological studies demonstrate that 
several brain areas of prefrontal cortex (PFC) are engaged during verbal WM tasks. 
The gender-based differences in WM remains under dispute. To better understand 
the active module and gender differences in PFC activity patterns during verbal 
WM tasks, we investigated the blood oxygenation changes of the PFC in 15 healthy 
subjects using a homemade multichannel continuous-wave NIRS instrument, while 
performing a verbal n-back task. We employed traditional activation and novel con-
nectivity analyses simultaneously. Males had a higher level of oxygenation activity 
and connectivity in PFC than females. Only the results of females revealed a left-
ward lateralization in the 2-back task.  

  Keywords     NIRS   •   Hemodynamic   •   Verbal working memory   •   Gender difference   • 
  Functional connectivity  

1       Introduction 

 NIRS is a developing technology that monitors brain activity noninvasively by measur-
ing cerebral  hemodynami     c responses [ 1 ]. NIRS can provide high temporal resolu-
tion and reasonable spatial resolution in comparison to other traditional neuroimaging 
methods [ 2 ] and can help reveal more about brain function related to human cognitive. 
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 Working memory ( WM     ) is a core component of human cognition, being an 
essential part of the mnemonic processes, and fundamental for many cognitive activ-
ities [ 3 ]. The study of WM will help us learn more about human cognition. There are 
many studies on  WM      which mainly engaged the VLPFC and DLPFC. As a classical 
and effective working memory paradigm [ 4 ], we utilized the n-back task for our 
experiment. 

 Recently, increasing evidence has been provided that functional differences in 
brain activity may underlie gender differences in  cognitive performance   [ 5 ]. As is 
known, females surpass males in some areas of verbal ability, but gender differences 
in brain activation remain controversial [ 6 ,  7 ]. Our view is that gender differences 
are related to differences in the cerebral organization of verbal function and in the 
structure of the verbal-related cortex. 

 There is also dispute about gender-based hemispheric lateralization during verbal 
WM tasks [ 8 ,  9 ]. Some studies report that there is no signifi cant gender difference 
in lateralization in verbal-related tasks, whereas others state that females are more 
leftward lateral than males [ 10 ]. Knowing whether males or females tend to overly 
activate one side of their brain in response to a task could help better defi ne how to 
acquire and interpret signals from a system user, depending on the gender. 

 We analyzed brain activation in a traditional way and brain connectivity using 
wavelet transform coherence ( WTC        ). NIRS-based connectivity is a novel analysis 
tool for NIRS data from the perspective of functional integration [ 11 ] which could 
be complementary to NIRS activation analysis. There were different types of con-
nectivity used in NIRS study previously [ 12 ], and we assessed functional connectiv-
ity during task. It was expected that gender-related differences would be observed in 
both brain activation and connectivity.  

2     Methods 

 Fifteen right-handed, paid volunteers (7 females, aged 20–26 years, mean 22.9 years), 
recruited from the university, participated in this study. All participants were in good 
health, right-handed, with normal or corrected-to-normal vision. Informed consent 
was collected from each subject before the experiment and all had a short practice 
before the formal experiment to ensure that they could perform it. The study was 
approved by the Human Subjects Institutional Review Board of Huazhong University 
of Science and Technology. 

 A block design verbal n-back task was employed in this study (Fig.  25.1a ). In the 
task, subjects were presented with a sequence of 30 letters. Each letter was pre-
sented for 500 ms and there was a 2.5-s interval during which the screen was blank. 
As each letter was presented, subjects were to decide whether it matched with the 
letter that had been presented n items back in the sequence. Subjects gave their 
responses by pressing a keyboard to indicate a match or mismatch. The experiment 
included 2-back and 0-back tasks. The 0-back task was set to compare with the 
2-back task. There were six blocks in the experiment, each block lasted 90 s, 
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including 30 trails. The 2-back task and 0-back tasks were shown alternately. In 
each task block, ten letters were set as yes cases. The rest period lasted 60 s between 
the blocks.

   The NIRS data were recorded using a homemade continuous-wave NIRS instru-
ment. The probe was supported by a piece of thermoplastic and held 4 sources (850 
and 785 nm) and 20 detectors, forming 24 NIRS channels that covered the  PFC   
(Fig.  25.1b ). The distance between the detector and the source of the same probe 
was 3 cm, and the acquisition rate was 100 Hz.  

3     Data Analysis 

 The raw NIRS data were fi ltered at <3 Hz to remove instrument noise, downsam-
pled to ten samples per second, and converted to change in optical density (ΔOD). 

 Accuracy rate and response time of each subject were recorded by a computer. 
The ΔOD data were bandpass fi ltered between 0.015 and 0.5 Hz to eliminate slow 
signal drift and arterial pulsation. The modifi ed Beer-Lambert law ( MBLL     ) method 
was used to convert the ΔOD data into hemoglobin signals, with a 6.0 differential 
pathlength factor ( DPF        ) value of 785 nm, and a 5.2 DPF value of 850 nm [ 13 ]. 
Finally, the hemoglobin signals were block averaged. The mean value of concentra-
tion change in oxy-Hb for the 60 in each task was calculated, and then the value for 
the control task (0-back) was subtracted from those for test. The average task  hemo-
dynami  c response across channels of the same hemisphere was obtained to indicate 
brain activation for each hemisphere. 

  WTC   measures the cross-correlation of two data series as a function of time and 
frequency, with the ability to detect locally phase-locked behavior, which might not 
be detectable using traditional time series analysis methods. The WTC MATLAB 
package was employed to evaluate functional connectivity of  interhemispheric and 
intrahemispheric   in PFC. 

  Fig. 25.1     (a)  Examples of a sequence of letters ( top ) and experimental design ( bottom ). ( b ) 
Position of the two NIRS probes on the head. The probe distribution on the other side of the brain 
is the same as shown in this fi gure.  Red circles  represents light source and  blue squares  indicate 
 detector         
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 To analyze the difference between the beginning and end of the task, we divided the 
90-s task time course into two parts of equal length (the fi rst 45 s and later 45 s) and 
analyzed gender differences in activity and connectivity of the two parts separately.  

4     Results 

 The accuracy of all subjects in the 2-back task was lower and the response time was 
longer than the 0-back task. There was no signifi cant gender difference in behavior. 

 All the subjects’ VLPFC, nine subjects’ DLPFC and three subjects’ rostral PFC 
were engaged during the 2-back task. HbO 2  activity of males was signifi cantly higher 
(p < 0.05) than that of females on both sides, especially in the right cortex (Fig.  25.2a ). 
Only results of females showed evidence of leftward dominance. Results of Hb show 
the same gender difference, but with less signifi cance. Before all the t-tests applied in 
this study, the data were tested as being normally distributed using the Lilliefors test.

    Gender differences      also exist in functional connectivity. The interhemispheric 
connectivity of HbO 2  and Hb in males during the 2-back task was signifi cantly higher 
(p < 0.05 in HbO 2  and p < 0.1 in Hb) than in females, which implies that the PFC of 
males was engaged more balanced by the verbal WM task. In addition, bilateral 
intrahemispheric connectivity increased in males compared to females, which is con-
sistent with the results of activity (Table  25.1 ).

    Functional activation analysis      and time courses (Fig.  25.2b ) showed that gender 
differences in HbO 2  were present in the beginning part (Fig.  25.3a ). Lateralization 
analysis indicated that female left dominance in HbO 2  only existed in the second 
part. Functional interhemispheric connectivity results showed signifi cant gender 
differences (p < 0.05) in both Hb and HbO 2  that were only present in the beginning 
(Fig.  25.3b ), which is correlated with the high functional activity in males.

  Fig. 25.2    ( a ) Pseudo-color maps made by all channels of average activity of HbO 2  during the 
2-back task using interpolation. EEG electrode position is presented for each location. ( b )  Grand 
  average all channels’ time courses of HbO 2  and Hb in the 2-back task, artifi cially divided into two 
parts for analysis. The  gray area  indicates standard error (SE). The  gray vertical lines  at 0 and 90 s 
indicate the start and end of the task       
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5        Discussion 

 We have studied gender differences of brain functions in verbal WM tasks on the 
prefrontal cortical area, which controls working memory and executive brain func-
tion, with NIRS. We also propose our conclusion for the ongoing dispute regarding 
WM. 

 The signifi cant differences found in behavioral and brain activation between the 
2-back and 0-back tasks, together with the activated cortex, are consistent with a 
previous study, implying that our experiment design is appropriate. The activated 
area indicated that the verbal WM task is related to both maintenance and manipula-
tion of information, and maintenance surpasses manipulation during this task. 
Rostral PFC is thought to represent a more abstract higher level content [ 3 ], this may 
be why this area was hardly engaged. 

 Results of both functional activity and connectivity demonstrated that gender- 
specifi c  hemodynami  cs exist in PFC during verbal  WM   tasks. The fi ndings of the 
gender-specifi c brain activation, in line with the inverse intelligence-activation rela-
tionship [ 10 ] provides hemodynamic evidence for the neural effi ciency hypothesis. 
Considering the results of behavior, we can conclude that females are good at the 
verbal WM task. Gender-based difference in  intrahemispheric and interhemispheric   
 functional connectivity   are consist with brain activation. This may reveal the mech-
anisms of gender differences in the other side, that males need more brain functional 

   Table 25.1    Activation and  WTC   value of 2-back and 0-back   

 Male  Female 

 Left  Right  Left  Right 
 0-back activation  4.51  2.93  2.41  1.21 
 2-back activation  17.77  17.56  14.47  9.88 
 0-back WTC  0.516  0.472 
 2-back WTC  0.674  0.542 

  Fig. 25.3    ( a ) Results of brain activity during different task period. ( b ) Results of functional con-
nectivity during different task  period         
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integration during verbal WM. Gender-based lateralization may be interpreted as 
environmental and cultural factors. Such lateralization preferences may increase the 
processing speed by avoiding longer pathways mainly via the corpus callosum, that 
would otherwise be needed to connect regions on opposite sides of the brain [ 9 ]. 

 The  brain activation   of  PFC      changed during the different task periods. This indi-
cates that, for studies that did not fi nd a signifi cant gender difference or found a dif-
ference only in HbO 2  [ 10 ], a separated task period analysis may help to understand 
gender-based difference more accurately and comprehensively. In the separate task 
period analysis, brain activation and functional connectivity of HbO 2  are more con-
sistent compared to Hb. This may be interpreted that the HbO 2  signal had a better 
signal to noise ratio (SNR), and was a more sensitive indicator of changes in regional 
cerebral blood fl ow. The HbO 2  of males increased fast at the beginning of task, then 
decreased and then came closer to that of females in the later period. The reason for 
this may be that males need more time to get used to the verbal WM task than females; 
as soon as both males and females were used to this task, the gender-based difference 
reduced. 

 Although there were signifi cant gender differences in PFC activity, we did not fi nd 
any gender-based behavioral difference in this study, thereby supporting the view-
point that differences in brain activation were not refl ected in cognitive performance 
[ 5 ]. Some gender differences may not be apparent in behavior, so we should utilize 
brain functional imaging methods, such as NIRS, fMRI etc., to study gender differ-
ences during tasks. Due to fewer limitations on the subjects and the environment [ 14 ], 
NIRS may be a better choice.  

6     Conclusion 

 Results of both brain activation and functional connectivity revealed signifi cant gen-
der differences and provide evidence that females do a better job than males during 
verbal WM tasks. In addition, gender-based PFC mechanism changed during differ-
ent task period.   
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Chapter 26
Spatial Distribution of Changes in Oxidised 
Cytochrome C Oxidase During Visual 
Stimulation Using Broadband Near Infrared 
Spectroscopy Imaging

P. Phan, D. Highton, S. Brigadoi, I. Tachtsidis, M. Smith, and C.E. Elwell

Abstract Functional hyperaemia, characterised as an increase in concentration of 
oxyhaemoglobin [HbO2] and a decrease in concentration of deoxyhaemoglobin 
[HHb] in response to neuronal activity, can be precisely mapped using diffuse optical 
spectroscopy. However, such techniques do not directly measure changes in meta-
bolic activity during neuronal activation. Changes in the redox state of cerebral oxi-
dised cytochrome c oxidase Δ[oxCCO] measured by broadband spectroscopy may be 
a more specific marker of neuronal metabolic activity. This study aims to investigate 
the spatial distribution of Δ[oxCCO] responses during the activation of the visual 
cortex in the healthy adult human brain, and reconstruct images of these changes.

Multi-channel broadband NIRS measurements were collected from the left visual 
cortex of four healthy volunteers using an in-house broadband spectrometer during 
an inverting checkerboard visual stimulation paradigm. Δ[HbO2], Δ[HHb] and 
Δ[oxCCO] were calculated by fitting the broadband spectra between 780 and 900 nm 
using the UCLn algorithm. Centre of gravity analysis was applied to the concentra-
tion data to determine the centres of activation for [HbO2], [HHb] and [oxCCO].

All four subjects showed similar changes in [oxCCO] in the presence of a typical 
visual-evoked haemodynamic response in channels overlying the visual cortex. 
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Image reconstruction of the optical data showed a clear and spatially localized acti-
vation for all three chromophores. Centre of gravity analysis showed different 
localisation of the changes in each of the three chromophores across the visual 
cortex with the x-y coordinates of the mean centres of gravity (across 4 subjects) of 
HbO2, HHb and oxCCO at (63.1 mm; 24.8 mm), (56.2 mm; 21.0 mm) and (63.7 mm; 
23.8 mm), respectively.

The spatial distribution of Δ[oxCCO] response appears distinct from the haemo-
dynamic response in the human visual cortex. Image reconstruction of Δ[oxCCO] 
shows considerable promise as a technique to visualise regional variation in [oxCCO] 
in a range of scenarios.

Keywords Near infrared spectroscopy • Functional imaging • Cytochrome coxi-
dase • Diffuse optical imaging • Visual cortex

1  Introduction

Near-infrared spectroscopy (NIRS) is a non-invasive optical technique that character-
ises cerebral haemodynamics and metabolism using the attenuation of near infrared 
light (700–1000 nm) to derive concentration changes in oxyhaemoglobin Δ[HbO2], 
deoxyhaemoglobin Δ[HHb] and the oxidation status of cytochrome c oxidase 
Δ[oxCCO].

[HbO2] and [HHb] are popular targets for functional brain investigation. Several 
studies using diffuse optical imaging have been able to produce detailed [HbO2] and/
or [HHb] maps of various functional regions [1, 2]. However, it is notable that changes 
in [HbO2] and [HHb] provide information only on the haemodynamic responses to 
neuronal activity and do not inform directly on the changes in cellular metabolism 
associated with functional activation.

Cytochrome c oxidase is the terminal electron acceptor in the mitochondrial 
electron transport chain and directly responsible for more than 95 % of oxygen 
metabolism [3]. Δ[oxCCO] is therefore a direct and reliable marker of changes in 
cellular oxygen metabolism, but its measurement requires an optimised broadband 
spectroscopic technique [4]. There are no published data on the spatial distribution 
of cytochrome c oxidase or imaging of changes of cytochrome c oxidase redox state 
across the human cerebral cortex. As [oxCCO] is directly related to cellular oxygen 
metabolism, the ability to measure the spatial distribution of the signal and image 
these changes may facilitate opportunities to investigate regional cerebral metabo-
lism across a wide range of scenarios.

This study aims to utilise visual stimulation to (1) assess the spatial distribution 
of [oxCCO] responses resulting from functional brain activation, and (2) evaluate 
the possibility of reconstructing images of these responses. A visual stimulation 
paradigm was chosen given its capability to produce a highly repeatable and well- 
characterised functional activation response that has been corroborated across mul-
tiple imaging modalities, including broadband spectroscopy and functional magnetic 
resonance imaging [1, 5].
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2  Methods

A detailed description of the broadband system used in this study can be found else-
where [6]. In summary, it utilises a 50 W halogen light source and two CCD cameras 
(Pixis 512, Princeton Instruments, Trenton, NJ, USA) each connected to four detec-
tors. Figure 26.1 shows the optical array which incorporates four source locations 
2 cm apart. This results in source detector separations of 2.5 cm and 3.78 cm. The 
optode positions were digitised using a Patriot™ Digitizer (Polhemus, Colchester, 
Vermont, USA).

Visual functional activation was achieved with a 4Hz inverting checkerboard 
delivering 20 s stimulation and 20 s black screen repeating over 10 epochs. The 
optode array was fixed horizontally with the fourth source location positioned over 
Oz (10/20 EEG position).

Intensity data were continuously collected during the 10 epochs using eight detec-
tor fibres arranged symmetrically around one broadband light source. This was 
repeated for each of the four source locations by translating the fibres over the fixed 
optode array, yielding an aggregate of 32 measurement channels. Δ[HbO2], Δ[HHb] 
and Δ[oxCCO] were derived using the UCLn algorithm over the wavelength range 
780 nm to 900 nm. The wavelength dependence of the differential pathlength factor 
(DPF) was taken into account when resolving concentration changes, as described by 
Matcher et al. [4]. The specific requirements for applying this method for  measuring 
changes in chromophore concentrations in the adult head have been described in 
detail elsewhere [6].

There were 32 time-series datasets of concentration changes for each of the four 
subjects. Concentration changes were averaged across epochs producing 32 40 s 
traces corresponding to 20 s of stimulation and 20 s of rest.

Centre of gravity analysis [7] was applied on the time-course datasets to investi-
gate the localisation of changes in the three chromophores using the 2.5 cm source- 
detector separation channels. The location of detector 8 was taken as the origin and 

Fig. 26.1 Array of source (square) and detector (circle) locations. Measurement channels between 
different source-detector pairs are labelled from Ch1 to Ch32. For example source location S1 
resulted in measurement channels Ch1–Ch8
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all units are in mm. The centres of gravity were determined using the mean response 
amplitudes of the changes occurring during time t = 15–20 s of the each individual 
stimulation and the coordinates of the channels [7]. Ten epochs produced ten centres 
of gravity for each chromophore. Mean coordinates of the ten repeats were calcu-
lated for the three chromophores to produce the final centres of gravity with 95 % CI.

A multispectral approach, which directly reconstructs images of concentration 
changes from attenuation data, was employed to reconstruct Δ[HbO2], Δ[HHb] and 
Δ[oxCCO]. Data at seventeen wavelengths were selected from the measured broad-
band spectrum (every 10 nm from 740 to 900 nm) to perform the reconstruction [8]. 
TOAST++ software [9] was used to run the forward model on the registered adult 
volumetric mesh and the Tikhonov regularized least-square solution was used to 
solve the inverse problem. The volumetric images were then projected on the corti-
cal surface mesh.

3  Results

Following ethics approval and volunteer consent, four healthy adults were studied. 
Figure 26.2 shows the average changes of [HbO2], [HHb] and [oxCCO] in all 32 
channels over the left visual cortex of a single subject which is representative of the 
data acquired from all four subjects. A typical haemodynamic response to func-
tional activation (increase in [HbO2] and decrease in [HHb]) was seen across differ-
ent channels.

Figure 26.3 shows the result of centre of gravity analysis for the same subject 
There is no overlap between 95 % CI in x and y directions between centres of gravity 

Fig. 26.2 Averaged Δ[HbO2], Δ[HHb] and Δ[oxCCO] from a single subject. Stimulation occurred 
between 0 and 20 s and rest between 20 and 40 s
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of [oxCCO] and [HHb] and between [HHb] and [HbO2], suggesting that they have 
distinctly separate locations. In the case of [oxCCO] and [HbO2], there is no overlap 
in the y direction but some in the x direction, suggesting a less distinct spatial separa-
tion than that seen for [HHb]. The centres of gravity for all subjects are summarised 
in Table 26.1.

Figure 26.4 shows cortical images of reconstructed concentration changes for the 
subject shown in Figs. 26.2 and 26.3. Time point t = 20 s shows the maximal changes 
during the stimulation period. These images show different localisations between 
[HbO2]/[oxCCO] and [HHb] changes, whereas a similar region is active for [HbO2] 
and [oxCCO], consistent with the centres of gravity analysis results.

Fig. 26.3 Centres of gravity of the three chromophores for individual repeats. Overall centres of 
gravity are the intersection between the two 95 % CI lines for each chromophore

Table 26.1 Mean X Y coordinates ± SD of centres of gravity for three chromophores in four 
subjects

Subject

HbO2 HHb oxCCO

X (mm) Y (mm) X (mm) Y (mm) X (mm) Y (mm)

1 62.2 ± 5.5 24.4 ± 1.4 59.6 ± 3.6 20.4 ± 1.0 59.7 ± 2.6 25.1 ± 1.6

2 65.5 ± 5.5 24.3 ± 0.6 52.2 ± 3.1 22.3 ± 0.7 67.8 ± 2.2 21.1 ± 1.0

3 62.6 ± 6.4 24.0 ± 1.5 55.4 ± 2.2 21.2 ± 0.9 64.9 ± 2.0 24.1 ± 0.9

4 62.1 ± 4.5 26.6 ± 1.3 57.7 ± 1.3 20.1 ± 0.8 62.5 ± 2.7 24.9 ± 1.5

Mean 63.1 ± 0.8 24.8 ± 0.6 56.2 ± 1.6 21.0 ± 0.5 63.7 ± 1.7 23.8 ± 0.9

Fig. 26.4 Images of concentration changes of three chromophores for the same subject shown for 
time point t = 20 s demonstrating spatial distribution of responses
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4  Discussion

We have demonstrated focal localisation of Δ[oxCCO] that is discrete from the hae-
modynamic signal ([HbO2], [HHb]) during activation of the visual cortex. The 
regional separation of changes in each chromophore may reflect the effect of sur-
rounding/overlying vasculature versus regions of direct metabolic activity. The dis-
tinct spatial localisation of HbO2 and HHb might be explained by the fact that the 
HbO2 signal is derived from arteries, capillaries and veins whereas the HHb signal is 
derived mostly from capillaries and veins within the region of interest and therefore 
affected by the difference in distribution of arteries and veins in the field of view. 
Such separation in the centres of gravity for HbO2 and HHb has previously been 
demonstrated by Koenraadt et al. [7]. Furthermore we have illustrated, for the first 
time, the feasibility of reconstructing Δ[oxCCO] images from a broadband NIRS 
array. Previous authors have simulated broadband NIRS image reconstruction for 
[HbO2] and [HHb] [10], but in vivo investigation has been limited by the lack of eas-
ily accessible and appropriate hardware. We have used an experimental paradigm 
with a robustly reproducible response and multiple changes in source position to 
provide multichannel, multiwavelength data required for image reconstruction of 
[oxCCO], but this approach does have practical limitations. Further work is required 
to develop optimised hardware to deliver a multispectral NIRS multichannel array 
capable of real-time recordings. The delivery of Δ[oxCCO] topography and image 
reconstruction will allow investigation of regional changes in cerebral metabolism in 
the healthy and injured brain.
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    Chapter 27   
 Effects of Physical Exercise on Working 
Memory and Prefrontal Cortex Function 
in Post-Stroke Patients                     

     M.     Moriya    ,     C.     Aoki    , and     K.     Sakatani    

    Abstract     Physical exercise enhances prefrontal cortex activity and improves 
working memory performance in healthy older adults, but it is not clear whether this 
remains the case in post-stroke patients. Therefore, the aim of this study was to 
examine the acute effect of physical exercise on prefrontal cortex activity in post- 
stroke patients using near-infrared spectroscopy (NIRS). We studied 11 post-stroke 
patients. The patients performed Sternberg-type working memory tasks before and 
after moderate intensity aerobic exercise (40 % of maximal oxygen uptake) with a 
cycling ergometer for 15 min. We measured the NIRS response at the prefrontal 
cortex during the working memory task. We evaluated behavioral performance 
(response time and accuracy) of the working memory task. It was found that physi-
cal exercise improved behavioral performance of the working memory task com-
pared with the control condition ( p  < 0.01). In addition, NIRS analysis indicated that 
physical exercise enhanced prefrontal cortex activation, particularly in the right 
prefrontal cortex ( p  < 0.05), during the working memory task compared with the 
control condition. These fi ndings suggest that the moderate-intensity aerobic exercise 
enhances prefrontal cortex activity and improves working memory performance in 
post-stroke patients.  
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1       Introduction 

 It has been reported that physical exercise ameliorates age-related cognitive decline 
[ 1 ,  2 ]. Acute effects of physical exercise on the performance of higher-order cog-
nitive tasks have been demonstrated in aged people [ 2 ]. Recently, a study using 
near- infrared spectroscopy (NIRS) indicated that acute moderate exercise elicits 
increased activation of the prefrontal cortex (PFC) and improves cognitive perfor-
mance in the  Stroop test      in normal young adults [ 3 ]. In addition, moderate exercise 
enhances PFC activity concomitantly with improved working memory performance 
in older subjects [ 2 ,  4 ]. However, the effect of physical exercise on PFC activity and 
working memory performance in patients with  brain disorders  , such as stroke, is not 
known. 

 In order to clarify this issue, we evaluated the acute effect of physical exercise on 
PFC activity in post-stroke patients using NIRS.  

2     Methods 

2.1     Subjects 

 We studied 11 post-stroke patients (seven males, four females, aged 69.6 ± 12.0 
years). Six patients had suffered cerebral hemorrhage while fi ve had suffered cere-
bral infarction. Three patients exhibited right hemiparesis and eight patients exhib-
ited left hemiparesis. None of the patients had apparent cognitive dysfunction or 
heart diseases such as arrhythmia and ischemic heart diseases. The ethical commit-
tee of Teikyo Heisei University approved this study (No. 25-053). All subjects pro-
vided written informed consent as required by the ethical committee.  

2.2     Working Memory Task and Physical Exercise 

 We employed the modifi ed Sternberg test as a  working memory task      [ 4 – 6 ]. In the 
Sternberg test, subjects were asked to remember one digit and six digits succes-
sively. There were eight 1-digit trials and eight 6-digit trials. Each trial began with 
the presentation of one digit or a set of six digits to be encoded for 1 s on a display. 
Then a blank display was shown for 2 s, followed by the test digit until a response 
was obtained within 2 s. Subjects held a small box with two buttons side by side. 
They were required to press the right button if they thought the test digit was con-
tained within the encoded stimulus and to press the left one if not, as quickly and 
accurately as possible. Similar tasks have been used previously in NIRS experi-
ments and have been demonstrated to activate the PFC [ 4 – 6 ]. 
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 The patients performed Sternberg-type working memory tasks before and after 
moderate intensity aerobic exercise (40 % of maximal oxygen uptake) with an 
ergometer for 15 min. The subjects performed the Sternberg test 15 min after the 
end of exercise.  

2.3      NIRS   Measurements of PFC Activity 

 We measured concentration changes of  oxyhemoglobin (oxy-Hb)  ,  deoxyhemo-
globin (deoxy-Hb)   and total Hb (t-Hb) in the bilateral PFC during the working 
memory task using a two-channel NIRS (PNIRS-10, Hamamatsu Photonics K.K., 
Hamamatsu, Japan). The NIRS probes were set symmetrically on the forehead; the 
positioning is similar to the midpoint between electrode positions Fp1/Fp3 (left) 
and Fp2/Fp4 (right) of the international 10–20 system [ 7 ]. The sensor part (weigh-
ing approximately 100 g, which imposes only a minimal burden on the subject) 
communicated with a PC via Bluetooth™ (class 2).  

2.4     Data Analysis 

 We analyzed the changes in NIRS parameters (oxy-Hb and  deoxy-Hb     ) by subtract-
ing the mean control values from the mean activation values (during the whole task 
period). We evaluated behavioral performance (response time and accuracy) of the 
working memory task. The oxy-Hb concentration changes and behavioral perfor-
mance before and after the exercise were compared using Student’s  t -test.   

3     Results 

 Performance of the Sternberg test increased NIRS-evaluated concentrations of oxy-
 Hb and total-Hb, concomitantly with a decrease of deoxy-Hb, in the bilateral PFC 
(Fig.  27.1 ). These NIRS parameter changes indicate activation of the bilateral 
PFC in the post-stroke patients. Similar NIRS parameter changes were observed 
after physical exercise.

   The effects of physical exercise on behavioral performance of the  Sternberg test   
are summarized in Table  27.1 . Interestingly, both accuracy and reaction time in the 
Sternberg test were improved after physical exercise ( p  < 0.01). In addition, NIRS 
analysis revealed that physical exercise enhanced PFC activation, particularly the 
right PFC ( p  < 0.05), during the working memory task compared with before the 
physical exercise.
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4        Discussion 

 This is the fi rst study to evaluate the effect of physical exercise on  cognitive function      
in post-stroke patients. Our results show that moderate-intensity aerobic exercise 
improved performance of the working memory task compared with the control con-
dition. The post-stroke patients could respond more quickly after exercise, and also 
answered correctly more often after exercise. 

 In addition, NIRS showed that physical exercise increased the concentration 
changes of oxy- Hb      in the PFC during the working memory task compared with the 
control condition, indicating that the improved performance of the working memory 
task was not caused by habituation. We believe that moderate-intensity exercise 
enhanced the PFC activity concomitantly with the improvement of working mem-
ory performance. These fi ndings indicate that physical exercise has benefi cial 
effects on cognitive function in not only normal adults [ 2 – 4 ], but also in post-stroke 
patients. 

 It should be noted that oxy-Hb concentrations increased in the bilateral PFC, but 
statistical signifi cance was achieved only in the right PFC. This asymmetry of PFC 
activity could not be explained by the laterality of the lesion in the post-stroke 
patients, since three out of eleven patients had right-side lesion. A possible explana-
tion is that hemispheric asymmetry of PFC activity is associated with working 

  Fig. 27.1    Typical example of Hb changes in the right/left PFC in a post-stroke patient. The red, 
green and blue lines indicate oxy- Hb  , total-Hb and deoxy- Hb      respectively. The vertical axis indi-
cates Hb concentration expressed in an arbitrary unit (au). Thick bars indicate the period of perfor-
mance of the Sternberg test       

   Table 27.1    Effects of physical exercise on behavioral performance of  Sternberg test   and changes 
of oxy-Hb during the test   

 Before  After 

 Sternberg test  Accuracy (number)  3.18 ± 2.0  4.54 ± 1.6** 
 Reaction time (ms)  2051 ± 356  1833 ± 293** 

 Changes of oxy-Hb  R-PFC (au)  0.018 ± 0.02  0.026 ± 0.02* 
 L-PFC (au)  0.017 ± 0.02  0.022 ± 0.02 

  ** p  < 0.01, * p  < 0.05  
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memory function [ 8 – 10 ]. For example, young subjects showed activation of the 
right-lateralized PFC in a logical reasoning task, though no hemispheric asymmetry 
was observed in older subjects during the same task [ 10 ]. Interestingly, administra-
tion of  Ginkgo biloba  ( EGb        ), which is well known to improve  cognitive function  s 
in healthy subjects and patients with dementia, to older subjects improves working 
memory function by counteracting the aging-related hemispheric asymmetry reduc-
tion [ 5 ]. These observations are consistent with the present fi ndings that right- 
dominant PFC activity is associated with enhanced working memory performance 
after physical exercise. 

 Physical therapy has been shown to improve motor function of post-stroke 
patients. Neuroimaging studies, including NIRS, demonstrated that physical ther-
apy could enhance neuronal activation during motor tasks associated with improve-
ment of motor function in post-stroke patients [ 11 ]. 

 In conclusion, our results indicate that introduction of moderate-intensity  aerobic 
exercise into physical therapy improves not only motor ability, but also cognitive 
performance in post-stroke patients by enhancing PFC activity during cognitive 
function.     
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    Chapter 28   
 Relation Between Prefrontal Cortex Activity 
and Respiratory Rate During Mental Stress 
Tasks: A Near-Infrared Spectroscopic Study                     

     Yuta     Murayama    ,     Lizhen     Hu    , and     Kaoru     Sakatani    

    Abstract     In order to clarify the central mechanism controlling respiratory rate 
 during mental stress, we examined the relation between prefrontal cortex (PFC) 
activity and respiratory rate during mental arithmetic (MA) tasks. Employing two-
channel near-infrared spectroscopy (NIRS), we measured hemoglobin (Hb) concen-
tration changes in the bilateral PFC during MA tasks in normal adults. To evaluate 
asymmetry of the PFC activity, we calculated the laterality index (LI); (R-L)/(R + L) 
of oxy-Hb concentration changes (R = right, L = left); positive LI scores indicate 
right- dominant activity, while negative scores indicate left-dominant activity. For 
measurements of respiratory rate, we employed a Kinect motion sensor (Microsoft). 
The MA tasks increased both oxy-Hb in the bilateral PFC and respiratory rate 
( p  < 0.001). In addition, there was a signifi cant correlation between LI and respira-
tory rate ( r  = 0.582,  p  < 0.02). These results indicate that the MA-induced activity in 
the right PFC was greater than that in the left PFC in subjects with large increases 
of respiratory rate, suggesting that the right PFC has a greater role in cerebral regu-
lation of respiratory rate during mental stress.  
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1       Introduction 

 The prefrontal cortex (PFC) plays an important role in mediating  behavioral and 
somatic responses   to stress via projections to the neuroendocrine and autonomic 
centers in the  medial hypothalamus   [ 1 ]. Interestingly, a number of studies have 
found that the right PFC dominates regulation of the  hypothalamic-pituitary- adrenal 
(HPA)      axis and  autonomic nervous system (ANS)   during mental stress. Electro-
encephalographic studies have shown that a greater right-frontal activation is asso-
ciated with increased heart rate during unpleasant emotional stimuli [ 2 ]. Functional 
magnetic resonance imaging (fMRI) revealed that right dominance of PFC activity 
during mental stress tasks is correlated with changes in  salivary cortisol levels and 
heart rate   [ 3 ]. In addition, our near-infrared spectroscopy (NIRS) studies have 
shown that subjects with right-dominant activity of the PFC exhibit larger increases 
of heart rate compared to those with left-dominant activity [ 4 – 8 ]. 

 The  ANS      regulates not only heart rate, but also respiratory rate. However, the 
central mechanism of respiratory control during mental stress remains unclear. 
Here, we used NIRS to examine the relation between the PFC activity and respira-
tory rate during mental stress tasks.  

2     Methods 

2.1     Experimental Settings 

 We studied 20 young adult males (mean age 21.4 ± 0.8 years). All subjects were 
healthy, with no history of psychiatric or neurological disorders. To avoid the infl u-
ence of environmental stress, subjects were seated in a comfortable chair in a nor-
mal room with good air conditioning throughout the experiments. Written informed 
consent was obtained on forms approved by the ethical committee of Nihon 
University School of Medicine. 

 We measured concentration changes of  oxyhemoglobin (oxy-Hb)  ,  deoxyhemo-
globin (deoxy-Hb)   and total Hb (t-Hb) in the bilateral PFC using two-channel NIRS 
(PNIRS-10, Hamamatsu Photonics K.K., Hamamatsu, Japan). The NIRS probes 
were set symmetrically on the forehead; the positioning was similar to the midpoint 
between electrode positions Fp1/Fp3 (left) and Fp2/Fp4 (right) of the international 
10–20 system [ 5 ]. The sensor (weighing approximately 100 g, which imposes only a 
minimal burden on the subject) communicated with a PC via Bluetooth™ (class 2). 

 We employed a mental arithmetic (MA) task to induce mental stress [ 4 – 8 ]. The 
subjects were asked to subtract serially a 2-digit number from a 4-digit number (e.g. 
1022–13) as quickly as possible for 60 s. One trial consisted of the following steps. 
First, control conditions for 60 s. Second, the MA task for 60 s. Third, the recovery 
phase for 60 s. 
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 Employing a Kinect   motion-sensing       input      device   (Microsoft Co., Washington, 
USA), we continuously monitored chest movements induced by  respiration   during 
the experiment. The sensor was placed 180 cm from the subject’s chest wall. The 
results obtained with Kinect were highly correlated to those obtained with a clini-
cally used strain gauge respiratory gating system, suggesting that the Kinect is use-
ful for respiratory motion tracking in clinical experiments [ 9 ].  

2.2     Data Analysis 

 We analyzed the changes in NIRS parameters (oxy- Hb      and  deoxy-Hb  ) by subtract-
ing the mean control values from the mean activation values (during the whole task 
period). To evaluate the asymmetry of the oxy- Hb   changes in the right and left PFC, 
we calculated the laterality index (LI) as follows: 

 LI = (R⊿oxy − L⊿oxy)/(⊿oxyRt + ⊿oxyLt) 
 where R⊿oxy and L⊿oxy denote oxy-Hb concentration changes of the right and 

the left PFC during the MA task [ 4 – 8 ]. Positive LI indicate that the increase of 
Oxy-Hb in the right PFC is larger than that in the left PFC, while negative LI indi-
cates a reverse relationship. The LI and respiratory rate changes were compared 
using Pearson’s correlation coeffi cient and Student’s  t -test.   

3     Results 

 The  MA task   led to elevation of  oxy-Hb   and total-Hb concentrations and a decrease 
in  deoxy-Hb   concentration in the bilateral PFC of all subjects, indicating that activ-
ity was enhanced in this brain region. Figure  28.1a  shows a typical example of 
NIRS parameter changes in the bilateral PFC.

   The baseline respiratory rate varied among the subjects, with values in the range 
of 16.4 ± 4.3  respiration  s/min. After the subjects had begun to perform the MA task, 
respiratory rate generally increased and peaked within 30 s, and then returned to the 
baseline after the MA task. Figure  28.1b  shows an example of chest movements 
detected by Kinect. 

 Regression analysis was used to investigate the relationship between left/right 
asymmetry in PFC activity during the MA task and respiratory rate changes induced 
by the task. There was a signifi cant positive correlation between the LI of changes 
in oxy- Hb   concentration and the respiratory rate changes ( r  = +0582,  p  < 0.02) 
(Fig.  28.2 )   .
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  Fig. 28.1    ( a ) Typical example of NIRS parameter changes in the bilateral PFC during a mental 
arithmetic (MA)  task  . ( b ) an example of chest movements detected by Kinect. Thick bars indicate 
the MA task for 1 min       

  Fig. 28.2    Relation between  laterality index (LI)   and changes of respiratory rate during mental 
arithmetic task       
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4        Discussion 

 The present study is the fi rst to examine the relationship between right/left asym-
metry of PFC activity and change of respiratory rate during mental stress. We found 
a signifi cant positive correlation between LI and change of respiratory rate during 
mental arithmetic tasks, indicating that right-dominant PFC activity was associated 
with a greater increase of respiratory rate during the task. In our previous studies, 
we found that right-dominant PFC activity was associated with a greater increase 
of heart rate during the task [ 4 – 8 ]. These results suggest that left/right asymmetry of 
PFC activity during mental stress tasks may be involved in the neuronal mechanism 
which controls heart rate and respiratory rate during mental stress. 

 The anatomic basis of the relation between right/left asymmetry of PFC activity 
and changes of respiratory rate may be the extensive direct projections from the 
PFC to the nucleus tractus solitarius ( NTS  ) [ 10 ]. The NTS is the center of vagal 
afferents that conduct  viscerosensory information      from various viscera, including 
lungs, and a number of autonomic refl exes, including Hering-Breuer refl exes, all of 
which are integrated within the NTS [ 11 ]. 

 The PFC may infl uence transmission through the various refl ex pathways that 
start with vagal afferents and are switched in the NTS to neurons of the dorsal respi-
ratory group. Our results suggest that respiratory control by the PFC may be regu-
lated by the balance of neuronal activity between right and left PFC. 

 Finally, the following limitations of NIRS need to be discussed. First, NIRS mea-
sures blood oxygenation changes within the illuminated area, which includes both 
intracranial and extracranial tissues [ 12 ]. NIRS parameter changes could therefore 
be elicited by changes in blood fl ow in the scalp; however, the changes induced by 
neuronal activation are believed to refl ect the changes in cerebral blood oxygenation 
( CBO     ) and hemodynamics within the activated cortices [ 4 – 9 ]. Second, NIRS 
refl ects the average changes of CBO within the illuminated area; thus, the evoked 
CBO changes in the present study indicate the average CBO changes in that part of 
the  prefrontal cortex   through which the NIR light passes. Finally, continuous-wave 
NIRS, such as PNIRS, does not yield absolute values for the hemoglobin concentra-
tion changes without information concerning the optical pathlength in each subject 
[ 13 ]. However, we did not fi nd any signifi cant differences in optical pathlength 
between the right and left frontal regions of fi ve subjects. Zhao et al. reported that 
the optical pathlength was relatively homogeneous in the forehead as compared to 
other regions of the head, such as the frontal-temporal junction [ 14 ]. These observa-
tions support the validity of the data analysis in the present study.     
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    Chapter 29   
 Effects of Antioxidant Supplements 
(BioPQQ™) on Cerebral Blood Flow 
and Oxygen Metabolism in the Prefrontal 
Cortex                     

     Masahiko     Nakano    ,     Yuta     Murayama    ,     Lizhen     Hu    ,     Kazuto     Ikemoto    , 
    Tatsuo     Uetake    , and     Kaoru     Sakatani    

    Abstract     Pyrroloquinoline quinone (PQQ) is a quinone compound originally iden-
tifi ed in methanol-utilizing bacteria and is a cofactor for redox enzymes. At the 
Meeting of the International Society on Oxygen Transport to Tissue (ISOTT) 2014, 
we reported that PQQ disodium salt (BioPQQ™) improved cognitive function in 
humans, as assessed by the Stroop test. However, the physiological mechanism of 
PQQ remains unclear. In the present study, we measured regional cerebral blood 
fl ow (rCBF) and oxygen metabolism in prefrontal cortex (PFC), before and after 
administration of PQQ, using time-resolved near-infrared spectroscopy (tNIRS). A 
total of 20 healthy subjects between 50 and 70 years of age were administered 
BioPQQ™ (20 mg) or placebo orally once daily for 12 weeks. Hemoglobin (Hb) 
concentration and absolute tissue oxygen saturation (SO 2 ) in the bilateral PFC were 
evaluated under resting conditions using tNIRS. We found that baseline concentra-
tions of hemoglobin and total hemoglobin in the right PFC signifi cantly increased 
after administration of PQQ ( p  < 0.05). In addition, decreases in SO 2  level in the 
PFC were more pronounced in the PQQ group than in the placebo group ( p  < 0.05). 
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These results suggest that PQQ causes increased activity in the right PFC associated 
with increases in rCBF and oxygen metabolism, resulting in enhanced cognitive 
function.  

  Keywords     NIRS   •   Prefrontal cortex   •   Pyrroloquinoline quinone   •   Stroop test   • 
  Working memory  

1       Introduction 

 Pyrroloquinoline quinone (PQQ) is a water-soluble quinone compound fi rst 
identifi ed in 1979 and is a cofactor found in  bacterial redox enzyme   [ 1 ,  2 ]. PQQ is 
present in a variety of everyday foods and beverages, such as parsley, green tea, and 
fermented soybeans [ 3 ]. PQQ is also found in various organs and tissues [ 4 ] and is 
abundant in human breast milk [ 5 ]. The estimated daily intake of PQQ from typical 
foods and beverages are 0.01–0.4 mg/day [ 6 ]. PQQ is an  anti-oxidant and promotes 
mitochondrial biogenesis   [ 7 ]. Reduced PQQ exhibits a high anti-oxidant capacity 
that is 7.5-fold greater than that of ascorbic acid [ 8 ]. It has been reported that PQQ 
induces dose-dependent inhibition of cell death in neuroblastoma cultures [ 9 ] and 
upregulates the expression of nerve growth factor in fi broblast cultures [ 10 ]. 
Improved learning has been demonstrated in rats fed PQQ supplements at the early 
stage of the Morris water maze  tes  t [ 11 ]. These results suggest that PQQ has 
potential for prevention of neurodegeneration caused by oxidative stress, and may 
improve memory. In our previous human study, signifi cant improvements were 
observed in Stroop selective attention, reverse  Stroop test  , and visual-spatial 
cognitive function in the laptop tablet Touch M evaluation after administration of 
PQQ for 12 weeks [ 12 ]. However, the physiological mechanism underlying these 
results remains unclear. In the present study, we measured regional cerebral blood 
fl ow (rCBF) and oxygen metabolism in the prefrontal cortex (PFC) using time- 
resolved near-infrared spectroscopy (tNIRS) before and after administration of 
PQQ.  

2     Methods 

2.1     Study Design, Subjects, and Test Substance 

 The study was designed as a randomized, placebo-controlled, double-blinded, two- 
group parallel study, conducted in compliance with the Declaration of Helsinki 
(2008) and the Ethical Guidelines for Epidemiological Studies (issued in 2004 by 
the Ministry of Education, Culture, Sports, Science and Technology, and the 
Ministry of Health, Labor and Welfare). The study protocol (#201408-14-MGC01) 
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was approved by the ethical committee of Ikuseikai Yamaguchi Hospital (Tokyo, 
Japan) on October 31, 2014 (Approved #2014-8). The study recruited healthy 
Japanese adults between 50 and 70 years of age with Mini Mental Status Examination 
(MMSE) scores greater than 27, regarded as cognitively normal. The following 
individuals were excluded: (a) those with a medical history of mental illness or 
brain disease, (b) those with medical symptoms of cerebrovascular disorder, and (c) 
those taking drugs or supplements for improvement of brain function or blood fl ow 
within 3 months prior to the study. Participants were recruited by CX Medical Japan 
(Tokyo, Japan), and had no relationships with the Mitsubishi Gas Chemical Co., 
Inc. (Tokyo, Japan). The 20 volunteers were randomly assigned to two groups for 
treatment with either PQQ ( n  = 10) or placebo ( n  = 10). All participants underwent 
internal and physical examinations, and peripheral blood tests at baseline (before 
dosing, 0 weeks) and 12 weeks. The test substance was provided in the form of a 
two-piece hard capsule, containing 10 mg of the active dietary ingredient, PQQ 
disodium salt (BioPQQ™      ), manufactured by the Mitsubishi Gas Chemical Co., Inc. 
Two capsules each were swallowed with a cup of water once daily after breakfast 
for 12 weeks. The dose of PQQ disodium salt (20 mg/day) was chosen based on the 
results of our previous study [ 12 ].  

2.2     Evaluations 

 A two-channel, three-wavelength (760, 800 and 830 nm), time-resolved spectro- 
scopy monitor TRS-20 (Hamamatsu Photonics K.K., Japan) was employed to 
evaluate baseline cerebral tissue hemoglobin oxygenation under resting conditions 
[ 13 ]. The State Trait Anxiety Inventory (STAI) was carried out to evaluate mental 
stress [ 14 ]. All measurements were expressed as mean ± standard deviation. 
Statistical analyses were performed using two-tailed paired Student’s  t -test or one- 
factor ANOVA employing a post hoc  Turkey-Kramer test     . Values of  p  < 0.05 were 
considered signifi cant. Data analysis and statistical analysis were performed using 
Excel 2013 (Microsoft) with the add-in software Statcel3 (OMS Publishing Inc., 
Saitama, Japan).   

3     Results 

3.1     Subjects 

 All 20 volunteers completed the study. The placebo group contained ten subjects 
(4 male, 6 female) with a mean age of 60.9 ± 4.5 years. The PQQ group contained ten 
subjects (4 male, 6 female) with a mean age of 59.5 ± 3.7 years. Measurements of 
physiological parameters indicated there were no adverse events related to blood, nor 
were there adverse internal or physical examination fi ndings at any point in the study.  
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3.2     Time-Resolved Near-Infrared Spectroscopy ( tNIRS     ) 

 In channel 1 (Ch1, right lateral) for the PQQ group, oxyhemoglobin (HbO 2 ) concen-
trations did not change between 0 weeks and 12 weeks (Table  29.1 ; Fig.  29.1 ). 
However, deoxyhemoglobin (Hb) and total Hb (= HbO 2  + Hb) increased signifi -
cantly ( p  = 0.008 and 0.032, respectively). In addition, absolute tissue oxygen satu-
ration (SO 2  = (HbO 2 /total Hb) × 100) decreased signifi cantly after 12 weeks 
compared to baseline ( p  = 0.001). Although the placebo group likewise showed a 
statistically signifi cant decrease in SO 2 , the individual changes in HbO 2 , Hb and 
Total Hb did not themselves reach statistical signifi cance. In channel 2 (Ch2, left 
lateral), SO 2  decreased signifi cantly in the PQQ group ( p  = 0.008), whereas Hb con-
centration increased signifi cantly in the placebo group ( p  = 0.024). There were no 
signifi cant changes in the Ch2/Ch1 ratios for all of the measurements.

3.3         State-Trait Anxiety Inventory ( STAI        ) 

 The total scores for state anxiety and trait anxiety in the PQQ and placebo groups 
did not change between 0 and 12 weeks (Table  29.2 ). When each group was subdi-
vided based upon the score at baseline, the average state anxiety score decreased 
signifi cantly between the weeks in the high subgroup of the PQQ group from 
42.6 ± 5.7 (ranging from 38 to 52) to 34.0 ± 6.6 (ranging from 27 to 41) ( p  = 0.028).

4         Discussion 

 In a randomized, placebo-controlled, double-blinded, two-group parallel study with 
healthy middle-aged volunteers, it was found that Hb and total Hb increased signifi -
cantly in right PFC after administration of PQQ for 12 weeks. In addition, oxygen 
saturation (SO 2 ) signifi cantly decreased, indicating increased O 2  consumption in 

  Fig. 29.1    tNIRS measurements of Ch1. Thin lines represent data from individual volunteers; 
Shaded columns and error bars indicate mean and standard deviation, respectively. The signifi cant 
 p  values of paired Student’s  t -test are also shown.             
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   Table 29.2    STAI scores   

  n  

 PQQ group  Placebo group 

 0 Weeks  12 Weeks   p   0 Weeks  12 Weeks   p  

 State 
anxiety 

 Total  10  35.9 ± 9.0  32.3 ± 6.1  0.131  39.2 ± 7.6  38.2 ± 6.5  0.733 
 Low 
subgroup 

 5  29.2 ± 6.3  30.6 ± 5.6  0.404  32.8 ± 2.6  36.0 ± 8.8  0.537 

 High 
subgroup 

 5  42.6 ± 5.7  34.0 ± 6.6  0.028  45.6 ± 4.4  40.4 ± 2.6  0.086 

 Trait 
anxiety 

 Total  10  37.0 ± 13.0  35.5 ± 7.9  0.588  40.8 ± 6.0  38.6 ± 7.9  0.269 
 Low 
subgroup 

 5  28.4 ± 5.3  30.8 ±4.5  0.472  36.4 ± 5.1  34.8 ± 9.4  0.675 

 High 
subgroup 

 5  45.6 ± 13.3  40.2 ± 8.0  0.239  45.2 ± 2.6  42.4 ± 4.1  0.178 

PFC. It is reported that total Hb refl ects cerebral blood volume change and neuronal 
activation is coupled with increases in rCBF, which is thought to be accompanied by 
increases in cerebral blood volume [ 15 ]. Therefore, total Hb is closely link to 
rCBF. Our results suggest that increases in rCBF and oxygen metabolism are asso-
ciated with the enhancement of brain activity including cognitive function after 
administration of PQQ, providing an important clue for further clarifi cation of the 
underlying mechanisms. There were no signifi cant differences in the optical path 
lengths, peripheral blood Hb concentrations and hematocrit levels between 0 and 12 
weeks between PQQ-treated or placebo group (paired  t -test and Tukey-Kramer 
test). These observations indicate that the optical characteristics and systemic Hb 
conditions did not affect cerebral blood oxygenation during the study. In addition, 
the STAI state anxiety score decreased signifi cantly in the PQQ subgroup with high 
initial STAI scores. This was in agreement with previous results showing that men-
tal stress was signifi cantly improved by PQQ administration in volunteers with high 
levels of mental stress [ 16 ]. Meanwhile, it has been reported that subjects with 
right-dominant brain activity under resting conditions showed higher anxiety scores 
in  STAI   [ 14 ]. The different outcome in this study may be partly due to the NIRS 
method. The previous study employed continuous wave NIRS, which measures 
relative values, while  tNIRS   in this study measured baseline blood fl ow under rest-
ing conditions. Administration of   Ginkgo biloba    extract for 6 weeks has been 
reported to alter the PFC activation pattern to right-dominant, in both middle-aged 
and young subjects [ 17 ]. In aged subjects, increased left lateral blood fl ow is a 
mechanism that can compensate for decline in right lateral activity of the PFC. Right-
dominant activity was observed in this study after the administration of PQQ, which 
is very similar to the results of the   G. biloba    study mentioned above. Two mecha-
nisms of improved brain blood fl ow can be hypothesized; a mechanism involving 
blood vessels or that involving the nervous system. In the former, bilateral improve-
ment would be expected. However, in this study, only right lateral blood fl ow sig-
nifi cantly improved. Therefore, PQQ and  G. biloba  extract may act on the nervous 
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system in similar ways. Further studies are needed to elucidate the mechanism in 
more detail.     
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Chapter 30
Temporal Comparison Between NIRS 
and EEG Signals During a Mental Arithmetic 
Task Evaluated with Self-Organizing Maps

Katsunori Oyama and Kaoru Sakatani

Abstract Simultaneous monitoring of brain activity with near-infrared spectros-
copy and electroencephalography allows spatiotemporal reconstruction of the 
hemodynamic response regarding the concentration changes in oxyhemoglobin 
and deoxyhemoglobin that are associated with recorded brain activity such as cog-
nitive functions. However, the accuracy of state estimation during mental arithme-
tic tasks is often different depending on the length of the segment for sampling of 
NIRS and EEG signals. This study compared the results of a self-organizing map 
and ANOVA, which were both used to assess the accuracy of state estimation. We 
conducted an experiment with a mental arithmetic task performed by 10 partici-
pants. The lengths of the segment in each time frame for observation of NIRS and 
EEG signals were compared with the 30-s, 1-min, and 2-min segment lengths. The 
optimal segment lengths were different for NIRS and EEG signals in the case of 
classification of feature vectors into the states of performing a mental arithmetic 
task and being at rest.

Keywords  NIRS • EEG • Self-organizing map • Laterality index

1  Introduction

Simultaneous monitoring of brain activity with near-infrared spectroscopy (NIRS) 
and electroencephalography (EEG) has been studied to investigate cognitive and 
emotional processing [1]. Recent findings show that EEG activity is intrinsically 
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associated with cortical hemodynamic responsiveness to the negative valence on the 
right side [2], which may provide an important context for early detection of various 
types of illnesses during telehealth or remote patient monitoring.

Recent studies have identified the prefrontal cortex (PFC) as a key region for the 
experience and regulation of emotional responses, and NIRS is a well-suited tech-
nique for investigation of PFC activity [2]. Tanida, Katsuyama, and Sakatani [4] 
reported that the degree of right-lateralized asymmetry in the PFC activation  patterns 
is positively correlated with heart rate changes during a mental arithmetic task. On 
the other hand, EEG records brain activity that is produced by the firing of neurons 
directly within the brain. Brain activity is recorded noninvasively by placing elec-
trodes on the scalp. Both event-related desynchronization (ERD) and event- related 
potential (ERP) have been used to measure mental work or memory load with statis-
tical significance [5]. In particular, the ERD-based approach decomposes EEG sig-
nals into power spectra, such as theta (4–6 Hz), low alpha (6–8 Hz), middle alpha 
(8–10 Hz), high alpha (10–12 Hz), and beta (12–30 Hz), to find desynchronization, 
i.e., a reduction in band power of particular frequencies in response to an event such 
as initiation of a mental arithmetic task. ERD-based approaches have recently shown 
that theta band power responds to prolonged visual emotional stimulation [6, 7]. In 
addition, desynchronization in low alpha band power correlates to a presented warn-
ing stimulus [8]. Researchers have found affective state changes related to negative 
valence typically trigger anterior asymmetry in alpha reduction [5, 9, 10].

However, affective states or states related to mental tasks can vary in length dur-
ing observation [3]. One emerging issue with data-mining techniques is that the 
accuracy of state estimation during mental arithmetic tasks is often different depend-
ing on the length of the segment for sampling of NIRS and EEG signals. In the 
present study, the results of a self-organizing map (SOM) and analysis of variance 
(ANOVA) were compared to determine the optimal length of the segment.

2  Methods

2.1  NIRS Recordings

Feature values of the concentration changes in oxyhemoglobin in the left and right 
PFCs at time t are assigned hl(t) and hr(t), respectively. These feature values are 
discretized into hl(tn) and hr(tn) with the length of the segment tn − tn−1.
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Then, the laterality index (LI) is introduced to measure the valence on the PFC 
that is related to the stress level [4, 11]. Laterality  l(tn) for input of the SOM is 
defined as the difference between hemodynamic responses on both sides of the PFC 
during time frame tn as below:
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2.2  EEG Recordings

The feature value of the EEG index w(t) is defined as the ratio of si(t) to di(t) for 
chosen electrodes at position i, where the spectral power between 8 and 12 Hz is 
assigned si(t), and the spectral power between 13 and 30 Hz is assigned di(t), which 
is sensitive to changes in the mental tasks that are related to working memory.

 

w t

s t

d t

i

I

i

i

I

i

( ) =
( )

( )
=

=

∑

∑
1

1  

(30.3)

In particular, let wl(tn) be the average of w(t) for four channels in the left PFC (AF3, 
F3, F7, T3) during time frame tn. Likewise, wr(tn) is the average of w(t) for four 
channels in the right PFC (AF4, F4, F8, T4). Thus, these feature values for both the 
left and right PFCs can be compared within time frame tn as below:
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2.3  Cluster Analysis by SOM

The feature values discussed in the previous sections form feature vectors for gen-
eration of an SOM, which allows visualization and exploration of a high- dimensional 
data space by nonlinearly projecting it onto a 2-D plane. NIRS and EEG signals 
may involve outliers and unknown patterns of waveforms, whereas SOM provides 
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more robust learning compared to other types of cluster analyses such as k-means 
[12]. Each feature vector for SOM includes l(tn), wl(tn), and wr(tn) in a segment 
length of 30 s, 1 min, or 2 min. For assessment of the experimental result, the quan-
tization error (QE) explains reliability of measurement of SOM by calculating the 
average distance of the feature vectors to the cluster centroids; in other words, the 
higher QE is taken from the SOM, the more errors in classification of feature vec-
tors can be found.

An experiment of a mental arithmetic task performed by 10 participants (young 
males) was conducted to observe the state transition between the mental arithmetic 
task (2 min) and being at rest (2 min). Each participant performed the mental arith-
metic task in three cycles (12 min total). NIRS sensors (PocketNIRS; DynaSense 
Inc., Japan) and EEG sensors (Emotiv EPOC system; Emotiv Inc., U.S.A.) were 
equipped to monitor brain activity in the PFC. Body movements were prohibited 
during the experiment except those required for reading the arithmetic problems. 
NIRS and EEG signals were first verified with video data each second to look for 
the appearance of artifacts caused by body movement, and the corresponding fea-
ture vectors were sampled for cluster analysis using the SOM. Because the artifacts 
in this experiment had a smaller impact on SOM than 5 % of QE, no major artifact 
removal was performed from the NIRS and EEG signals.

3  Results

Figure 30.1 shows an example of l(t) and wl (t) from the first participant, which are 
continuous values before discretization into l(tn) and wl(tn). The states of performing 
a mental arithmetic task (a) and being at rest (r) were periodically changed every 
2 min. For most participants, the value of l(t) increased as the mental arithmetic task 
was performed, and the value of wl (t) changed periodically.

Each feature vector after sampling from the example in Fig. 30.1 is composed of 
feature values of l(tn), wl (tn), and wr (tn) as shown in Table 30.1. Then, these were 
normalized so that all the feature values were assigned a value of 0 to 1 for input to 
the SOM.

SOMs (training length: 300 iterations, map size: 40 × 40) were created with the 
feature vectors obtained from all ten participants. From the results shown in 
Fig. 30.2, compared to the 30-s segment, the feature vectors of the 1-min segment 
were well separated into the a and r states. QE was the smallest if the 1-min seg-
ment was chosen, whereas QE was the largest with the 30-s segment. The difference 
between the results according to the length of the segment was considerably larger 
because each value in the feature vectors does not exceed 1. Other SOMs (training 
length: 500 iterations, map size: 100 × 100) were also created, and the results were 
the same, with a 1 % difference in QE.

One-way ANOVA was performed to compare the effect of the feature values on 
the two states as shown in Table 30.2. We found a significant effect of l(tn) on the 
two states except l(tn) with the 30-s segment (F(1, 118) > 1.38, p < 0.3). In contrast, 
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F-values of both wl(tn) and wr(tn) were higher than the others if the 30-s segment was 
applied; i.e., for both wl(tn) and wr(tn), mean values in the a state and mean values in 
the r state were clearly separated from each other.

4  Discussion

From the experimental results, the optimal lengths of segments for mental arithme-
tic tasks were different between NIRS and EEG signals. The NIRS signal may have 
required a segment of more than 1 min for sampling, whereas the EEG signal took 

Fig. 30.1 Plotted values obtained from NIRS and EEG signals. The states of performing mental 
arithmetic task and being at rest are labeled with a and r, respectively

Table 30.1 Feature vectors (length of the 1-min segment) sampled from the example in Fig. 30.1

tn l(tn) wl(tn) wr(tn)

1 0.375 0.617 0.577

2 0.253 0.387 0.399

3 0.418 0.239 0.276

4 0.568 0.446 0.454

5 0.507 0.576 0.559

6 0.546 0.478 0.520

7 0.678 0.249 0.332

8 0.702 0.521 0.544

9 0.538 0.692 0.681

10 0.397 0.445 0.496

11 0.581 0.273 0.381

12 0.759 0.485 0.565
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a segment of less than 30 s; in other words, the reaction time for the concentration 
change in oxyhemoglobin during the transition between the states was longer than 
the EEG power spectra.

The results of SOM and ANOVA suggested a relationship between QE and the 
F-value. The combination of SOM and ANOVA may contribute to instant monitoring 
of parameters such as the optimal length of a segment for state estimation. However, 
more experimental parameters (e.g., different types of feature values and tasks) 
must be further validated to determine the comprehensive relationship between QE 
and the F-value.

In this paper, the lengths of the segments in each time frame for observation of 
NIRS and EEG signals were compared using SOMs and ANOVA. Our experimental 
results suggested that the optimal segment lengths were different for NIRS and EEG 
signals. Further works will involve application of SOM and ANOVA to real-world 
case studies. Development of an algorithm for real-time monitoring of the mental 
state may eventually provide a potential for early detection of illness and healthcare 
support to service users.

Fig. 30.2 SOMs with feature vectors in the 30-s and 1-min segments. Each feature vector is 
labeled with the state. Similar feature vectors are clustered by competitive learning

Table 30.2 Results of ANOVA

Feature value Segment length F-value p-value

l(tn) 30 s 1.38 p < 0.3

1 min 3.75 p < 0.1

2 min 7.19 p < 0.01

wl(tn) 30 s 83.34 p < 0.001

1 min 45.49 p < 0.001

2 min 36.73 p < 0.001

wr(tn) 30 s 45.29 p < 0.001

1 min 22.88 p < 0.001

2 min 9.446 p < 0.01
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    Chapter 31   
 The Role of Phonological Processing 
in Semantic Access of Chinese Characters: 
A Near-Infrared Spectroscopy Study                     

     Jinyan     Sun    ,     Linshang     Rao    ,     Chenyang     Gao    ,     Lei     Zhang    ,     Lan     Liang    , 
and     Hui     Gong    

    Abstract     The Stroop task was used to investigate the role of phonological process-
ing in semantic access for written Chinese language. Fourteen children were 
recruited to perform the Stroop task, using color characters, their homophones and 
neutral characters as stimuli. Near-infrared spectroscopy (NIRS) was used to mea-
sure the brain activation in the prefrontal cortex (PFC) during the task. In view of 
better sensitivity, oxy-hemoglobin was chosen to indicate the task activation. In 
behavioral performance, there was a signifi cant classical Stroop interference effect 
as indexed by longer response time and higher error rate for the color task than the 
neutral task, whereas there was no evident interference effect for the color homo-
phones. The NIRS data agreed with the behavioral data, and showed a signifi cant 
Stroop effect only for the color characters in the bilateral PFC. These results sug-
gested that phonology may not play an important role in semantic activation of 
Chinese characters for children.  

  Keywords     Near-infrared spectroscopy   •   Stroop   •   Phonological processing   • 
  Semantic access   •   Chinese  
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1       Introduction 

 The role of phonology in  semantic access   is a key issue in studies about reading, 
which has been investigated in different languages. The Dual Route Theory is the 
most infl uential, and assumes that semantics is accessed either directly via orthogra-
phy or indirectly via phonology [ 1 ]. Written Chinese is a logographic system. Research 
on Chinese suggests that there are also two pathways in accessing semantics of 
Chinese characters. Many studies found that orthographic information plays a stron-
ger role in semantic retrieval for Chinese and phonological information plays a limited 
role [ 2 ,  3 ], while other studies suggest that phonological information plays an essen-
tial role in  semantic activation   of Chinese [ 4 ]. 

 The  Stroop task   was often used in language studies given its linguistic nature 
[ 4 ,  5 ]. The homophonic  Stroop effect (SE)   in behavioral performance is regarded as 
evidence for automatic involvement of phonology in Chinese character recognition, 
indicating an essential role of phonology in semantic activation [ 4 ,  6 ]. However, the 
color characters and their homophones appeared alternately in most previous stud-
ies [ 4 ,  6 ]. The semantic activation of the color characters might have an infl uence on 
the semantic retrieval of their homophones, which would affect the homophonic 
SE. Additionally, some event-related potential ( ERP        ) studies suggested that the 
homophonic SE in the behavioral performance might arise from the later stage, but 
not the initial stage of the semantic activation for Chinese characters [ 5 ]. Thus, it is 
necessary to further investigate the homophonic SE to better understand the role of 
phonology in  semantic access  . 

 Most previous studies investigated the homophonic SE with behavioral [ 4 ,  6 ] or 
electrophysiological measures [ 5 ], while little is known about the hemodynamic 
activation for this effect. In the present study, the role of phonology in semantic 
activation of Chinese characters was studied using the  Stroop task  , and near- infrared 
spectroscopy (NIRS) was used to measure the activation of the prefrontal cortex 
(PFC) during the task. A block design was used in our study. The color characters 
appeared in one task block and their homophones appeared in another task block. 
Since the Stroop facilitation effect is mainly due to the inadvertent reading of words, 
especially when the congruent stimuli are shown in a blocked manner [ 7 ], only 
incongruent stimuli were used to indicate the role of the phonology.  

2     Methods 

 Fourteen (4 girls) Chinese primary school children (age range, 8.67-11.31 years; 
mean age, 9.9 years; standard deviation (SD), 0.99 years) participated in this study. 
All subjects were right-handed, had normal or corrected-to-normal vision and nor-
mal color vision. All subjects were healthy without neurological or psychiatric dis-
orders. Informed consent was received from each subject and their parents before 
the experiment. This study was approved by the Human Subjects Institutional 
Review Board at Huazhong University of Science and Technology. 
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 There were three  types of stimuli  : four color characters (     mean “red”, 
“yellow”, “blue”, and “green”), their corresponding homophones (     mean 
“fl ood”, “emperor”, “fence” and “ponder”) and four neutral (color-irrelevant) char-
acters (     mean “scrawl”, “pass through”, “prize” and “ball”). Characters 
were displayed in four colors: red, yellow, blue and green. To investigate the inter-
ference effect, color characters and their corresponding homophones showed only 
in the incongruent color. The subjects were instructed to judge the color of the 
stimulus as fast and accurately as possible. They pressed “D”, “F”, “J” and “K” for 
characters shown in “red”, “yellow”, “blue” and “green”, respectively. 

 The experiment consisted of three rest blocks and three task blocks (neutral, 
homophone and color task block for each kind of stimuli). In each rest block, a 
white cross was shown in the centre of the screen for 1 min. In each task block, 40 
stimulus trials were presented in a pseudorandom order. In each trial, an empty 
screen remained for 2 s, followed by a stimulus showing for 1 s (Fig.  31.1 ). Before 
the formal experiment, there was a practice session to ensure that subjects were 
familiar with the task. The task block order was counterbalanced across subjects.

   A portable,  continuous-wave NIRS system   [ 8 ], developed by the Britton Chance 
Center for Biomedical Photonics, was used to detect the concentration changes of 
oxy-hemoglobin (Δ[HbO2]), deoxy-hemoglobin (Δ[Hb]) and tot-hemoglobin 
(Δ[tHb]). The NIRS system consists of a personal computer, a measuring and con-
trolling module, and a probe [ 8 ]. The probe held four sources and ten detectors, 
providing 16 detector channels (Ch1–16, Fig.  31.2 ). The distance between the 
source and the detector was about 2.45 cm. The probe covered almost the whole 
forehead of the subject during the experiment.

   For behavioral data, trials with response time (RT) greater than 3 SD above the 
mean values were excluded from the analysis (<1 %). Since the SE decreases with 
practice [ 9 ], only the fi rst 20 stimuli in each task block were included in the behav-
ioral and NIRS data analyses. 

 The raw optical data were converted to change in optical density (ΔOD)  values  , 
then converted to hemodynamic parameters (Δ[HbO2], Δ[Hb] and Δ[tHb]), and 

  Fig. 31.1    Examples of the three  types   of stimuli ( a ) and the experimental procedures of the Stroop 
task ( b )       
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fi nally bandpass fi ltered with a frequency range from 0.001 to 0.1 Hz to remove the 
slow baseline drifts and other physiological noise. Because Δ[HbO2] has a higher 
amplitude and a better signal-to-noise ratio than the other two parameters [ 10 ], 
Δ[HbO2] was used for the statistical analyses. The mean values of Δ[HbO2] for the 
baseline (the last 30-s rest before the task) and the task (the fi rst 60 s of the task) 
were calculated for each channel, task and subject. The difference in the mean val-
ues of Δ[HbO2] between the task and the baseline was taken as the task activation. 
The activation was compared between tasks using paired t-tests in a channel-wise 
manner. The results reached signifi cant level if  p  < 0.05. The  t  value maps were 
constructed by using the inverse distance weighting method [ 11 ].  

3     Results 

  Behavioral    results   : Figure  31.3  displays the average RT and error rate for each 
task. The repeated-measures ANOVA revealed a signifi cant task effect for RT 
[ F (2,26) = 6.102;  p  = 0.007]. Follow-up multiple comparisons showed that RT for 
the color task was evidently longer than the neutral ( p  = 0.019) and homophone 
tasks ( p  = 0.022), while the RT for the homophone task did not differ signifi cantly 
from the RT for the neutral task ( p  = 0.888). For error rate, although the task effect 
was not signifi cant [ F (2,26) = 2.443;  p  = 0.107], further multiple comparisons 
showed that the error rate for the color task was signifi cantly higher than the neutral 
task ( p  = 0.008).

    NIRS results : Fig.  31.4  shows the temporal responses of Δ[HbO2], Δ[tHb] and 
Δ[Hb] to each task at Ch5 from one representative subject, and the group-averaged 
homophonic and color SE at each channel represented by Δ[HbO2]. The classical 
(color) SE was signifi cant in the bilateral PFC (left: Ch4/5/7; right Ch11/13/16) 
( p  < 0.05), while the homophonic SE was not evident ( p  > 0.05). Figure  31.5  show 
the  t  value maps from the  homophonic and classical SE tests  , respectively. The acti-
vation for the color task was also signifi cantly stronger than the homophone task in 
the bilateral PFC (left: Ch1/3/5/7; right: Ch11/13/16) ( p  < 0.05.

  Fig. 31.2    The NIRS probe and the schematic of NIRS measurement channel locations on the head       
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  Fig. 31.3    The response time ( left ) and error  rate   ( right ) for each task. The data are shown as 
mean ± standard error (SE). “*” indicates a signifi cant difference between tasks ( p  < 0.05)       

  Fig. 31.4    ( a ) Time courses of measured parameters to each task at Ch5 from one representative 
subject. The line at time zero indicates start of the task. ( b ) Mean  homophonic   SE and color SE 
represented by Δ[HbO2] at each channel (mean ± SE)       

  Fig. 31.5    2D maps for the  t  values from the homophonic ( left ) and classical SE ( right )  tests         
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4         Discussion 

 In this study, there was a signifi cant classic SE in behavioral performance (RT and 
error rate) and in prefrontal activation, which was consistent with previous studies 
[ 4 ,  12 ]. The involvement of the bilateral PFC in the Stroop task agreed with previ-
ous studies [ 13 ], which proved the validity of our data. 

 The homophonic SE was not signifi cant either in the behavioral performance or 
in prefrontal activation. These results differ from the research of Spinks et al. and 
Guo et al. [ 4 ,  6 ]. The reason for this might be the difference in the task design. In 
our study, the block design was used. The color characters appeared in one task 
block and their homophones appeared in another task block, which could decrease 
the infl uence of the color characters on the semantic retrieval of their homophones. 
Additionally, congruent stimuli were not included, which prevented the inadvertent 
word reading to some extent [ 7 ]. This design can better investigate whether the 
phonology is automatically involved in  semantic access  . Since the Stroop interfer-
ence effect was produced by the confl ict between the word’s meaning and color 
naming, the absence of the evident homophonic SE indicates that phonological 
codes of the color homophones have not been effectively activated. In fact, the 
absence of the homophonic SE was consistent with some studies [ 14 ,  15 ]. Our study 
improves understanding of neural correlates of homophonic SE, and suggests that 
the phonology does not play an essential role in semantic activation of Chinese 
characters, which agrees with some previous  ERP   studies [ 5 ]. 

 The longer response time and stronger activation in the PFC of the color task com-
pared with the homophone task indicates that the semantic activation is stronger by 
combining the phonological and orthographic information than using only the phono-
logical information. Together with the absence of the homophonic SE, our results 
support that orthography dominates over phonology in access to semantics of Chinese 
characters for children, which is consistent with many previous studies [ 2 ,  3 ]. 

 Our study indicates that phonology does not play an important role in the initial 
semantic activation of Chinese character for children. Studies have also identifi ed 
that dorsolateral PFC and some language areas (such as Broca’s area) are impor-
tantly involved in the classic Stroop task [ 16 – 18 ], showing signifi cant Stroop effect 
in these areas. In the future, we can use a fi ber-based NIRS [ 19 ] system to measure 
more brain areas involved in the Stroop task to better understand the role of the 
phonology in  semantic access   of Chinese.     
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    Chapter 32   
 Improvement of Impaired Cerebral 
Microcirculation Using Rheological 
Modulation by Drag-Reducing Polymers                     

     D.  E.     Bragin     ,     Z.     Peng    ,     O.  A.     Bragina    ,     G.  L.     Statom    ,     M.  V.     Kameneva    , 
and     E.  M.     Nemoto   

    Abstract     Nanomolar intravascular concentrations of drag-reducing polymers 
(DRP) have been shown to improve hemodynamics and survival in animal models 
of ischemic myocardium and limb, but the effects of DRP on the cerebral microcir-
culation have not yet been studied. We recently demonstrated that DRP enhance 
microvascular fl ow in normal rat brain and hypothesized that it would restore 
impaired microvascular perfusion and improve outcomes after focal ischemia and 
traumatic brain injury (TBI). We studied the effects of DRP (high molecular weight 
polyethylene oxide, 4000 kDa,  i.v.  at 2 μg/mL of blood) on microcirculation of the 
rat brain: (1) after permanent middle cerebral artery occlusion (pMCAO); and (2) 
after TBI induced by fl uid percussion. Using in vivo two-photon laser scanning 
microscopy (2PLSM) over the parietal cortex of anesthetized rats we showed that 
both pMCAO and TBI resulted in progressive decrease in microvascular circula-
tion, leading to tissue hypoxia (NADH increase) and increased blood brain barrier 
(BBB) degradation. DRP, injected post insult, increased blood volume fl ow in arte-
rioles and red blood cell (RBC) fl ow velocity in capillaries mitigating capillary 
stasis, tissue hypoxia and BBB degradation, which improved neuronal survival 
(Fluoro-Jade B, 24 h) and neurologic outcome (Rotarod, 1 week). Improved 
 microvascular perfusion by DRP may be effective in the treatment of ischemic 
stroke and TBI.  

  Keywords     Cerebral blood fl ow   •   Drag reducing polymers   •   Ischemia   •   Rheological 
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1       Introduction 

 Although  ischemic stroke      and traumatic brain injury ( TBI)   arise from very different 
initial insults, the mechanisms involved in the injury process have many similarities 
[ 1 ]. Among them is a reduction in cerebral blood fl ow (CBF) leading to microvas-
cular circulation impairment and deprivation of oxygen and glucose delivery to 
tissue. 

 Currently, there are no approved therapies targeting impaired CBF after TBI and 
only one targeting impaired CBF after ischemic stroke, but that one is limited by a 
short treatment window. 

  Rheological modulation   of the blood circulation by minute quantities of drag 
reducing polymers (DRP) was demonstrated to improve circulation and survival in 
animal models of hemorrhagic shock, ischemic myocardium and limbs. However, 
except for one qualitative study [ 2 ], the effects of DRP on the impaired cerebral 
circulation have not yet been studied. We recently showed that DRP enhanced 
microvascular fl ow and tissue oxygenation in a healthy rat brain. Here, we examine 
the acute effects of DRP on impaired cerebral microcirculation and oxygen delivery 
after TBI induced by  fl uid percussion  , and  ischemic stroke      induced by permanent 
middle cerebral artery occlusion (pMCAO), and the translation of these effects into 
long-term neurologic outcome and function.  

2     Methods 

2.1     Study Paradigm 

 Most of the procedures used in these studies were previously described [ 3 ,  4 ]. The 
fl uid percussion was used as a model of TBI and was induced by 1.5 ATA 50 ms 
pulse from a custom-built Pneumatic Impactor connected to the brain through a 
pressure transducer fi lled with artifi cial cerebrospinal fl uid [ 5 ]. The suture  pMCAO   
was used as a model of  ischemic injury   [ 6 ]. 

 The acute effects of DRP on microvascular blood fl ow velocity, tissue oxygen-
ation (NADH) and blood brain barrier (BBB) permeability were measured on labo-
ratory acclimated, male, Sprague–Dawley rats weighing 250–300 g by two-photon 
laser scanning microscopy (2PLSM) under 2 % isofl urane/69%nitrous oxide/28 % 
oxygen anesthesia via a cranial window over the left parietal cortex. After baseline 
imaging, TBI or pMCAO was induced and, after post-insult imaging and DRP 
(2 μg/mL in blood) or saline  i.v.  injection, the consequent imaging was followed 
during 4 h. Doppler fl ux was measured via a lateral temporal window using a 
0.9 mm diameter probe (DRT4, Moor Inst., Axminster, UK) in the same region of 
the brain studied by 2PLSM. Brain and rectal temperatures were monitored and 
controlled at 38 ± 0.5 °C. Arterial blood gases, electrolytes, hematocrit and pH were 
measured hourly. 
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  Neurodegeneration   was examined by Fluoro-Jade B staining at 24 h after insult [ 7 ]. 
Coordination and motor defi cits were evaluated by Rotarod at 1 week after insults [ 8 ]. 
Time to dismount with increasing speed of rotation was used as a measure of 
defi cit.  

2.2     Two-Photon Laser Scanning Microscopy 

  Fluorescent serum   (tetramethylrhodamine isothiocyanate (TAMRA) dextran, 
500 kDa in physiological saline, 5 % wt/vol) was visualized using an  Olympus BX 
51WI   upright microscope and water-immersion LUMPlan FL/IR 20X/0.50 W 
objective. Excitation was provided by a PrairieView Ultima multiphoton micros-
copy laser scan unit powered by a Millennia Prime 10 W diode laser source pump-
ing a Tsunami Ti:Sapphire laser (Spectra-Physics, Mountain View, CA, USA) tuned 
to 750 nm center wavelength. Band-pass-fi ltered epifl uorescence (560–660 nm for 
TAMRA and 425–475 nm for NADH) was collected by photomultiplier tubes of the 
Prairie View Ultima system. Images (512 × 512 pixels, 0.15 μm/pixel in the  x - and 
 y -axes) or line scans were acquired using Prairie View software. Red blood cell fl ow 
velocity was measured in microvessels ranging from 3 to 50 μm diameter up to 
500 μm below the surface of the parietal cortex as previously described [ 3 ,  4 ]. 
Tissue hypoxia was assessed by measurement of NADH autofl uorescence and BBB 
permeability by TAMRA transcapillary extravasation. In offl ine analyses using NIH 
ImageJ software, three-dimensional anatomy of the vasculature in areas of interest 
were reconstructed from two-dimensional (planar) scans of the fl uorescence inten-
sity obtained at successive focal depths in the cortex (XYZ stack). 

 Statistical analyses were done by Student’s  t -test or  Kolgomorov-Smirnov test      
where appropriate. Differences between groups were determined using two-way 
analysis of variance (ANOVA) for multiple comparisons and post hoc testing using 
the Mann–Whitney  U -test. Statistical signifi cance level was set at  p  < 0.05.   

3     Results 

3.1     Acute Effects on  Cerebral Blood Flow and Metabolism   

 Both TBI and  pMCAO   progressively decreased microvascular circulation with 
development of tissue hypoxia and BBB damage in peri-injury or penumbra zones 
of the rat brain, respectively. DRP injection signifi cantly increased arteriolar blood 
volume fl ow in both, TBI (from 71.3 ± 10.5 to 84.3 ± 9.4 %) and pMCAO (from 
67.3 ± 11.3 to 81.8 ± 10.2 %) that was not observed in saline-treated animals 
(Fig.  32.1a ,  p  < 0.05). The increase in arteriolar blood volume fl ow restored circula-
tion in collapsed capillaries by 24 ± 6.7 % and 31.0 ± 7.1 % compared to saline after 
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TBI and pMCAO, respectively (Fig.  32.1b ,  p  < 0.05). The improved capillary 
 perfusion increased tissue oxygenation refl ected by a decrease of NADH autofl uo-
rescence by 18 ± 4.6 % and 17.0 ± 6.5 % comparing saline after TBI and pMCAO, 
respectively (Fig.  32.1c ,  p  < 0.05). DRP also reduced BBB damage in microvessels, 
as quantifi ed by measurement of perivascular tissue fl uorescence refl ecting the rate 
of TAMRA dextran extravasation. The fl uorescence ratios (ΔF/Fo [pre-injury] ) were 
8.7 ± 0.8 vs. 7.1 ± 0.9 for TBI saline vs. DRP and 8.3 ± 0.9 vs. 7.2 ± 0.6 for pMCAO 
saline vs. DRP, respectively (Fig.  32.1d ,  p  < 0.05).

3.2        Long-Term Outcome 

 The  microvascular fl ow and tissue oxygenation   improved by DRP reduced neurode-
generation by 37.6 ± 11.2 % (TBI) and 44.2 ± 12.6 % (pMCAO) compared to saline 
as measured 24 h post-insult by Fluoro-Jade B staining (Fig.  32.2a ,  p  < 0.05). 
Evaluation of neurological motor defi cits by  Rotarod tests   at 1 week after insults 
revealed that DRP-treated rats performed signifi cantly better than saline-treated 
 animals. Rotarod latency times were 75.6 ± 16.0 % vs. 47.3 ± 15.2 %, for TBI-DRP vs. 
TBI-saline rats and 78.2 ± 19.0 % vs. 51.4 ± 17.3 %, for pMCAO-DRP vs. pMCAO- 
saline from a baseline, respectively (Fig.  32.2b ,  p  < 0.05).

  Fig. 32.1    Intravenous injection of DRP in acute period of TBI or  pMCAO  : ( a ) increases arteriolar 
volume fl ow; ( b ) increases number of perfused capillaries; ( c ) improves tissue oxygenation 
(NADH); and ( d ) attenuates BBB damage ( N  = 10 rats per group)          
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4         Discussion 

 After TBI or  ischemic stroke  , DRP improve impaired cerebral microvascular perfu-
sion thereby reducing tissue hypoxia and BBB degradation and protecting neurons 
from death, which translates into improved neurologic outcome. Based on our data 
and previous in vitro [ 9 ,  10 ] and in vivo [ 11 ]  studies  , we could speculate that the 
mechanisms of increasing the arteriolar blood volume fl ow include an increase of 
fl ow velocity by reduction of fl ow separations and vortices at vessel bifurcations 
and increasing a pressure gradient across the arterial vessel network due to the vis-
coelastic properties of DRP. This leads to a rise in the pre-capillary blood pressure 
thus enhancing capillary perfusion and countering capillary stasis. 

 DRP also reduce the near-wall cell-free layer increasing wall shear stress and 
decreasing plasma skimming at  vessel bifurcations   (i.e., lowering hematocrit in 
daughter branches of microvessels), described in vitro [ 12 ,  13 ] and in vivo [ 14 ] 
which could explain protection of the BBB. Recent studies reported that increased 
wall shear stress restrains expression of proinfl ammatory cytokines that initiate a 
signaling cascade leading to activation of BBB damage [ 15 ,  16 ]. 

 Due to the absence of effective therapies for impaired cerebral microcirculation 
leading to tissue hypoxia, despite the numerous pharmacological treatments success-
fully tested in animals that failed clinically, the use of DRP is a promising approach 
for the treatment of  TBI  ,  ischemic stroke   and other low CBF pathologic conditions.     
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Chapter 33
Relationship Between Cerebral Oxygenation 
and Metabolism During Rewarming 
in Newborn Infants After Therapeutic 
Hypothermia Following Hypoxic-Ischemic 
Brain Injury

Subhabrata Mitra, Gemma Bale, Judith Meek, Cristina Uria-Avellanal, 
Nicola J. Robertson, and Ilias Tachtsidis

Abstract Therapeutic hypothermia (TH) has become a standard of care following 
hypoxic ischemic encephalopathy (HIE). After TH, body temperature is brought 
back to 37 °C over 14 h. Lactate/N-acetylasperatate (Lac/NAA) peak area ratio on 
proton magnetic resonance spectroscopy (1H MRS) is the best available outcome 
biomarker following HIE. We hypothesized that broadband near infrared spectros-
copy (NIRS) measured changes in the oxidation state of cytochrome-c-oxidase con-
centration (Δ[oxCCO]) and cerebral hemodynamics during rewarming would relate 
to Lac/NAA. Broadband NIRS and systemic data were collected during rewarming 
from 14 infants following HIE over a mean period of 12.5 h. 1H MRS was per-
formed on day 5–9. Heart rate increased by 20/min during rewarming while blood 
pressure and peripheral oxygen saturation (SpO2) remained stable. The relationship 
between mitochondrial metabolism and oxygenation (measured as Δ[oxCCO]  
and Δ[HbD], respectively) was calculated by linear regression analysis. This was 
reviewed in three groups: Lac/NAA values <0.5, 0.5–1, >1. Mean regression coef-
ficient (r2) values in these groups were 0.41 (±0.27), 0.22 (±0.21) and 0.01, respec-
tively. The relationship between mitochondrial metabolism and oxygenation 
became impaired with rising Lac/NAA. Cardiovascular parameters remained stable 
during rewarming.
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1  Introduction

Perinatal hypoxic-ischaemic (HI) brain injury causes significant morbidity and 
mortality. Therapeutic hypothermia (TH) is beneficial following hypoxic ischemic 
encephalopathy (HIE) and has become the standard of care in recent years [1, 2]. 
During TH, body temperature is maintained at 33.5 °C followed by a slow rewarm-
ing that brings body temperature back to 37 °C. Rewarming early from TH induces 
cortical neuron apoptosis in a piglet model following HIE [3]. Rebound seizures 
have been noted during the rewarming period both in animal models [4] and neona-
tal intensive care [5] and further ‘cooling’ with slower rewarming has been sug-
gested. Changes in cerebral metabolism and hemodynamics have been investigated 
in both preclinical models and clinical studies during and after HI, but the dynamic 
effects of rewarming on newborn cerebral metabolism and hemodynamics have not 
yet been fully investigated.

NIRS is a non-invasive tool that has been widely used for continuous bedside 
monitoring of cerebral oxygenation and hemodynamic changes. We have recently 
developed a new broadband NIRS system to monitor Δ[oxCCO] as well as the con-
centration changes of oxy- and deoxy hemoglobin (Δ[HbO2] and Δ[HHb], respec-
tively) in neonatal brain [6]. Cytochrome-c-oxidase (CCO) plays a crucial role in 
mitochondrial oxidative metabolism and ATP synthesis and is responsible for more 
than 95 % of oxygen metabolism in the body [7]. Changes in total hemoglobin 
(HbT = HbO2 + HHb) and hemoglobin difference (HbD = HbO2 − HHb) were calcu-
lated. Changes in HbD and HbT reflect changes in cerebral oxygenation and changes 
in cerebral blood volume, respectively.

Following HIE, Lac/NAA peak area ratio obtained from 1H MRS is the best 
available MR biomarker for prediction of neurodevelopmental outcome [8].

The aim of this study was to assess the cerebral metabolic and hemodynamic 
changes during the rewarming period in a cohort of term infants following perinatal 
hypoxic-ischemic brain injury. We hypothesized that the dynamic changes in cere-
bral oxygenation and metabolism during the rewarming period would relate to the 
severity of the injury as assessed by Lac/NAA.

2  Methods

Ethical approval for the study at University College London Hospitals NHS Foundation 
Trust (UCLH) was obtained from the NREC (reference: 13/LO/0225). Hypothermia 
and subsequent rewarming were instituted with a servo-controlled cooling machine 
Tecotherm Neo, Inspiration Healthcare, UK. Using a cooling mattress and a rectal 
temperature probe, it maintains a constant core temperature during hypothermia and 
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increases the temperature as programmed during the rewarming period. Normally, the 
core temperature is increased by 0.5 °C over every 2-h period so that the temperature 
is increased from 33.5 to 37 °C over 14 h. Rewarming data were collected from a 
cohort of 14 infants. NIRS monitoring was commenced as early as possible in the 
rewarming phase and was continued for the maximum possible time. One NIRS chan-
nel was placed on either side of the forehead and data were collected at 1 Hz. The 
optode source-detector distance of 2.5 cm was chosen to ensure a good depth penetra-
tion [9]. The differential path length (DPF) was chosen as 4.99 [10]. Changes in chro-
mophore concentrations were calculated from the measured changes in broadband 
NIR light attenuation using the modified  Beer- Lambert law as applied with the UCLn 
algorithm [11] across 136 wavelengths (770–906 nm). Systemic data were collected 
using ixTrend software (ixellence GmbH, Germany) and were synchronised with the 
NIRS data. Brain magnetic resonance imaging (MRI) and MRS were performed 
between day 5–9 using a 3T Philips MRI scanner (Philips Healthcare, UK).

3  Data Analysis

Initial data analysis was carried out in MATLAB (Mathworks, USA). Systemic data 
were down-sampled and interpolated to the NIRS data timeframe (1 Hz). Artefacts 
from movement or changes in external lighting were removed and baseline shifts 
were corrected using the method suggested by Scholkmann et al. [12]. Linear 
regression analysis was performed to assess the relationship between Δ[oxCCO] 
and Δ[HbD] and an averaged regression coefficient (r2) was created to compare this 
relationship between groups. All statistical analyses were performed using GraphPad 
Prism 6 (GraphPad Software, USA).

4  Results

NIRS and systemic data were collected over a mean period of 12.5 h (5–14 h). 
Active cooling was started at a mean of 3 h of age. All infants were ventilated during 
rewarming. Clinical characteristics of the cohort are presented in Table 33.1. During 
rewarming the heart rate gradually increased from a mean of 108/min (range 
75–130/min) to 128/min (121–135/min). The peripheral oxygen saturation (SpO2) 
fell briefly at the start of rewarming, but was mostly over 95 %. Mean blood pressure 
(BP) was stable throughout the rewarming (45–55 mmHg) (Fig. 33.1). Transcu-
taneous CO2 dropped by mean 1.3 kPa. Changes in oxCCO concentration from both 
left and right side are shown in Fig. 33.2. No significant difference was noted 
between the two sides. The averaged regression coefficients (r2) between Δ[oxCCO] 
and Δ[HbD] were plotted against Lac/NAA values obtained from 1H MRS. Although 
in clinical practice a Lac/NAA peak area ratio >0.3 has been associated with poor 
neurodevelopmental outcome following HIE [8], we divided the current cohort into 
three groups (Lac/NAA <0.5, 0.5–1 and >1) to more explicitly demonstrate the 
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relationship between the average regression coefficient between Δ[oxCCO] and 
Δ[HbD] with Lac/NAA. Lac/NAA peak area ratio ranged from 0.08 to 1.32 in this 
cohort, and four infants had a value of ≥0.3. Eleven infants had Lac/NAA <0.5, 2 
had Lac/NAA 0.5–1 and 1 had Lac/NAA > 1. Mean r2 values between Δ[oxCCO] 
and Δ[HbD] in these groups were 0.41 (±0.27), 0.22 (±0.21) and 0.01, respectively 
(Fig. 33.3).

Table 33.1 Characteristics 
of the infants: data are 
presented as mean (range)

Infant characteristics Mean (range)

Birth weight (g) 3161 (1770–3800)

Gestational age (weeks) 39 (38–41)

Male:female 1.3:1

Apgar score at 1 min 1 (0–4)

Apgar score at 5 min 3 (0–7)

Apgar score at 10 min 3 (0–8)

Umbilical cord pH (arterial) 6.9 (6.56–7.28)

Base excess (arterial) −15 (9.7–24)

Serum lactate 12 (9–17)

Age at start of active cooling (min) 178 (55–284)

Fig. 33.1 Systemic changes (heart rate (a), SpO2 (b), mean blood pressure (c) and transcutaneous 
CO2 (d)) among all infants during rewarming (mean ± s.d.)
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5  Discussion

The relationship between cerebral metabolism and oxygenation measured during 
rewarming following TH in a group of infants with HIE became more disturbed 
with an increasing degree of brain injury. Rewarming is a complex process; it has 
the potential to significantly influence cardiovascular function and stimulate the 
activity of excitatory amino acids suppressed during hypothermia [13].

Gebaur et al. reported that during hypothermia left ventricular output remains low 
due to decreased heart rate and a decreased stroke volume. During rewarming both 
stroke volume and cardiac output increases as the core temperature increases [14]. In 

Fig. 33.2 Δ[oxCCO] (a, b) and Δ[HbD] (c, d) from both left and right sides during rewarming. 
Each individual color represents data from one infant

Fig. 33.3 Averaged 
regression coefficient (r2) 
between oxCCO and  
HbD presented in three 
groups: Lac/NAA <0.5, 
0.5–1 and >1

33 Relationship Between Cerebral Oxygenation and Metabolism During Rewarming…



250

our study, heart rate increased steadily throughout rewarming but mean BP remained 
stable, no hypotensive episodes were noted. Our findings were similar to those of 
Gebauer et al. but were different from those reported by Thoresen and Whitlaw [15]. 
They noted changes in cardiovascular indices in 9 infants with HIE during mild hypo-
thermia and rewarming. Mean arterial BP fell during rewarming while the heart rate 
increased. This difference is probably related to the process of rewarming. In the study 
described by Thoresen et al. rewarming was performed over a minimum of 5 h by 
removing the cooling cap and adjusting the overhead heater to control the rise of tem-
perature no more than per hour. We used a servo controlled cooling machine, which 
increased the core temperature in a more stable way, and the rewarming was done over 
a much longer period. A rapid and unstable increase in core temperature most likely 
induces a reduced peripheral vascular tone with increased cardiac work. Rewarming 
at a rate of 0.5–1 °C/h did not influence the beneficial effects of therapeutic hypother-
mia in a rat model, but a higher rewarming rate of 2 °C/h abolished those beneficial 
effects on both cardiac and cerebral function (reduced severity of myocardial and 
cerebral functions abnormalities and attenuated release of IL-6 and TNF-α) [16].

Availability of oxygen has a significant influence on the oxidation of CCO.  
The relationship between mitochondrial metabolism and oxygenation became more 
impaired with increasing severity of injury, measured as rising Lac/NAA on 1H 
MRS. This probably indicates that following severe HIE and cell death, cerebral 
metabolism failed to improve in spite of oxygen availability. We did not notice any 
significant pattern of changes in Δ[oxCCO] with a change in temperature, nor did 
we notice any specific cut-off temperature point which indicated any change in the 
trend of cerebral metabolism during rewarming. In near-term fetal sheep, carotid 
artery blood flow (CaBF) and mean arterial blood pressure (MABP) changed only 
transiently during rewarming. No significant difference was noted from 6 h  
onwards [3]. In a recent study, asphyxiated newborn infants had stable regional 
cerebral  oxygenation during rewarming [17].

The limitation of the present study is the small number of infants enrolled and, in 
particular, the number of infants with severe brain injury.

We noted that the mitochondrial metabolism-oxygenation coupling during 
rewarming was influenced by the severity of hypoxic ischemic brain injury. 
 Servo- controlled slow rewarming process had no significant influence on the stabil-
ity of cerebrovascular hemodynamics and metabolism.
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    Chapter 34   
 Low Volume Aerobic Training Heightens 
Muscle Deoxygenation in Early Post-Angina 
Pectoris Patients                     

     Shun     Takagi     ,     Norio     Murase    ,     Ryotaro     Kime    ,     Masatsugu     Niwayama    , 
    Takuya     Osada    , and     Toshihito     Katsumura   

    Abstract     The aim of this study was to investigate the effect of low volume aerobic 
exercise training on muscle O 2  dynamics during exercise in early post-angina pecto-
ris (AP) patients, as a pilot study. Seven AP patients (age: 72 ± 6 years) participated 
in aerobic exercise training for 12 weeks. Training consisted of continuous cycling 
exercise for 30 min at the individual’s estimated lactate threshold, and the subjects 
trained for 15 ± 5 exercise sessions over 12 weeks. Before and after training, the 
subjects performed ramp cycling exercise until exhaustion. Muscle O 2  saturation 
(SmO 2 ) and relative changes from rest in deoxygenated hemoglobin concentration 
(∆Deoxy-Hb) and total hemoglobin concentration (∆Total-Hb) were monitored at 
the vastus lateralis by near infrared spatial resolved spectroscopy during exercise. 
The SmO 2  was signifi cantly lower and ∆Deoxy-Hb was signifi cantly higher after 
training than before training, while there were no signifi cant changes in ∆Total-Hb. 
These results indicated that muscle deoxygenation and muscle O 2  extraction were 
potentially heightened by aerobic exercise training in AP patients, even though the 
exercise training volume was low.  

  Keywords     Cycling training   •   Ischemic heart disease   •   Muscle O 2  dynamics   •   Near 
infrared spectroscopy   •   Peak aerobic capacity  
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1       Introduction 

 Heart disease patients have not only potentially impaired muscle O 2  supply due to 
reduced heart pump function, but also impaired muscle O 2  utilization due to muscle 
deconditioning.  Muscle deoxygenation   in heart disease patients has been reported 
using the near infrared spectroscopy (NIRS) technique [ 1 ,  2 ]. A previous study dem-
onstrated that early after ischemic heart disease (IHD) patients, especially ones who 
had a relatively preserved left ventricular ejection fraction (LVEF), showed an 
absence of muscle deoxygenation during exercise, and the absence of muscle deoxy-
genation was related to low  peak aerobic capacity   [ 2 ]. 

 Adequate volume of aerobic training enhances  aerobic capacity   and  skeletal 
muscle deoxygenation   during graded exercise in healthy young subjects [ 3 ]. In early 
post-IHD patients, although the traditional guideline for aerobic training frequency 
is 3 sessions/week, low volume aerobic training (1 or 2 sessions/week) also improves 
aerobic capacity [ 4 ]. However, to date, it is unclear whether muscle deoxygenation 
is heightened by low volume aerobic training in IHD, such as angina pectoris (AP) 
patients. The aim of this study was to investigate the effect of low volume aerobic 
exercise training on muscle O 2   dynamic  s during exercise in early post-AP patients.  

2     Methods 

2.1     Subjects 

 Seven AP patients were recruited 27 ± 10 (range 18–42) days after receiving coro-
nary artery bypass grafting. At baseline, the mean left ventricular ejection fraction 
(LVEF) was 62 ± 7 %, as assessed by echocardiography. All medication dosages 
remained stable during the study. This study protocol was approved by the institu-
tional ethics committee. All subjects were informed of the purpose of the study and 
written informed consent was obtained.  

2.2     Experimental Design 

 The subjects trained for 12 weeks at the individual’s estimated lactate threshold 
( LT        ), using an upright cycling ergometer. The estimated LT was determined as in 
previous studies [ 5 ,  6 ]. Training frequency was set in advance at two exercise ses-
sions/week for 12 weeks; however, the subjects exercised at 15 ± 5 sessions over the 
12 weeks’ training, as their schedules permitted. 

 Before and after training, the subjects performed 10 W/min ramp bicycle exer-
cise, after a 3-min warm-up at 10 W, until exhaustion (Strength Ergo 8,  Fukuda- Denshi, 
Japan). No subjects reported chest pain during exercise. Pulmonary O 2  uptake (VO 2 ) 
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was monitored continuously throughout the exercise (AE310S, Minato Medical 
Science, Japan) to evaluate peak VO 2 . Muscle O 2  saturation (SmO2) and relative 
changes from rest in oxygenated hemoglobin concentration (∆Oxy-Hb), deoxygen-
ated hemoglobin concentration (∆Deoxy-Hb), and total hemoglobin concentration 
(∆Total-Hb) were monitored at the vastus lateralis (VL) in the left leg by near infra-
red spatial resolved spectroscopy (NIR SRS ). The NIR SRS  data were averaged over the 
last 10 s at rest, every 10 W, and peak exercise. The measurement site in the VL was 
defi ned as 30 % of the length between the patella and the greater trochanter above the 
patella, as defi ned in previous studies [ 2 ]. 

 We used a two-wavelength (770 and 830 nm) light-emitting diode NIR SRS  (Astem 
Co., Japan). The probe consisted of one light source and two photodiode detectors, 
and the optode distances were 20 and 30 mm, as were used in previous studies [ 2 , 
 7 ]. The data sampling rate was 1 Hz. We measured fat layer thickness at the mea-
surement site using an ultrasound device (LogiQ3, GE-Yokokawa Medical Systems, 
Japan), and subsequently, as applied in previous studies [ 2 ,  7 ], the light scattering 
effect of the fat layer was corrected by normalizing measurement sensitivity [ 8 ,  9 ]. 
The specifi cations of correction for the infl uence of fat layer thickness have been 
fully described [ 8 ,  9 ].  

2.3     Statistics 

 All data are given as means ± standard deviation (SD). To compare changes in oxy-
gen dynamics and pulmonary VO 2  during submaximal exercise (i.e. 20–50 W) 
between groups, a 2-way repeated-measures analysis of variance was used, with 
training and power output (PO) as factors. Where appropriate, the  Bonferroni post- 
hoc test      was performed to determine specifi c signifi cant differences. Differences in 
physical variables, peak VO 2 , and peak workload were compared between groups 
using paired t tests. For all statistical analyses, signifi cance was accepted at  p  < 0.05.   

3     Results 

 While VO 2  during submaximal exercise (from 20 to 50 W) was not signifi cantly 
changed by exercise training, exercise training signifi cantly increased peak VO 2  
(before: 15.0 ± 3.9 ml/kg/min, after: 19.2 ± 5.1 ml/kg/min,  p  < 0.05), peak workloads 
(before: 73 ± 20 W, after: 88 ± 28 W,  p  < 0.05), estimated LT (before: 10.2 ± 1.5 ml/kg/
min, after: 12.6 ± 2.9 ml/kg/min,  p  < 0.05), and workload at estimated  LT   (before: 
39 ± 12 W, after: 48 ± 13 W,  p  < 0.05) in AP patients. Body weight ( p  = 0.50) and fat 
layer thickness ( p  = 0.66) were not signifi cantly altered by exercise training (Table  34.1 ).

   Figure  34.1  presents muscle  O 2    dynamics before and after exercise training in 
AP patients. During submaximal exercise, there was a signifi cant training × PO 
interaction for SmO 2  ( p  < 0.05) and ∆Deoxy-Hb ( p  < 0.01). As a result, SmO 2  was 
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signifi cantly lower, and ∆Deoxy-Hb was signifi cantly higher at a given absolute 
workload after training, compared with before training. We did not observe signifi -
cant main effects of training in ∆Oxy-Hb ( p  = 0.55) or ∆Total-Hb ( p  = 0.90), nor 
interactions (∆Oxy-Hb:  p  = 0.48, ∆Total-Hb:  p  = 0.80). In addition, at peak exercise, 
SmO 2  was signifi cantly lower ( p  < 0.01) and ∆Deoxy-Hb was signifi cantly higher 
( p  < 0.05) after training than before training. ∆Oxy-Hb at peak exercise tended to be 
lower after training ( p  = 0.09), and no signifi cant change was observed in ∆Total-Hb 
at peak exercise ( p  = 0.75). Change in ∆SmO 2  (values at peak exercise minus values 
at resting) by training tended to be negatively associated with change in peak VO 2  
( r  = −0.69,  p  = 0.09).

4        Discussion 

 After exercise training, we observed lower  SmO 2    and higher ∆Deoxy-Hb during 
exercise, while ∆total-Hb, which is an indicator of blood volume, did not change in 
AP patients. Moreover, changes in ∆SmO 2  by exercise training may be related to 
increase in peak VO 2  in AP patients. Unfortunately, we did not have a control group 
(i.e. a non-training AP group or healthy elderly group). However, we confi rmed that 
muscle deoxygenation was blunted in early post-AP patients compared to age- 
matched healthy subjects, and in early post-IHD patients in the non-training group 
no signifi cant changes were observed before and after 12 weeks training in  muscle 
O 2  dynamics   (unpublished data). These data suggest that low volume of aerobic 
training heightens muscle deoxygenation and O 2  extraction in AP patients, and the 
change in peripheral factors may be related to increase in  peak aerobic capacity  . 
NIRS data refl ect the balance between O 2  utilization and supply. Therefore, enhance-
ment of muscle deoxygenation by exercise training implies increased muscle O 2  uti-
lization, partly due to increased oxidative enzyme activity [ 10 ] and/or reduced 
muscle O 2  supply [ 11 ]. However, in this study, submaximal pulmonary VO 2  was not 

   Table 34.1    Demographic and clinical information ( n  = 7)   

 Before  After 

 Age (years)  72 ± 6  – 
 Height (cm)  161.2 ± 8.5  – 
 Weight (kg)  62.1 ± 11.7  61.0 ± 13.6 
 Men/women  5/2  – 
 Fat layer thickness at VL (mm)  5.14 ± 1.56  4.92 ± 1.13 
 Medication (%) 

 ACE inhibitor 
 Angiotensin II receptor antagonist 
 Antiplatelet agent 
 Beta blockers 
 Calcium channel antagonist 

 14 
 29 
 29 
 57 
 43 

 – 
 – 
 – 
 – 
 – 

   ACE  angiotensin converting enzyme,  VL  vastus lateralis. Values are means ± standard deviation  
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signifi cantly improved by training. Therefore, a change in blood distribution may 
have occurred in this study, as a training adaptation, as seen in rat experiments [ 12 ]. 

 In elderly subjects, low volume aerobic exercise training (15 ± 6 sessions) at esti-
mated  LT   for 30 min did not enhance muscle desaturation response during exercise 
[ 7 ]. In the present study, muscle desaturation response was enhanced by a similar 
volume of exercise training to the previous study [ 7 ]. One possible explanation for 
disparities in training effects may be the initial level of the subject’s peak aerobic 

  Fig. 34.1    Change in  muscle O 2  saturation   (SmO 2 :  a ), oxygenated hemoglobin (∆oxy-Hb:  b ), 
deoxygenated hemoglobin (∆deoxy-Hb:  c ), and total hemoglobin (∆total-Hb:  d ) responses during 
ramp cycling exercise before (closed circles) and after (open circles) exercise training. Signifi cant 
difference between groups at a given absolute workload (*:  p  < 0.05, **:  p  < 0.01). Signifi cant dif-
ference between groups at peak exercise (†:  p  < 0.05). There was a signifi cant training and power 
output interaction (#:  p  < 0.05, ##:  p  < 0.01). Symbols indicating a signifi cant difference between 
power output in both groups have been omitted for the sake of clarity       
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capacity. In general, if the same volume of exercise training is conducted, a gain of 
 peak aerobic capacity   is higher in an individual who has low aerobic capacity than 
an individual with higher aerobic capacity [ 13 ]. In fact, a greater increase in 
∆Deoxy-Hb at peak exercise by exercise training tends to be related to a lower initial 
level of  peak aerobic capacity   ( r  = −0.69,  p  = 0.09). In addition, these disparities in 
the effects of exercise training between studies may be partly explained by pump 
functions of heart (i.e. convective O 2  supply) before training. 

 Remarkably, SmO 2  at rest seemed to be lower in AP before training, compared 
to previous values of elderly subjects (69.1 ± 3.6 %) [ 7 ], even though the difference 
in SmO 2  at rest before and after training did not reach statistical signifi cance 
( p  = 0.18). These results lead us to speculate that non-essential circulation at rest 
may already be sacrifi ced in some AP patients. 

 In conclusion, muscle deoxygenation and  O 2  extraction      were potentially height-
ened by aerobic exercise training in AP patients, even though the exercise training 
volume was low.     
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    Chapter 35   
 The Effects of Passive Cycling Exercise 
for 30 min on Cardiorespiratory Dynamics 
in Healthy Men                     

     Sayuri     Fuse     ,     Ryotaro     Kime    ,     Takuya     Osada    ,     Norio     Murase    , 
and     Toshihito     Katsumura   

    Abstract     An increase in the incidence rate of cardiovascular disease is attributed to 
high daily sitting time, while a drop in risk of cardiovascular disease comes from a 
decrease in daily sitting time, rather than an increase in physical activity levels. 
Although short-duration passive exercise increases energy expenditure and blood 
fl ow, few studies have reported on the responses of cardiorespiratory dynamics to 
long-duration passive exercise. The purpose of this study was to consider the effect of 
long-duration passive exercise for 20 min on cardiorespiratory and muscle oxygen 
dynamics. Eight healthy men continuously performed passive exercise using a cycle 
ergometer for 20 min at 50 rpm. Changes in oxygen uptake, cardiac output and mus-
cle oxygenation were measured during passive cycling exercise. The oxygen uptake 
at 1 min after the start of passive exercise was signifi cantly increased, compared to 
resting level, but subsequently returned to the same as resting level. Cardiac output 
showed no change during passive cycling exercise. Tissue oxygen saturation increased 
after the start of passive exercise and subsequently maintained steady state. These 
results suggest that the effect of increases in energy expenditure was not maintained 
by passive exercise for 20 min. In addition, it is likely that passive cycling exercise for 
20 min has an effect on peripheral circulation, although the exercise seems to have no 
effect on central circulation.  

  Keywords     Passive leg movement   •   Oxygen uptake   •   Cardiac output   •   Near infrared 
spectroscopy   •   Muscle oxygen dynamics  
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1       Introduction 

 Over the past few decades, the way in which we conduct our everyday lives has 
changed dramatically [ 1 ]. Technological advances, societal infl uences and environ-
mental attributes have caused us to increase the proportion of the day spent in sed-
entary pursuits, or sitting [ 2 ]. A recent study has reported that even among adults 
reporting high levels of moderate-vigorous physical activity (>7 h per week (h/wk)), 
a high amount of television viewing (≧7 h per day (h/d)) remained associated with 
increased risk of  cardiovascular mortality  , compared with those reporting the least 
television viewing (<1 h/d) [ 3 ]. Therefore, a drop in risk of cardiovascular disease 
comes from a decrease in daily sitting time, rather than an increase in physical activ-
ity levels [ 1 ,  3 ]. 

 Previous studies have reported passive leg cycle exercise increased cardiovascu-
lar responses [ 4 ], energy expenditure [ 5 ] and femoral arterial blood fl ow [ 6 ] and 
promoted venous return [ 7 ,  8 ]. Consequently, passive cycling has lately attracted 
attention as a method to reduce sedentary time [ 5 ]. However, these studies employed 
short-duration passive exercise. Few studies have reported the effects of long- 
duration passive exercise on  cardiorespiratory dynamics  . If long-duration passive 
cycling exercise increases energy expenditure and muscle blood fl ow, it may be 
useful for preventing arteriosclerosis and metabolic disease, especially for the sed-
entary. Therefore, the purpose of this study was to determine the effect of passive 
leg cycle exercise for 20 min on cardiorespiratory and  muscle oxygen dynamics  .  

2     Methods 

2.1     Subjects 

 Eight healthy men (age: 20.8 ± 0.3 years; height: 174.2 ± 2.2 cm; weight: 64.9 ± 2.2 kg; 
mean ± SE) participated in the study. They were over the age of 20 years and were 
physically active, but not participating in any formal training or organized sports. 
All of the subjects were informed of the purpose and nature of the study, and their 
written informed consent was given. The study was approved by the Tokyo Medical 
University Local Research Ethics Committee, Japan.  

2.2     Experimental Design 

 All subjects were asked to fast for 6 h, abstain from alcohol and caffeine for 8 h, and 
not to perform any vigorous exercise for 24 h before the exercise protocol. After 
arriving at the laboratory, subjects rested quietly in a temperature controlled room 
(23–25 °C) for at least 20 min. Participants continuously performed passive exercise 
using a cycle ergometer (Strength Ergo 8, Fukuda-Denshi, Tokyo, Japan) for 20 min 
following a rest in sitting position for 3 min. Passive cycling exercise was conducted 
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automatically by a minus load setting, which was equipped with a  cycle ergometer  . 
The minus load setting specifi es the maximum power at which the machine moves 
the pedals. In this study, passive cycling was set to −50 W at 50 rpm. The position 
during exercise was upright, like a normal bicycle.  

2.3     Measurement Parameters 

 Pulmonary oxygen uptake (VO 2 ) was continuously assessed breath-by-breath with an 
online metabolic system (AE310S, Minato Medical Science, Japan) from the start of 
rest in sitting position to the end of passive cycling exercise. Cardiac  output   ( CO  ) was 
simultaneously monitored using transthoracic impedance cardiography (PhysioFlow, 
Manatec Biomedical, France). 

 Relative changes from rest in  tissue oxygen saturation   (ΔStO 2 ), oxygenated hemo-
globin concentration (ΔoxHb), deoxygenated hemoglobin concentration (ΔdxHb) 
and total hemoglobin concentration (ΔtoHb) were measured at the left vastus lateralis 
muscle by near infrared spatial resolved spectroscopy (NIRS oximeter, Astem, Japan). 
The probe position was defi ned as a distal point of 30 % of the length between the 
patella and the greater trochanter. We used a probe which consisted of one light source 
and two photodiode detectors, and the optode distances were 2.0 and 3.0 cm, respec-
tively. The measurement site was irradiated with two- wavelength (770 and 830 nm) 
near infrared lights from a light source, and the light hit both detectors [ 9 ]. The sam-
pling rate was 1 Hz. To correct for the scatter factor of fat layer thickness, we mea-
sured fat layer thickness at the measurement site using an ultrasound device (LOGIQ 
3, GE Yokogawa Medical Systems, Japan) by placing the ultrasound probe at the 
same site as the NIRS oxymeter probe had been placed [ 9 ].  

2.4     Statistics 

 All data were averaged every 60 s and expressed as means ± standard error (SE). The 
statistical differences between values were tested using one-way repeated-measures 
analysis of variance. When a signifi cant difference was present, a multiple compari-
son test was conducted using the  Bonferroni method   to compare values at rest and 
each exercise time. All the  statistical analyses   were performed using IBM SPSS 
Statics 22 and  p  < 0.05 was considered statistically signifi cant.   

3     Results 

 VO 2  was signifi cantly increased at 1 min after the start of passive cycling exercise 
compared to resting level (rest; 4.2 ± 0.2 ml/kg/min, 1 min; 6.1 ± 0.3 ml/kg/min, 
 p  < 0.05), and then returned to resting level within a few minutes (3 min; 4.9 ± 0.2 ml/
kg/min,  p  > 0.05) (Fig.  35.1A ). Minute ventilation indicated the same change as VO 2 , 
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but showed no signifi cant differences from resting level. CO showed no change 
 during exercise (Fig.  35.1B )      .

   ΔStO 2  was signifi cantly increased during passive exercise (1 min; 3.9 ± 0.7 %, 
 p  < 0.05, 3 min; 4.3 ± 0.6 %,  p  < 0.01, 5 min; 4.3 ± 0.9 %,  p  < 0.05, 10 min; 5.6 ± 0.9 %, 
15 min; 6.3 ± 0.8 %, 20 min; 6.7 ± 0.8 %,  p  < 0.01) (Fig.  35.2A ). Additionally, both 
ΔoxHb and ΔtoHb were drastically decreased immediately after the start of exer-
cise, and then both parameters showed progressive increase until the end of exercise 
(Fig.  35.2B ). In contrast, ΔdxHb were maintained until the end of exercise, after the 
initial drop at the start of exercise (Fig.  35.2B ). There were no signifi cant differ-
ences for ΔoxHb, ΔdxHb and ΔtoHb between rest and any exercise times.

4        Discussion 

 Previous studies have reported that passive cycling exercise increased both CO and 
VO 2  [ 4 ,  8 ]. In this study, however, VO 2  was signifi cantly increased at 1 min after the 
start of exercise compared to resting level, and then returned to resting level 

  Fig. 35.1    Changes in oxygen  uptake         (VO 2 ;  A ) and cardiac  output      (CO;  B ) during passive cycling 
exercise. There was a signifi cant difference from resting level (* p  < 0.05)       

  Fig. 35.2    Changes in muscle oxygen saturation (ΔStO 2 ;  A ) and oxygenated hemoglobin (ΔoxHb, 
 closed circles ;  B ), deoxygenated hemoglobin (ΔdxHb,  open circles ;  B ) and total hemoglobin 
(ΔtoHb,  closed squares ;  B ) in the vastus lateralis muscle during passive cycling exercise. There 
was a signifi cant difference from resting level (* p  < 0.05, ** p  < 0.01)       
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(Fig.  35.1A ). In addition, CO showed no change during exercise (Fig.  35.1B ). In pas-
sive exercise, where voluntary activation of the muscles is minimal, central command 
is also minimized and so the fast exercise drive to breathe should result only from the 
activation of limb afferents [ 10 ]. It is suggested that an increase in VO 2  at 1 min after 
the start of exercise contributed to an adaptation of the afferent feedback from the 
moving limbs, especially mechanoreceptors [ 10 ]. During passive cycling at 40 and 
60 rpm, CO was signifi cantly elevated compared to rest [ 4 ,  8 ]. In contrast, CO was 
not augmented during passive exercise at 50 rpm, in spite of different exercise times, 
which were adopted by recent studies [ 7 ,  11 ], including this study. Some investiga-
tions [ 4 ,  5 ,  8 ] suggested that the pedaling frequency during passive cycling exercise 
infl uenced changes in CO and energy expenditure. Therefore, it is unlikely that exer-
cise time during passive exercise is associated with cardiorespiratory responses. 

 It is suggested that the mechanical lengthening and shortening of the muscles dur-
ing passive leg cycling promotes circulation within the lower limbs of able- bodied 
individuals [ 4 ,  8 ]. Research using an NIRS device indicated that the increase in 
Δtotal-Hb during exercise at a constant work rate was attributed to a dilation of  periph-
eral blood vessels   [ 12 ] and the increase in ΔStO 2  was matched by rises in muscle blood 
fl ow and venous return [ 13 ]. In this study, ΔStO 2  was signifi cantly increased during 
passive exercise. Additionally, both ΔoxHb and ΔtoHb showed a progressive increase 
from 10 min to the end of exercise. In contrast, ΔdxHb were maintained until the end 
of exercise, after the initial drop at the start. These results suggest that passive cycling 
exercise may induce increases in venous return and oxygen supply to muscle tissue. 

 In conclusion,  oxygen uptake      was signifi cantly increased at the start of passive 
cycling exercise compared to resting level, and then returned to resting level within 
a few minutes. The oxygen supply to the muscle tissue may have been increased by 
passive cycling exercise, even though cardiac  output   was not signifi cantly increased 
during exercise. It is therefore likely that passive cycling exercise at 50 rpm for 
20 min has an effect on lower leg circulation, although the exercise seems to have 
no effect on cardiorespiratory dynamics.     
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    Chapter 36   
 Regional Differences of Metabolic Response 
During Dynamic Incremental Exercise 
by  31 P-CSI                     

     Yasuhisa     Kaneko     ,     Ryotaro     Kime    ,     Yoshinori     Hongo    ,     Yusuke     Ohno    , 
    Ayumi     Sakamoto    , and     Toshihito     Katsumura   

    Abstract     The aim of this study was to detect the differences in muscle metabolic 
response of the quadriceps during incremental dynamic knee exercise using regional 
 31 Phosphorus Chemical Shift Imaging ( 31 P-CSI). Sixteen healthy men participated 
in this study (age 28 ± 5 years, height 171.4 ± 3.9 cm, weight 67.1 ± 9.8 kg). The 
experiments were carried out with a 1.5-T superconducting magnet with a 5-in. 
diameter circular surface coil. The subjects performed isometric unilateral knee 
extension exercise to detect their maximum voluntary contraction (MVC) in prone 
position. Then they performed dynamic unilateral knee extension exercise in the 
magnet at 10, 20, 30 and 40 % of their MVC with the transmit-receive coil placed 
under the right quadriceps. The subjects pulled down a rope with the adjusted 
weight attached to the ankle at a frequency of 0.5 Hz for 380 s. Intracellular pH 
(pHi) was calculated from the median chemical shift of the inorganic phosphate (Pi) 
peak relative to phosphocreatine (PCr). The quadriceps were divided into three 
regions, (1) medial, (2) anterior, (3) lateral, and in comparison, there was no signifi -
cant difference in Pi/PCr nor in pHi between regions, except Pi/PCr of the medial 
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region was signifi cantly higher than the anterior region at maximum intensity 
( p  < 0.05). These results suggest that regional muscle metabolic response is similar 
in the quadriceps except at maximum intensity.  

  Keywords     Magnetic resonance spectroscopy   •   Dynamic exercise   •   Quadriceps   •   pH  

1       Introduction 

 Imbalanced activity of vastus medialis ( VM        ) and  vastus lateralis (VL)   has been 
found in patients with patellofemoral joint pain (PFP) through electromyographic 
investigation. Facilitating balanced use of these muscles is considered to be a key 
point of therapy for recovery and prevention of further injuries [ 1 ,  2 ]. It is essential 
to evaluate various aspects of the activities of knee extensor muscles to improve 
patient diagnosis, and to confi rm whether appropriate rehabilitation or training was 
provided. We have focused on the aspect of muscle metabolism as a form of evalua-
tion. The aim of this study was to detect the differences in muscle metabolism 
response at the lateral, anterior and medial regions of the  quadriceps   of healthy sub-
jects during dynamic incremental knee extension exercise using two- dimensional 
 31 Phosphorus Chemical Shift Imaging (  31 P-CSI  )   .  

2     Methods 

 Sixteen healthy male subjects (age 28 ± 5 years, height 171.4 ± 3.9 cm, weight 
67.1 ± 9.8 kg) participated in this study. All subjects were briefed about the experi-
mental protocol and written informed consent was obtained before the experiment. 
The institutional review board of the Tokyo Medical University approved the research 
protocol. 

 The experiments were carried out with a 1.5-T superconducting magnet (GE 
Healthcare, Milwaukee, WI, USA) with a 5-in. diameter circular surface coil (GE 
Healthcare, Milwaukee, WI, USA) double-tuned to  1 H at 63.5 MHz and  31 P at 
25.8 MHz. First, subjects performed isometric unilateral knee extension of the right 
leg in prone position to measure their maximum voluntary contraction (MVC) and 
determine the intensity of the following exercise. Then, they lay prone in the bore to 
obtain T 2 -weighted  1 H images, followed by acquisition of regional differences in 
 phosphorus signals   by  31 P-CSI. The magnetic fi eld homogeneity was optimized 
using the localized water signal from the quadriceps muscles prior to the  31 P-CSI 
acquisitions. 

 A one-pulse  31 P-CSI acquisition was carried out with a circular surface coil 
placed under the  quadricep  s muscles of the right leg. Spatially resolved acquisition 
relied on  31 P-CSI with 3-cm slice thickness, and a 108 cm 2  fi eld of view. The vol-
ume of each voxel was 3 × 3 × 3 cm, or 27 cm 3 . A TR of 1000 ms was used, and a 
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two- dimensional  31 P metabolite map was generated every 380 s. This acquisition 
procedure followed that of a previous study [ 3 ] to obtain good spectral data and 
represents an optimal compromise among signal-to-noise, temporal resolution, and 
spatial resolution. Mnova software (Mestrelab Research, Spain) was used for  31 P-
CSI post processing. Baseline correction was performed semi-automatically by set-
ting the peak ranges of Pi and PCr as references, and phase correction was applied 
semi- automatically using Pi and PCr as reference peaks. Supplementary manual 
phase or baseline correction was performed, if necessary. The peak areas and peak 
positions of PCr and Pi were fi tted in the frequency domain. The  intracellular pH 
(pHi)   was calculated from the median chemical shift of the Pi peak relative to PCr 
[ 3 ]. T 2 - weighted  1 H images were obtained through the whole body imaging coil 
with TR = 3200 ms and TE = 95 ms. Scanning time for the T 2  image was 39 s. 

 The subjects performed dynamic unilateral knee extension of right leg. The sub-
jects pulled down a rope with the adjusted weight attached to the ankle at a fre-
quency of 0.5 Hz for 380 s at 10, 20, 30 and 40 % of their MVC in prone position. 
The exercise was ceased when the subject was not able to keep up the frequency. The 
 range of motion (ROM)   of knee extension exercise was 0–30° due to the diameter of 
the scanner bore. 

 The changes in  Pi/PCr   and  pHi   during the experiments were analyzed by two- way 
ANOVA for repeated measurements. The signifi cance level was set to 0.05. Statistics 
were completed using the Statistical Package for the Social Sciences (SPSS) Statics 
(IBM, Chicago, IL, USA).  

3     Results 

 A representative view of   31 P-CSI   spectra is shown in Fig.  36.1    . To compare the regional 
metabolic differences, eight voxels were selected. Two voxels in the medial side were 
defi ned as the medial region, and two in the lateral side were defi ned as the lateral 
region. Voxels between the medial and lateral regions were defi ned as the anterior 
region. The anterior region had twice the thickness of the other regions, and was 
divided further into two regions, d (deep)-anterior and s (superfi cial)-anterior, to evalu-
ate the metabolic differences in depth. Pi/PCr increased at 30 % MVC in lateral region 
( p  < 0.05), d-anterior region ( p  < 0.01), and s-anterior region ( p  < 0.01), and in every 
region at 40 % MVC ( p  < 0.01) compared to at rest. Although pHi in medial region 
started increasing from 20 % MVC ( p  < 0.05), statistical increases in pHi were observed 
in every region at 40 % MVC ( p  < 0.05) (Table  36.1 ). There were no statistical differ-
ences between regions in Pi/PCr nor pHi. Because the tolerance of exercise varied 
between subjects, Pi/PCr and pHi at the maximum intensity (the intensity of exercise 
each subject managed to complete) was compiled and compared in each region. 
Although no signifi cant difference was observed in  Pi/PCr and pHi   between regions at 
rest, the Pi/PCr in the medial region was signifi cantly higher than the anterior region 
( p  < 0.05) and tended to be higher than the lateral region ( p  = 0.073) (Fig.  36.2 ). pHi at 
maximum intensity showed no signifi cant difference between the regions.
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  Fig. 36.1    Representative 
view of   31 P-CSI   spectra 
and two-dimensional   1 H 
magnetic resonance image   
in thigh muscles. Each 
voxel ( thin-line square ) 
was 3 × 3 × 3 cm, or 27 cm 3 . 
The four regions were 
defi ned as medial, lateral, 
s-anterior, and d-anterior 
regions ( thick-line squares ) 
to evaluate the regional 
metabolic differences in 
 quadriceps   during dynamic 
incremental knee extension 
exercise       

   Table 36.1    Changes in  Pi/PCr   and  pH  i of each region at rest and during incremental exercise   

 Region  Rest 
 10 % 
MVC  20 % MVC  30 % MVC  40 % MVC   p  

 Pi/
PCr 

 Medial  0.16 ± 0.05  0.21 ± 0.10  0.27 ± 0.10  0.36 ± 0.16  0.48 ± 0.19**  n.s. 
 Lateral  0.17 ± 0.07  0.16 ± 0.07  0.23 ± 0.10  0.26 ± 0.12*  0.35 ± 0.17** 
 d-Ante-
rior 

 0.13 ± 0.05  0.14 ± 0.05  0.15 ± 0.06  0.28 ± 0.14**  0.33 ± 0.16** 

 s-Ante-
rior 

 0.12 ± 0.04  0.16 ± 0.05  0.22 ± 0.11  0.25 ± 0.14**  0.36 ± 0.13** 

  pHi    Medial  7.15 ± 0.07  7.12 ± 0.07  7.12 ± 0.09*  7.07 ± 0.13*  6.96 ± 0.09**  n.s. 
 Lateral  7.16 ± 0.10  7.18 ± 0.13  7.13 ± 0.10  7.05 ± 0.07  6.97 ± 0.06** 
 d-Ante-
rior 

 7.12 ± 0.12  7.10 ± 0.10  7.13 ± 0.10  7.04 ± 0.12  7.01 ± 0.09* 

 s-Ante-
rior 

 7.14 ± 0.10  7.10 ± 0.11  7.09 ± 0.12  7.00 ± 0.20  6.99 ± 0.07* 

  Both Pi/PCr and pHi were increased at greater intensity in every region compared to rest ( p  < 0.05). 
There were no signifi cant differences between the regions 
 Mean ± S.D. * p  < 0.05 vs. rest ** p  < 0.01 vs. rest  
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  Fig. 36.2     Pi/PCr      of each 
region at rest and at the 
maximum intensity (max). 
No signifi cant difference 
was observed at rest while 
the medial region showed a 
signifi cantly higher ratio 
than the anterior region 
( p  < 0.05) and tended to be 
higher than the lateral 
region ( p  = 0.073) at the 
maximum intensity       
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4          Discussion 

 The present study shows that regional difference in metabolic response of the  quad-
riceps      was observed only at maximum intensity during knee extension exercise in 
healthy subjects. Each region: medial, lateral, d-anterior and s-anterior, as defi ned 
in the study, may anatomically represent each knee extensor: vastus medialis ( VM  ), 
vastus lateralis ( VL     ), vastus intermedius (VI), and rectus femoris (RF), respectively. 
In this study, the  Pi/PCr   ratio was higher in VM than VI and RF at maximum inten-
sity, while Pesta et al. [ 4 ] found that the PCr changes were uniform across the dif-
ferent components of the  quadricep  s in sprint and endurance athletes. Other studies 
[ 5 ,  6 ] also reported heterogenic muscle metabolism, although the response patterns 
were different. The reason for this contradiction is not well understood, but may be 
caused by different exercise protocols and length of exercise time. The present study 
set a fi xed workload based on MVC with weights at each session, while the others 
used a rubber band for workload [ 5 ], or ramp increment [ 6 ], and the length of exer-
cise ranged from 2 to 12 min. 

 Differences in muscle metabolism may relate to the range of motion since  ROM      
affects electromyography activation and a low range is the optimal ROM to activate 
the VM muscle, while a different range is recommended for other extensors [ 7 ,  8 ]. 
Kalliokoski et al. [ 9 ] reported on the spatial heterogeneity of muscle blood fl ow, 
which revealed the greatest increase in VM and VI, compared to the two other mus-
cles, during isometric exercise at 50°. In the present study, subjects performed knee 
extension exercise at 0–30° which is the preferable range to enhance  VM   activity. 
From a clinical point of view, further study is required in PFP subjects with the same 
protocol.  

5     Conclusion 

 We found that most muscle regions of the  quadriceps   are metabolically similar except 
at maximum intensity in the medial region exhibiting a higher Pi/PCr compared to 
the anterior region in healthy subjects.   
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    Chapter 37   
 Muscle Deoxygenation and Its Heterogeneity 
Changes After Endurance Training                     

     Ryotaro     Kime     ,     Masatsugu     Niwayama    ,     Yasuhisa     Kaneko    ,     Shun     Takagi    , 
    Sayuri     Fuse    ,     Takuya     Osada    ,     Norio     Murase    , and     Toshihito     Katsumura   

    Abstract     The purpose of this study was to elucidate the time course of muscle 
deoxygenation and its heterogeneity changes through endurance training. Nine 
healthy untrained male participated in this study. The subjects performed a ramp 
incremental cycle exercise protocol to estimate VO 2peak  and muscle tissue oxygen 
saturation (SmO 2 ) distribution in the VL muscle before and after 3 (3 wk-T) and 6 
weeks of endurance training (6 wk-T). The probe of multi-channel near infrared 
spatially resolved spectroscopy was attached to the left vastus lateralis muscle along 
the direction of the long axis. The subjects performed cycle exercise at 60 % of 
VO 2peak  for 30 min/day, 3 days/week as the endurance training. After the training, 
VO 2peak  at 3 wk-T and 6 wk-T were signifi cantly increased compared to pre-training 
(Pre-T) and VO 2peak  at 6 wk-T was signifi cantly increased compared to 3 wk-T. Mean 
SmO 2  within measurement sites at VO 2peak  was signifi cantly decreased after 3 wk-T 
and 6 wk-T compared to Pre-T, but mean SmO 2  was not signifi cantly different 
between 3 wk-T and 6 wk-T. Conversely, the heterogeneity of the SmO 2  during 
exercise was not signifi cantly changed through endurance training. A signifi cantly 
negative correlation was found between ΔVO 2  and ΔSmO 2  after the fi rst 3 weeks of 
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endurance training. In contrast, no correlation was found betweenΔVO 2  and ΔSmO 2  
after the last 3 weeks of endurance training. These results suggest that the enhanced 
muscle O 2  availability may be one of the primary factors in increasing VO 2peak  after 
the fi rst 3 weeks of endurance training.  

  Keywords     Cycle exercise   •   Near infrared spectroscopy   •   Tissue oxygen saturation   
•   Oxygen uptake   •   Vastus lateralis  

1       Introduction 

 Typically, blood fl ow increases in relation to local metabolic rate, and the dynamic 
O 2  balance is distributed heterogeneously not only in a single muscle, but also in 
other activating muscles [ 1 – 3 ]. Near-infrared spectroscopy (NIRS) has been widely 
used in measuring muscle deoxygenation during exercise. We have previously 
reported that the muscle deoxygenation level at exhaustion was negatively correlated 
with peak  oxygen uptake      (VO 2peak ), and the results suggest that O 2  availability may 
be enhanced in higher oxidative capacity muscles [ 4 ]. In addition, we have reported 
on muscle deoxygenation and its heterogeneity changes in an exercising muscle from 
endurance training [ 5 ]. However, the training period was 6 weeks, which was longer 
than usual endurance training period, as 3 weeks of endurance training is enough to 
obtain performance benefi t through some physiological adaptation [ 6 ]. Therefore, 
the purpose of this study was to elucidate the time course of muscle deoxygenation 
and its  heterogeneity changes   through endurance training. In addition, we evaluated 
whether the increased oxidative capacity from endurance training may be caused by 
enhanced muscle O 2  extraction.  

2     Methods 

2.1     Subjects 

 Nine healthy untrained males (age: 27 ± 7 years height: 169.4 ± 4.1 cm, weight: 
65.9 ± 8.4 kg) participated in this study. All subjects were briefed about the experimental 
protocol, and written informed consent was obtained before the experiment. The insti-
tutional review board of Tokyo Medical University approved the research protocol.  

2.2     Experimental Design 

 Peak  oxygen uptake   (VO 2peak ) and muscle  tissue oxygen saturation      (SmO 2 ) distribu-
tion in the vastus lateralis ( VL  )    muscle were determined before and after 3 and 6 
weeks of endurance training. For the endurance training, the subjects performed 
 cycle exercise   for 30 min/day, 3 days/wk. The work rate during training was set at 
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60 % VO 2peak  and increased every 5 % VO 2peak  when the subjects could maintain the 
work rate three times easily. The incremental ramp exercise protocol proceeded by 
3-min unloaded cycling was performed in an upright position to estimate VO 2peak  
and SmO 2  distribution in the  VL   muscle. During the test, pulmonary VO 2  and car-
bon dioxide production (VCO 2 ) were assessed breath-by-breath with an online met-
abolic system (AE-310 Minato, Japan). Pedal frequency of 60 rpm was maintained 
by keeping time with a metronome.  

2.3     Measurement Parameters 

 We used two wavelength  light-emitting diode NIR SRS    (Astem Co., Japan). The probe 
of the system consisted of two light sources and one photodiode detector, and the 
optode distance was 20 and 30 mm, respectively. The measurement probes were 
attached to the left VL muscle along the direction of the long axis. The eight measure-
ment probes were arranged vertically, with the most distal site being channel 1 and the 
most proximal site was channel 8. SmO 2  was derived from the relative absorption coef-
fi cients obtained from the slope of light attenuation over a distance measured at two 
focal points from the light emission. A previous study reported that fat layer thickness 
affects SmO 2  [ 7 ]. In contrast, Niwayama et al. [ 8 ] recently reported that the SmO 2  can 
be quantifi ed by the correction of fat layer thickness effects, and the specifi cations of 
the NIR SRS  were fully described. In this study, we measured fat layer thickness on each 
measurement site in  VL   muscle to correct for these effects using an ultrasound device 
(LogiQ3, GE-Yokokawa Medical Systems, Japan) by placing an ultrasound probe on 
the same sites as the NIR SRS  probes had been placed. SmO 2  at rest and at VO 2peak  were 
defi ned as the SmO 2  averaged over the last 5 s of each period. Relative dispersion (RD) 
of SmO 2  was calculated as RD = (SD/Mean) × 100 (%) as an index of heterogeneity.  

2.4     Statistics 

 All data were averaged every 60 s and are expressed as means ± standard error (SE). 
The statistical differences between values were tested using one-way repeated mea-
sures analysis of variance. When a signifi cant difference was present, multiple com-
parisons were conducted using the  Bonferroni method      to compare values within 
each training status. All statistical analyses were performed using IBM SPSS 
Statistics 22 and  p  < 0.05 was considered statistically signifi cant.   

3     Results 

 The VO 2peak  was signifi cantly enhanced after 3 and 6 weeks of endurance training. 
In addition, VO 2peak  was signifi cantly increased at 6-wk compared to 3-wk of endur-
ance training (Pre-T: 42.7 ± 9.9 ml/kg/min, 3-wk: 51.7 ± 11.3 ml/kg/min, 6-wk: 
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55.0 ± 9.1 ml/kg/min) (Fig.  37.1 ). SmO 2  at VO 2peak  was signifi cantly decreased after 
endurance training at the proximal sites, but not at the distal sites. Further, mean 
SmO 2  within measurement sites was signifi cantly decreased after 3 wk-T and 6 
wk-T compared with Pre-T, but mean SmO 2  was not signifi cantly different between 
3 wk-T and 6 wk-T (Fig.  37.2 ). RD of SmO 2  was not signifi cantly different before 
and after endurance training at VO 2peak  (Pre-T: 10.2 ± 3.1 %, 3 wk-T: 10.5 ± 3.9 %, 6 
wk-T: 11.4 ± 4.8 %). A signifi cantly negative correlation was found between ΔVO 2  
and ΔSmO 2  after the 3 weeks of endurance training. In contrast, no correlation was 

* *#

  Fig. 37.1    Peak  oxygen 
uptake   during  cycle 
exercise   before and after 3 
and 6 weeks of endurance 
training. Signifi cant 
difference from Pre-T (* 
 p  < 0.05). Signifi cant 
difference from 3 wk-T (# 
 p  < 0.05)       
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  Fig. 37.2    SmO 2  in VL muscle at VO 2peak  before and after 3 and 6 weeks of endurance training. The 
eight measurement probes were arranged vertically, with the most distal site being channel 1 and 
the most proximal site was channel 8. Signifi cant difference from Pre-T (*  p  < 0.05)       
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found after the last 3 weeks of endurance training (Fig.  37.3 ). Fat layer thickness 
showed no signifi cant difference after the 6 weeks of endurance training (Pre-T: 
3.62 ± 1.22 cm, 6-wk T: 3.56 ± 1.28 cm).

4          Discussion 

 We investigated changes in SmO 2  and its distribution in VL muscle during  cycle 
exercise      at VO 2peak  after 3 and 6 weeks of endurance training. This study reveals that 
muscle deoxygenation was greatly enhanced at VO 2peak , but muscle deoxygenation 
heterogeneity was unchanged by the endurance training. Recently, some PET studies 
have demonstrated that muscle O 2  extraction was higher and muscle blood fl ow het-
erogeneity in the exercising muscle was lower in endurance-trained men [ 1 ,  2 ]. In 
addition, some classical studies have reported that muscle O 2  extraction was enhanced 
after endurance training as demonstrated by a lower venous femoral PO 2  during 
exercise [ 9 ]. It is therefore suggested that muscle O 2  extraction may be improved in 
the activating muscle by endurance training. In this study, mean SmO 2  in  VL   was 
signifi cantly enhanced after endurance training. 

 We hypothesized that  SmO 2  distribution   in the activating muscle would be more 
homogeneous at higher work rates after endurance training [ 10 ]. However, the RD 
of SmO 2  was not signifi cantly different between pre-T, 3 wk-T and 6 wk-T, even 
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  Fig. 37.3    Relationship 
betweenΔVO 2  and ΔSmO 2  
after the fi rst 3 weeks 
( upper ) and the last 3 
weeks of endurance 
training ( lower )       

 

37 Muscle Deoxygenation and Its Heterogeneity Changes After Endurance Training



280

though a previous study demonstrated that the muscle blood fl ow heterogeneity in 
the exercising muscle was lower in endurance-trained men [ 1 ]. The differing results 
in these studies may be explained by the variations in muscle group measurement, 
measurement depth and measurement devices. 

 There was a signifi cantly negative correlation between ΔVO 2  and ΔSmO 2  after 
the fi rst 3 weeks of endurance training. In contrast, no correlation was found between 
these parameters after the last 3 weeks of endurance training. These results suggest 
that the enhanced muscle O 2  availability may be one of the primary factors in increas-
ing VO 2peak  after the fi rst 3 weeks of endurance training. In contrast, the primary 
factors in increasing VO 2peak  after the last 3 weeks of endurance training may be 
caused by increase in both muscle O 2  availability and muscle O 2  supply to the acti-
vating muscles. We recognize that there was an absence of cardiac output measure-
ment in our study. Further research is needed to clarify the time course of changes in 
central and local O 2  dynamics during endurance training. 

 In conclusion, muscle deoxygenation was signifi cantly enhanced by 3 wk-T and 
6 wk-T, but the muscle deoxygenation was not signifi cantly different between 3 
wk-T and 6 wk-T. In contrast, functional heterogeneity of O 2  balance did not change 
by the endurance training. Although there was a signifi cantly negative correlation 
between ΔVO 2  and ΔSmO 2  after the fi rst 3 weeks of the training, no correlation was 
found between these parameters after the last 3 weeks of the training.     
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    Chapter 38   
 Response of BAX, Bcl-2 Proteins, 
and SIRT1/PGC-1α mRNA Expression to 
8-Week Treadmill Running in the Aging 
Rat Skeletal Muscle                     

     Fang-Hui     Li     ,     Hai-Tao     Yu    ,     Lin     Xiao    , and     Yan-Ying     Liu   

    Abstract     The aim of this study was to analyze the effects of exercise training on 
Bax and Bcl-2 protein content and sirtuin1 (SIRT1) mRNA expression levels to pre-
vent sarcopenia in aging rats. Eight 18 months old male Sprague–Dawley rats were 
trained 5 days weekly for 8 weeks on a treadmill, and eight sedentary rats served as 
controls. Gastrocnemius muscles were dissected 2 days after the last training ses-
sion. The mRNA content of PGC-1α, caspase-3, NRF1, TFAM, SOD2, and SIRT1 
was estimated by RT-PCR with GAPDH used as an internal control. The protein 
expression of BAX and Bcl-2 was assessed by Western immunoblot. After training, 
signifi cant ( p  < 0.05) increases were noted for the gastrocnemius muscle weights, the 
gastrocnemius mass/body mass ratio, the bcl-2/BAX ratio, the Bcl-2 protein and the 
SIRT1, PGC-1α, NRF1, TFAM, SOD2 mRNA content in the trained gastrocnemius, 
relative to the control samples. No difference was found in the BAX protein between 
control and trained muscles, whereas the caspase-3 mRNA content decreased by 
50 %, in the gastrocnemius muscle of trained animals. Exercise training may inhibit 
age-induced myonuclear apoptosis by stimulating SIRT1/PGC-1α mRNA expres-
sion, thereby preventing sarcopenia in aging rat.  

  Keywords     Sarcopenia   •   Exercise training   •   Sirtuin1   •   Aging rat   •   Mitochondrial  

1        Introduction 

  Sarcopenia  , the age-related decline in muscle mass and function, represents a signifi -
cant health issue due to its associated high prevalence of frailty and disability [ 1 ]. 
Studies in animal models [ 2 ] and humans [ 1 ] have shown that the severity of skeletal 

        F.-H.   Li      (*) •    H.-T.   Yu    •    L.   Xiao    •    Y.-Y.   Liu    
  School of Physical Education and Health ,  Zhaoqing University ,   Zhaoqing   526061 ,  China   
 e-mail: fanghuili2007@163.com  

 Author contributed equally with all other contributors. 

mailto:fanghuili2007@163.com


284

muscle cell apoptosis increases over the course of aging and correlates with the degree 
of muscle mass and strength decline. Sirtuin 1 (SIRT1), a nicotinamide adenine dinu-
cleotide (NAD + )-dependent histone deacetylase, is implicated in the prevention of 
many age-related diseases such as sarcopenia, Alzheimer’s disease, and type 2 diabetes 
by maintaining mitochondrial homeostasis [ 3 ]. SIRT1/PGC-1α (peroxisome prolifera-
tor-activated receptor-γ coactivator 1α) pathway plays a vital role in regulating oxida-
tive stress, mitochondrial biogenesis, apoptosis, thereby contributing to maintain 
skeletal muscle homeostasis and human longevity [ 3 ]. Disruption of the SIRT1/PGC-1α 
pathway contributes to age-related loss of  muscle function and sarcopenia  . Enhanced 
transcriptional activity and protein content of PGC-1α in skeletal muscle prevent mus-
cle wasting by reducing myocyte apoptosis and proteasome degradation [ 4 ]. 

 Non-damaging habitual exercise using resistive or endurance regime provides 
some protection against age-related  sarcopenia   and impaired contractile function. 
Song et al. [ 5 ] found that 12 weeks of treadmill exercise training resulted in adapta-
tions in Bcl-2 family apoptotic signaling and related stress proteins in skeletal muscle 
of aged rats. Regular exercise and its mechanism of preventing sarcopenia in aged rats 
led us to hypothesize that exercise training might be effective with respect to reducing 
myocyte apoptosis, especially in type II fi ber containing skeletal muscles that may be 
more susceptible to muscle mass losses via the intrinsic apoptotic pathway. Ziaaldini 
et al. [ 6 ] found that exercise training alleviated the deleterious effects of the aging 
process via SIRT1-dependent pathways through the stimulation of NAD +  biosynthe-
sis by NAMPT. If exercises can elevate the SIRT1/PGC-1α axis messenger ribonu-
cleic acid (mRNA) expression in skeletal muscle of aged rats in vivo, age-related loss 
of muscle mass and myocyte apoptosis would be delayed. Therefore, this study aimed 
to investigate the alterations in BAX and Bcl-2 protein expression after 8 weeks of 
treadmill exercise training. Alterations in SIRT1/PGC-1α axis mRNA expression in 
skeletal muscle from an aged rat model after exercise training were also studied.  

2     Materials and Methods 

2.1     Animals and Training Protocol 

 Adult male Sprague–Dawley rats aged 18 months were studied. Sixteen rats with 
similar body weights (range of 340–260 g) were randomly assigned to control ( n  = 8) 
or training ( n  = 8) groups. The training intensity increased progressively. For the fi rst 
4 weeks, the speed of the treadmill and duration of the training sessions gradually 
increased from a speed of 10 m/min for 10 min to a running speed of 15 m/min for 
10 min by the end of week 4. For the next 4 weeks, a 5-min warm-up session at a 
speed of 10 m/min was followed by the 10-min training session at a speed of 15 m/
min [ 7 ]. Training animals were killed 6 h after the last training session and the con-
trol animals were euthanized at the same time as training animals. The  gastrocne-
mius muscle   were quickly removed and frozen immediately in liquid nitrogen and 
stored at −80 °C environment for further analysis.  
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2.2      RT-PCR   for  mRNA Expression   

 Total RNA from skeletal muscle samples (~30 mg) was extracted with TRIzol 
(Invitrogen, Singapore) according to the manufacturer’s protocol. Analyses of the 
real-time quantitative PCR data were performed by using the comparative threshold 
cycle [Ct] method. The primer sequences are shown in Refs. [ 4 ,  5 ].  

2.3      Bax and Bcl-2 Protein   Content 

 Protein content for BAX, Bcl-2 was determined by Western blot ( WB     ). Separating 
gel and stacking gel solutions were made, polymerization then initiated by TEMED 
and ammonium persulfate. Separating and stacking gels were then quickly poured 
into a Bio-Rad Protein III gel-box. Eighty micrograms of protein from gastrocnemius 
muscle homogenates in sample buffer were then loaded into the wells of the 10 % 
polyacrylamide gels, and electrophoresed at 150 V. The gels were then transferred at 
30 V overnight onto a nitrocellulose membrane (Bio-Rad). After blocking, mem-
branes were incubated at room temperature in PBS and the appropriate primary anti-
bodies for 12 h: rabbit polyclonal BAX and mousemonoclonal Bcl-2 (Santa Cruz 
Biotechnology, USA). Following membranes incubated with horseradish peroxidase-
conjugated secondary antibodies in PBS for 90 min, densitometry was performed 
using a Kodak fi lm cartridge and fi lm, a scanner interfaced with a microcomputer, 
and the NIH Image J Analysis program.  

2.4     Statistical Analysis 

 All data were presented as mean ± SE. All differences were analyzed with the 
Student’s  t -test. For all analyses,  P  < 0.05 was considered statistically signifi cant.   

3     Results 

3.1     Gastrocnemius Wet Weight and Gastrocnemius Index 

 Although the animal body mass was similar in the control (CON) and exercise train-
ing (ET)  gastrocnemius muscles  , the gastrocnemius muscle weights and gastrocne-
mius mass/body mass ratio elevated by 29 % and 37.5 % ( p  < 0.05), respectively, 
relative to the control gastrocnemius muscle (Table  38.1 ).
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3.2        Protein Level of  BAX and Bcl-2 Protein   

 According to the WB analysis, Bcl-2 protein content and Bcl-2/BAX ratio in gas-
trocnemius of the trained animals was 18 % higher ( p  < 0.05) than that of the control 
animals, whereas the protein content of BAX was similar in gastrocnemius muscle 
obtained from the  ET and CON animals   (Fig.  38.1 ).

3.3        Expression of SIRT1-PGC-1α Axis  mRNA      

 After ET, we found that the SIRT1, PGC-1α, mitochondrial transcription factor A 
(TFAM), nuclear respiratory factors 1 (NRF1) and superoxide dismutase 2 (SOD2) 
mRNA content had signifi cantly elevated in gastrocnemius compared with the 
CON, whereas the caspase-3 mRNA content decreased by 50 % in the gastrocne-
mius muscle of trained animals (Table  38.2 ).

4         Discussion 

 To our knowledge, exercise training partly wiped out this age difference. The gas-
trocnemius muscle weight and gastrocnemius mass/body mass ratio from the trained 
animals were 29 and 37.5 % signifi cantly higher than those of CON animals, 

   Table 38.1    Weight, gastrocnemius weight and gastrocnemius mass/body mass after training   

 Groups  Body mass (g)  Gastrocnemius weight (g) 
 Gastrocnemius mass/body 
mass 

 CON 
 ET 

 378.8 ± 65.7 
 378.0 ± 27.6 

 0.61 ± 0.16 
 0.79 ± 0.13* 

 1.60 ± 0.20 
 2.20 ± 0.11** 

  *  p  <0.05, **  p  <0.01 vs. the CON groups  

  Fig. 38.1    Western blot analysis and densitometric ratios of BAX and Bcl-2 in  gastrocnemius     . 
Western blot analysis was used to determine the level of proteins extracted from gastrocnemius, 
relative to the endogenous control GAPDH       
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respectively. A critical event in mitochondrial-driven apoptosis is the formation of 
permeable membrane pores, regulated by the balance between competing anti-
apoptotic Bcl-2 family proteins such as Bcl-2 and proapoptotic  protein  s including 
BAX [ 2 ]. Previously, elevation of BAX and caspase-3 protein expression in aging 
skeletal muscle was reported by Alway et al. [ 8 ]. Song et al. found that the bcl-2 
protein levels reduced by 20 % in aged rats compared to young rats and the BAX 
protein levels was 11 % higher in aged rat compared to young rats. Moreover, bcl-2/
Bax ratio in the white gastrocnemius increased by 98 % with aging [ 5 ]. In addition, 
caspase- 3 mRNA content in aged rats was 72 % higher than that in young rats [ 9 ]. 
We found that exercise training resulted in a marked elevation of Bcl-2 protein 
expression and the Bcl-2/Bax ratio in the white  gastrocnemius      from old rats 
(Fig.  38.1 ). Remarkably, exercise training diminished caspase-3 mRNA levels by 
over 95 %, indicative of a robust effect of exercise training on key integrative regula-
tor of apoptosis. But the change of the protein content of BAX was not signifi cant 
statistically,which is in accordance with those presented in the study by Narashimhan 
M et al.[ 10 ], who reported that moderate training on a treadmill for 2 weeks did not 
decrease the protein content of BAX. However, Song et al. [ 5 ] demonstrated that 12 
weeks of treadmill exercise training markedly reduced protein content of BAX in 
the white  gastrocnemius and soleus muscle  s of old rats. There is possibility that 
moderate training on a treadmill for 2 weeks and 8 weeks was insuffi cient to decrease 
the protein content of BAX in the white gastrocnemius from old rats. Our results 
suggest that a contributing mechanism by which exercise training may protect mus-
cle from deteriorating in aging populations involves elevated bcl-2/BAX ratio by 
increasing bcl-2 protein expression. 

 Moreover, atrophied aging human skeletal muscle demonstrates a sensitized  mito-
chondrial permeability transition pore (mPTP)      and an associated increase in myonu-
clear localization of the mitochondrial-derived proapoptotic factor [ 11 ]. Furthermore, 
we hypothesized that exercise can prevent opening of  mPTP   through alterations in 
Bcl-2 and BAX. Our further study will be designed to investigate whether alterations 
in Bcl-2 and BAX due to moderate training would be positively related to the preven-
tion of mPTP opening. 

 Alterations in mitochondrial function and low  mitochondriogenesis   are consid-
ered major factors underlying sarcopenia [ 3 ,  4 ]. Skeletal muscle aging was associated 
with a downregulation of the SIRT1-mediated transcriptional pathway of mitochon-
drial biogenesis that impinged on multiple aspects of mitochondrial homeostasis 
[ 12 ]. SIRT1 has been shown to increase the transcription of PGC-1α and activate 
PGC-1α by deacetylation. The mRNA expression of PGC-1α decreased signifi cantly 
by 35 % in skeletal muscles of old rats compared to young rats as previously described 
[ 13 ]. In the present study we found that exercise training increased by 2.1-fold the 

    Table 38.2    Comparisons of SIRT1-PGC-1α axis gene mRNA expression of skeletal muscle   

 Groups  SIRT1  PGC-1a  NRF1  TFAM  Caspase-3  SOD2 

 CON 
 ET 

 1.02 ± 0.12 
 2.41 ± 0.63* 

 1.23 ± 0.32 
 2.51 ± 0.11* 

 1.08 ± 0.67 
 5.16 ± 0.40** 

 0.98 ± 0.33 
 2.52 ± 0.13* 

 0.96 ± 0.13 
 0.48 ± 0.06* 

 1.06 ± 0.2 
 2.09 ± 0.4* 

  Data are presented as means ± SE. * p  < 0.05 and ** p  < 0.01 indicated signifi cant differences com-
pared to control animals  
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SIRT1 mRNA content from the white  gastrocnemius   in old rats (Table  38.2 ). As 
expected, the mRNA expression of PGC-1α and SIRT1 was signifi cantly correlated 
[ 14 ]. Interestingly, the expression of mitochondrial biogenesis genes is known to be 
under the control of the PGC-1α and their activator SIRT1. Increased PGC-1α activ-
ity can enhance its DNA binding, thus inducing expression of genes involved in 
antioxidative enzyme SOD2 and NRF1. NRF1 can promote the expression of TFAM 
that directly stimulates mitochondrial DNA replication and transcription. Thus, our 
study reveals that exercise training increases transcription of NRF1 and TFAM, prob-
ably through upregulating transcription of SIRT1 and PGC-1α. In conclusion, our 
results found elevated SIRT1/PGC-1α axis genes expression levels, and suggest that 
regular exercises increase protection against the pro-apoptotic process in skeletal 
muscle, and hold back changes in muscle mitochondrial function with advanced age. 
However, we understand that even though this study provides correlative evidence it 
still has its own limitation, and our further study will be designed to investigate the 
effect of moderate training on mitochondrial regulation and apoptosis through SIRT1-
null rat model.     
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    Chapter 39   
 Muscle Oxygen Dynamics During Cycling 
Exercise in Angina Pectoris Patients                     

     Shun     Takagi     ,     Norio     Murase    ,     Ryotaro     Kime    ,     Masatsugu     Niwayama    , 
    Takuya     Osada    , and     Toshihito     Katsumura   

    Abstract     Muscle O 2  dynamics during ramp cycling exercise were compared 
between angina pectoris patients (AP;  n  = 7, age: 73 ± 6 years) after coronary artery 
bypass grafting and age-, height-, and body weight-matched elderly control subjects 
(CON;  n  = 7, age: 74 ± 8 years). Muscle O 2  saturation (SmO 2 ) and relative change in 
deoxygenated (∆deoxy-Hb) and total hemoglobin concentration (∆total-Hb) were 
measured continuously during exercise in the vastus lateralis (VL) by near infrared 
spatial resolved spectroscopy. Pulmonary O 2  uptake (VO 2 ) was also monitored 
throughout exercise to determine peak VO 2 . In AP, SmO 2  was signifi cantly higher, 
and ∆deoxy-Hb was signifi cantly lower during exercise, compared to CON. In all 
subjects, ∆SmO 2  (values at peak exercise minus values at resting) was negatively 
correlated to peak VO 2  ( r  = −0.52,  p  < 0.05), and ∆deoxy-Hb at peak exercise tended 
to be negatively associated with peak VO 2  ( r  = 0.48,  p  = 0.07). Blunted skeletal mus-
cle deoxygenation response was observed in AP patients, which may be related to 
lower aerobic capacity in AP patients.  
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1       Introduction 

 The near infrared spectroscopy ( NIRS)      technique can serve as an indicator of muscle 
oxygen dynamics in the arterioles, capillaries, and venules noninvasively during whole 
body exercise. Recently, we reported the absence of muscle deoxygenation response 
during incremental cycling exercise in ischemic heart disease, such as post-myocar-
dial infarction (MI) patients, using the NIRS technique, and the abnormalities in mus-
cle deoxygenation were related to their peak aerobic capacities [ 1 ]. However, to date, 
muscle oxygen dynamics have not been fully established in angina pectoris (AP) 
patients. In AP patients, heart pump function, as well as muscle oxidative enzyme 
activity [ 2 ] may be potentially impaired, and it is unclear whether the absence of mus-
cle deoxygenation is particular to MI patients. The aim of this study was to investigate 
the muscle deoxygenation response during cycling exercise in AP patients.  

2     Methods 

2.1     Subjects 

 AP patients ( n  = 7) and age-, height-, and weight-matched control subjects (CON; 
 n  = 7) participated in the study (Table  39.1 );    the study protocol was approved by the 
Institutional Ethics Committee. The AP patients were recruited 30 ± 10 days (range 
18–42 days) after receiving coronary artery bypass grafting, and the mean left ven-
tricular ejection fraction (EF) was 62 ± 7 %, as assessed by echocardiography. All 
subjects were informed of the purpose of the study and written informed consent was 
given.

    Table 39.1    Demographic and clinical information   

 AP ( n  = 7)  CON ( n  = 7) 

 Age (years)  75 ± 6  74 ± 8 
 Height (cm)     159.4 ± 9.9  160.7 ± 8.3 
 Weight (kg)  61.1 ± 11.9  60.9 ± 12.0 
 Men/women  5/2  5/2 
 Fat layer thickness at VL (mm)  5.04 ± 1.67  4.46 ± 2.71 
 Medication (%) 

 ACE inhibitor 
 Angiotensin II receptor antagonist 
 Antiplatelet agent 
 Beta blockers 
 Calcium channel antagonist 

 14 
 29 
 29 
 57 
 43 

  0 
 14 
  0 
  0 
 14 

 Diabetes (%)  14  14 
 Dyslipidemia (%)  43  43 
 Hypertension (%)  71  43 

  All data are given as mean ± SD.  ACE  angiotensin converting enzyme,  VL  vastus lateralis  
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2.2         Experimental Design   

 The subjects performed 10 W/min (AP and CON) or 15 W/min (CON) ramp bicycle 
exercise, after a three-minute warm up at 10 W, until exhaustion (Strength Ergo 8, 
Fukuda-Denshi, Japan). None of the AP patients had chest pain, showed ST-segment 
depression, or severe arrhythmia during or after exercise. Pulmonary O 2  uptake (VO 2 ) 
was recorded continuously throughout the exercise (AE310S, Minato Medical 
Science, Japan), and consequently, peak VO 2  was determined. Muscle oxygen dynam-
ics, i.e., muscle O 2  saturation (SmO 2 ) and relative changes from rest in oxygenated 
hemoglobin concentration (∆oxy-Hb), deoxygenated hemoglobin concentration 
(∆deoxy-Hb), and total hemoglobin concentration (∆total-Hb) were monitored in the 
vastus lateralis (VL) in the left leg by near infrared spatial resolved spectroscopy 
(NIR SRS ). The NIR SRS  data were averaged over the last 10 s at rest, every 10 W, and 
peak exercise. The measurement site in the VL was defi ned as 30 % of the length 
between the patella and the greater trochanter above the patella, as defi ned in previous 
studies [ 1 ]. 

 We used a two-wavelength (770 and 830 nm) light-emitting diode NIR SRS  (Astem 
Co., Japan). The probe consisted of one light source and two photodiode detectors, and 
the optode distances were 20 and 30 mm, as used in previous studies [ 1 ]. The data 
sampling rate was 1 Hz. Even though fat layer thickness affects NIRS data because of 
light scattering, Niwayama et al. recently reported that the effects of fat layer thickness 
can be corrected through relative changes in Hb and absolute value of SmO 2  by normal-
ized measurement sensitivity [ 3 ]. In this study, we measured fat layer thickness at each 
measurement site in the muscles to correct for these effects using an ultrasound device 
(LogiQ3, GE-Yokokawa Medical Systems, Japan), as applied in previous studies [ 1 ].     

2.3      Statistics   

 All data are presented as means ± standard deviation (SD). To compare changes in 
oxygen dynamics and pulmonary VO 2  during submaximal exercise (i.e. 20–50 W) 
between groups (AP vs. CON), a 2-way repeated-measures analysis of variance was 
used with group and power output as factors. Where appropriate, the Bonferroni post-
hoc test was performed to determine specifi c signifi cant differences. Differences in fat 
layer thickness, peak VO 2 , and peak workload were compared between AP and CON 
using unpaired t-tests. For all statistical analyses, signifi cance was accepted at  p  < 0.05.   

3     Results 

 Figure  39.1  represents muscle oxygen dynamics, (i.e. the change in SmO 2  ( a ), 
∆oxy-Hb ( b ), ∆deoxy-Hb ( c ), and ∆total-Hb ( d )) for AP and CON, with power 
output increasing. During  submaximal exercise  , no signifi cant group × power output 
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interaction was observed in changes in SmO 2  ( p  = 0.12), ∆oxy-Hb ( p  = 0.19), 
∆deoxy-Hb ( p  = 0.11), or ∆total-Hb ( p  = 0.43). However, there was a signifi cant 
main effect of groups (AP vs. CON) in SmO 2  ( p  < 0.05) and ∆deoxy-Hb ( p  < 0.05), 
but not in ∆oxy-Hb ( p  = 0.38) or ∆total-Hb ( p  = 0.41). At peak exercise in AP, SmO 2  
( p  < 0.01) and ∆oxy-Hb ( p  < 0.05) were signifi cantly higher, and ∆deoxy-Hb 
( p  < 0.01) was signifi cantly lower, compared to CON. There was no signifi cant dif-
ference in ∆total-Hb at peak exercise ( p  = 0.68).

  Fig. 39.1    Change in muscle O 2  saturation (SmO 2 :  a )   , oxygenated hemoglobin (∆oxy-Hb:  b ), 
deoxygenated hemoglobin (∆deoxy-Hb:  c ), and total hemoglobin (∆total-Hb:  d ) responses during 
 ramp cycling exercise  . The closed circles show  NIRS   data in AP patients and the open circles show 
NIRS data in control subjects. There was a signifi cant difference between AP and CON at peak 
exercise (*:  p  < 0.05, **:  p  < 0.01), and a signifi cant main effect of groups (AP vs. CON) (#: 
 p  < 0.05). Symbols indicating a signifi cant difference between power output in AP and CON have 
been omitted for the sake of clarity       
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   While VO 2  was similar between AP and CON during submaximal exercise (from 
20 to 50 W), peak VO 2  was signifi cantly lower in AP than CON (15.0 ± 3.9 vs. 
20.4 ± 5.0 ml/kg/min,  p  < 0.05). Similarly, peak power output tended to be lower in AP 
(72 ± 20 vs. 97 ± 35 W,  p  = 0.09). Because both height and body weight were matched 
between AP and CON, fat layer thickness was not signifi cantly different between 
them ( p  = 0.53, Table  39.1 ). 

 Figure  39.2  demonstrates the relationship between muscle deoxygenation and 
aerobic  capacity  . ∆SmO 2  (values at peak exercise minus values at resting) was nega-
tively correlated to peak VO 2  ( r  = −0.55,  p  < 0.05) (Fig.  39.2a ). Similarly, ∆deoxy- Hb 
at peak exercise tended to be negatively associated with peak VO 2  ( r  = 0.48,  p  = 0.07) 
(Fig.  39.2b ). In contrast, peak workload was not signifi cantly related to ∆SmO 2  
( p  = 0.66) or ∆deoxy-Hb at peak exercise ( p  = 0.79).

4        Discussion 

 A low number of subjects probably accounts for the lack of signifi cant interaction 
for any variables in muscle O 2  dynamics. However, at submaximal and peak exer-
cise, higher ∆deoxy-Hb and lower SmO 2  were found in AP patients, while ∆total-
 Hb, which is an indicator of blood volume, was similar between AP and CON. These 
data suggest that both muscle deoxygenation and muscle O 2  extraction may be lower 
in AP patients than age- and body size-matched elderly control subjects, as seen in 
MI patients [ 1 ]. 

 The absence of muscle deoxygenation and muscle O 2  extraction implies that 
muscle O 2  supply is higher compared to muscle O 2  utilization. One reason for this 

  Fig. 39.2    Relationship between muscle deoxygenation and aerobic capacity in AP ( closed circles ) 
and CON ( open circles ).  a , change in muscle O 2  saturation from rest to peak exercise (∆SmO 2 ) and 
peak VO 2 .  b , change in deoxygenated hemoglobin from rest to peak exercise (∆Deoxy-Hb@peak) 
and peak VO 2        
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may be that O 2  utilization was lower in activating muscle of AP patients. Karlsson 
et al. reported that AP patients have a lower composition of oxidative muscle fi bers 
and oxidative enzyme activity (such as citrate synthase activity), compared with age-
matched healthy subjects [ 2 ]. These data partly suggest that lower muscle O 2  utiliza-
tion may cause the absence of muscle deoxygenation response. Another possibility 
to explain the absence of muscle deoxygenation was increased O 2  supply compared 
to CON. In contrast to MI patients [ 1 ], lower pulmonary VO 2 , which refl ects low 
muscle O 2  supply or muscle oxidative capacity [ 4 ], was not observed in AP patients. 
Therefore, a possibility remains that blood distribution may be altered in AP patients. 
However, to our knowledge, no study has reported on higher muscle O 2  supply in AP 
patients. These areas require further examination. 

 In this study, muscle O 2  extraction was impaired in AP patients, similar to the 
reports on post-MI patients in a previous study [ 1 ]. In contrast, in heart failure 
patients, muscle O 2  extraction was enhanced during incremental exercise [ 5 ], com-
pared to controls. Potential reasons for the disparities among studies may be the 
difference in heart pump function. EF in both AP patients of this study (62 ± 7 %) 
and in MI patients of a previous study (55 ± 8 %) [ 1 ] was relatively preserved, com-
pared to heart failure patients (22 ± 2 %) [ 5 ]. Impairment of muscle O 2  supply due to 
reduced pump function of the heart may cause a compensatory enhancement of 
muscle O 2  extraction [ 5 ]. Therefore, the lower muscle O 2  extraction in AP patients 
of this study may be partly caused by preserved  EF  , which means impaired muscle 
O 2  extraction may not be particular to MI patients. 

 We also found a relationship between muscle deoxygenation and peak VO 2  in AP 
patients, similar to that seen in MI patients [ 1 ]. These fi ndings suggest that blunted 
muscle deoxygenation response may be related to lower peak aerobic capacity in 
AP patients. In this study, we did not match the peak workload between AP and 
CON, and peak workload was not signifi cantly associated with ∆SmO 2  or ∆deoxy-
 Hb at  peak exercise  . We therefore believe that the relationships are not signifi cantly 
affected by peak workload. However, the number of subjects was limited and future 
studies are needed with a larger number of subjects. 

 In conclusion, abnormalities in muscle O 2  dynamics were found in AP patients, 
similar to those seen in MI patients. Blunted muscle deoxygenation may be related 
to lower peak aerobic capacity in AP patients.     
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    Chapter 40   
 Chronological Review on Scientifi c Findings 
of Bonghan System and Primo Vascular 
System                     

     Kyung     A.     Kang    

    Abstract     In 1962, Bonghan Kim in North Korea published a report on a new vas-
cular system in mammals, which he claimed as the acupuncture meridian. He soon 
named it the Bonghan System. Between 1962 and 1965, he published fi ve reports, 
with detailed descriptions on the system. Kim also described the self-regenerating 
nature of a unique cell type Sanals in the system and these cells are now confi rmed 
to be a type of stem cells. According to his fi ndings, the system appears to have vital 
roles in maintaining mammalian lives. Kim disappeared in around 1965 and the 
research on this system also completely stopped. In 2002, Kwang-Sup Soh reported 
re-discovery of the system and, since then, his team has been leading the research 
on the system. The Soh team has confi rmed many of Kim’s fi ndings to be valid, 
although so many of Kim’s results are still to be verifi ed. In 2010, the system was 
renamed the Primo Vascular System (PVS). Soh and researchers trained by Soh 
have also been reporting new scientifi c facts on the system. The PVS exists through-
out the entire body, including inside the blood and lymphatic vessels. Recent reports 
revealed more evidence for it to be the acupuncture meridian, where some acupunc-
ture therapies are applied for the blood pressure control. Thus, the PVS is expected 
to have roles in the oxygen transport in tissues. Many study results also suggest that 
the PVS may have roles in body homeostasis and regeneration. This article chrono-
logically reviews Kim’s scientifi c fi ndings on the Bonghan System, which were 
verifi ed by the PVS scientists (after 2000), and also the new fi ndings reported by the 
PVS scientists.  
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1       Introduction 

 Bonghn Kim, an M.D. in North Korea, published a report in 1962, describing a new 
vascular system as the entity of the acupuncture meridian [ 1 ], which had been a 
mysterious entity associated with Chinese medicine for thousands of years. At that 
time, there were serious debates among the international scientists on whether it 
was in fact the acupuncture meridian and even whether this system existed. The 
doubts about Kim’s discovery may have stemmed from the fact that this system was 
very diffi cult to identify by scientists other than Kim, because the system was very 
small in size and optically transparent and Kim did not reveal the method for iden-
tifying the system in detail. Kim and his colleagues published four more reports on 
the system [ 2 – 5 ] and it was soon named the Bonghan System (BHS). His reports 
were translated in several languages and sent out to many countries. The novelty 
and the extent of Kim’s fi ndings were impressive and they implied the signifi cance 
of the system in animal physiology. However, because Kim’s publications were 
reports of a governmental institute, not journal publications, the validity of his fi nd-
ings needed to be verifi ed before they were taken as scientifi c facts. 

 Due to the unexpected and unclear situations in North Korea at that time, Kim 
suddenly disappeared in around 1965, and the research activity on the system com-
pletely stopped [ 6 ]. Between 1965 and 2000, Fujiwara in Japan [ 7 ] might have been 
the only one who was known to successfully identify it. In 2002, the fi rst article on 
the system since Fujiwara’s, was published by Kwang-Sup Soh in South Korea [ 8 ]. 
Since then, numerous articles on the system were published in various journals, 
mainly by the Soh team, until recently. In 2010, the Bonghan System (BHS) was 
renamed as the Primo Vascular System (PVS). Most scientists who have known 
and/or have studied the system now fully agree that the BHS is the PVS. Many fi nd-
ings of Kim and his colleagues were studied and confi rmed to be valid, but there are 
still many scientifi cally important contents to be verifi ed. Meanwhile, several new 
and important fi ndings on the system were also revealed. 

 This article chronologically reviews what Kim reported; what and when fi ndings 
were scientifi cally validated  (Kim’s fi ndings validated by others after 2000 are itali-
cized in the text) ; what are still to be confi rmed; and what have been the new fi nd-
ings that were not in Kim’s reports.  This article includes only limited scientifi c 
content and references, to fi t them to the allowed space for the volume.   

2     The Bonghan System 

2.1     Kim’s First Report (1962), Great Discovery in Biology 
and Medicine: Substance of Kyungrak 

 In August 1961, Bonghan Kim made a presentation on a new vascular system, which 
he claimed as the real entity (‘substance’ in Kim’s word) of the acupuncture merid-
ian, at a scientifi c conference of the Pyongyang Medical College (North Korea). Its 
content was published in 1962 [ 1 ]. ‘Kyungrak’ is the acupuncture meridian in Korean. 
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2.1.1     Kim’s Study  Results   Confi rmed or Partially Confi rmed by Others 

 The animals that Kim used for his study were mainly the rabbit and, sometimes, 
dog, guinea pig, and frog. He stated that he also made observations in humans.  After 
2000, the system was identifi ed in the rabbit, dog, cow, rat, mouse, pig, chick embryo, 
and human  [ 9 ,  10 ] .  This new system (i.e., the acupuncture meridian) was beneath 
the epidermis, and composed of the small, oval-shaped ‘Kyunghyul’ (acupoint in 
Korean), and bundles of tubular ‘Kyungmaik’ (meridian channel, in Korean) .  Kim 
stated that the system was also inside the body, implying the possibility of the exis-
tence of other sub-types, which were described in his later reports more in detail.  

2.1.2     Kim’s Results Not Studied or Not Yet Suffi ciently Confi rmed 

 Kim also reported the  electrical induction and conductivity   (electrogram) at the 
Kyunghyul of the system, and the changes in the wave form with changes in physi-
ological conditions and also when stimuli were applied, which were not studied yet.   

2.2     Kim’s Second Report (1964), On the Kyungrak System 

2.2.1     Kim’s Study Results Confi rmed or Partially Confi rmed by Others 

 In this report [ 2 ] Kim described the system in detail and introduced new terms for 
the system and its sub-elements. The system was named the Bonghan System 
(BHS); the three main sub-units were BH corpuscle (‘ Corpusculum Bonghan’  in his 
words; BHC);  BH duct (BHD)      and BH ductules inside the BHD; and  BH liquor 
(BHL)      for the liquid fl owing inside the BHS. 

 He classifi ed the system mainly into two sub-types, the  Superfi cial   (in the skin) 
and Profound (inside the body) BHS. He then sub-classifi ed the  Profound 
BHS    further into the Intravascular and Extravascular systems. The two sub-types 
were reported to have the same histological structure but with different surrounding 
tissues. More detailed classifi cations were later presented in his third report. 

 Morphological properties of multiple ductules inside a single BHD and rod- 
shaped nuclei of ductules were reported, which  Ogay et al. confi rmed later  [ 11 ] .    

2.2.2     Kim’s Results Not Studied or Not Yet Suffi ciently Confi rmed 

 The Superfi cial and Profound  BHS       were characterized, in detail, morphologically and 
histologically, with schematic diagrams and actual images of optical microscopy. BHS 
paths in legs and abdominal areas were traced using radioactive-isotope P 32 . 
Communication between the subtypes was described. Unique movements of needles 
placed in the superfi cial BHCs were reported. Extensive results on the bioelectrical 
signals via BHCs were also reported. Kim claimed that this system was also present in 
animals of evolutionary lower levels, such as hydra, and also even in the plant.   
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2.3     The Third Report (1965), Kyungrak System 

 In the third report [ 3 ], the BHS was described in even more detail, showing the rapid 
progress in his research. Out of fi ve reports, this report may be the most helpful 
document for the people who would like to learn about the BHS. 

2.3.1     Kim’s Study Results Confi rmed or Partially Confi rmed by Others 

 Kim made further classifi cations for the BHS, by its location in the animal body: 
The   Superfi cial BHS    is in the corium or subcutaneous tissue, surrounded by dense 
blood vessels, and its corpuscles are said to be acupoints .    Internal (Intra-vascular) 
BHS    fl oats inside blood and lymphatic vessels;   External (Extra-vascular) BHS   , 
usually runs along the large-sized blood vessels and nerves, or independently; 
  Intra-External (organ surface)    sub-type is freely laid on the surface of internal 
organs in the thoracic and abdominal cavities;  Neural , in the central and peripheral 
nervous systems; and   Intra-organic   , inner surface of organs.  The internal and 
intra-external subtypes were fi rst confi rmed by Fujiwara in 1967  [ 7 ] , and most sub- 
types were confi rmed by the Soh team, one by one over the years. The superfi cial 
BHS was confi rmed in 2014, by the Ryu Team  [ 12 ] .  

 The report contains detailed characterizations on the system and sub-systems. 
 The composition of the BHL was later confi rmed by the Kwon team  [ 13 ] .  

 Kim also briefl y discussed the BHS in terms of the embryonic and comparative 
biology. The time course of the BHD premordium in chick embryos was reported, 
in detail: The BHD was found to form earlier than the blood or lymphatic vessel in 
the embryo, which was implied in its new name the Primo Vascular System.  A study 
by Lee  et al.  confi rmed Kim’s fi ndings in the chick embryo  [ 14 ] .   

2.3.2     Kim’s Results Not Studied or Not Yet Suffi ciently Confi rmed 

 The content of the report is so extensive that only a portion has so far been studied/
confi rmed by the PVS scientists. The report describes detailed characterizations of 
the system and the sub-systems, including their chemical, mechanical (particularly 
their autonomic movements), and electrical properties with and without stimuli. 
The report included high-quality images of the system and sub-systems. It also 
describes various stages of BHC; the inter-relationships between the BHS sub- 
types, and between the BHS and organs; the composition, circulation paths and 
directions of BHL, using the  isotope P 32   ; and observing the tracer signal after cut-
ting BHDs. Kim believed that the BHS was tied up to the individual cell.   

2.4     The Fourth Report (1965),  Theory of Sanal      

 The fourth report [ 4 ] was in the same volume with the third one. ‘Sanal’ is a Korean 
word, meaning the live (‘San’) egg (‘Al’), with a similar feel of the stem cell, and it 
has the self-regenerating property as ‘a live egg.’ Considering that the concept of 
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stem cells was clearly recognized only in the 2000s, Kim’s discovery and his study 
results of Sanals are remarkable. 

2.4.1     Kim’s Study Results Confi rmed or Partially Confi rmed by Others 

 Kim reported that the form and size of Sanals were similar for various animal spe-
cies (rabbit, birds, amphibian, fi sh, and man), and also for the ones in the plant. The 
usual size of Sanals was reported to be 1.2–1.5 μm.  The sanal as the stem cell (pos-
sessing self-regenerating nature) was confi rmed by the Soh  [ 15 ]  and Kwon teams  
[ 16 ,  17 ] .  Lately, more researchers are attracted to this aspect of the BHS. 

 In this report, new terminologies on the BH Sanal were fi rst introduced: The 
solid content with large amount of nucleic acid in the Sanal became Sanalosom; the 
liquid, Sanaloplasm; and the membrane, Sanal membrane.  

2.4.2     Kim’s Results Not Studied or Not Yet Suffi ciently Confi rmed 

 Kim hypothesized the nature of the Sanal and organism self-renovation as follows, 
while suggesting them to be re-examined:

    (1)    All morphological constituent parts of the organism are incessantly renewed.   
   (2)    The self-renovation of organisms takes the ‘BH Sanal Cell Cycle’ process.   
   (3)    The self-renovation of the organism is performed by the BHS.     

 For the Sanal study, as in the study of the BHS path, Kim and his team injected P 32  
into Sanals and traced their paths inside the animal body. The circulation course of 
the  BHL      was found not unitary as in the blood circulation, each organ part was 
linked to a relevant circulation route, and the routes were inter-related. Some of the 
characteristics of the Sanal reported were: In the BHL there were many small, 
DNA-rich granules and they grew to be Bonghan Sanals; The Sanal is composed of 
Sanlosome, Sanaloplasm, and Sanal membrane. Kim also described the composi-
tion of the Sanal in detail, its structure and movement in various environments, and 
the method for culturing Sanals. 

 A very interesting study result/concept described in the report is that normal cells 
would be sanalized and these sanalized cells would be regenerated to be cells. He 
used liver tissues to show this sanalization/regeneration processes.   

2.5     The Fifth Report (1965), Cell Cycle of Blood Bonghan 
 Sanal      

 The content of Kim’s fi rth report [ 5 ] was barely studied or confi rmed by other sci-
entists, except the  non-marrow haematopoiesis study done by the Kwon team  [ 17 ] .  
This volume describes the cell cycles and chemical composition of blood Bonghan 
Sanal, particularly red blood cells, granulocytes, and lymphocytes. It also reports 
the meridians in the blood-cell producing organ (e.g., bone marrow, lymph nodes).   
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3     Scientifi c Activities After 2000 

 The study on the BHS re-started in 2000 by Kwang-Sup Soh, and the publica-
tions on this system started to come out in 2002, fi rst confi rming Kim’s study 
results. In addition, there were new scientifi c discoveries on the system, including 
developing several new methods for identifying/imaging the BHS; identifi cation of 
the system in the adipose tissue; possible roles of the system in the cancer metasta-
sis [ 18 ]; positively confi rming Sanals as stem cells [ 15 – 17 ]; PVS presence in the 
human body, for the fi rst time, by identifying it in the human umbilical cord and 
placenta [ 10 ]; etc. 

 In 2010, Soh and other scientists involved in the research renamed the BHS the 
‘Primo Vascular  System’   to give the system a more scientifi cally relevant meaning. 
Its sub-systems were also renamed, accordingly.

   BHS: Primo Vascular System (PVS)  BHD: Primo Vessel (PV)  
  Bonhan Ductule: sub-Primo Vessel (sub-PV)  BHC: Primo Node (PN)  
  BHL: Primo Fluid  Sanal: Primo-microcell (P-microcell)  
  Sanalsome, Sanaloplasm, Sanal membrane:  not re-named yet.   

  A term ‘Primogenesis’ was created for the phenomenon of forming PVS, in 2013, 
by the Kang team.     

4     Current Status of PVS Research Activity 

 Most research on the  PVS   has been and is still being done in Korea. Currently, there 
are at least six active research teams in Korea and two appear to have research funds 
from the government. It is not clear whether there are any privately funded teams, 
but the rest of the Korean teams appear to study the PVS on a voluntary basis. 

 In the U.S., there are four known teams, all of which were trained by the Soh 
team. Up to now, no team is known to be federally funded and the research is done 
on a voluntary basis. The PVS is recently recognized more, particularly by the sci-
entifi c societies associated with complementary medicine. Research proposals sub-
mitted to the federal agencies have been receiving more positive responses.  

5     ISOTT and PVS 

 The PVS is now confi rmed to be a new vascular system, distributed in the entire 
body including inside blood and lymphatic systems; to store unique stem cells; and 
to produce blood cells [ 2 – 5 ,  17 ]. One of the acupuncture therapies, which are to be 
via the nodes of the superfi cial PVS, is known to regulate the blood pressure [ 19 –
 21 ], implying that the PVS may be directly/indirectly involved in transporting oxy-
gen, various biochemicals, and cells. 
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 In terms of direct association between the  PVS   and ISOTT, the fi rst  ISOTT   expe-
rience of this author (Kang; a PVS scientist) was at the Ruston meeting (Louisiana, 
USA; in 1983) as a graduate student of the ISOTT founder D. F. Bruley. She 
was then exposed to the knowledge of the BHS/PVS in 2007 when she fi rst met Dr. 
Soh, currently world leading PVS scientist. With this author’s suggestion, Dr. Soh 
became an ISOTT member, made the fi rst ISOTT presentation on the PVS during 
the Cleveland meeting (Ohio, USA; in 2009) and the second one, during the Ascona 
meeting (Switzerland; in 2010). He did not submit manuscripts for these presenta-
tions, but he did invite several ISOTT members for the fi rst International Symposium 
on the PVS (ISPV). The fi rst paper about the PVS published in ISOTT proceedings 
dealt with the cancer associated PVS by the Kang team [ 22 ], which was presented 
during the Bruges meeting (Belgium, in 2012). 

 In August 2010, the  International Society of Primo Vascular System (ISPVS)   
was founded by Soh and Kang, with its constitution and Bylaws based on those of 
the ISOTT, with the permission of the  ISOTT   founder D. F. Bruley. The fi rst 
International Symposium of Primo Vascular System (ISPS) was organized by Soh 
and held in Jaechon, Korea, during September 17–18, 2010, and ISOTT members 
Vaupel, Harrison, and the author (and Soh) attended the symposium. Dr. Bruley was 
also invited but decided not attend due to his poor health at that time. During the 
symposium preparation, the author contacted Springer Publishing (the ISOTT pro-
ceeding publisher) for the possibility of publishing the ISPV proceedings. After 
receiving a very positive survey, Springer agreed to publish the proceedings “The 
Primo Vascular System: Its Role in Cancer and Regeneration [ 9 ],” and it was pub-
lished in 2012. During the symposium, 13 international scientists from nine coun-
tries were invited as founding members of the ISPVS and Soh, Vaupel, and Kang 
are three of the 13 members. In 2012, the website for the ISPVS (  www.ispvs.org    ) 
was established and it is currently maintained by Soh and Kang. By 2014, English 
versions of Kim’s fi rst four reports were located and they were placed in the ISPVS 
website for scientists to be able to freely access (note that the reports were published 
before the copyright was enforced). 

 The ISOTT became the fi rst international society to have PVS content in an offi -
cial session, entitled ‘Acupuncture, Meridians, and Primo Vascular System,’ during 
the 2015 annual conference in Wuhan, China.  

    Conclusions 

 The BHS/PVS is a newly recognized vascular system, distributed throughout the 
entire mammalian body, and scientifi c evidences have shown this system as the 
acupuncture meridian. The system appears to have roles/functions in keeping the 
body’s homeostasis and regeneration, i.e., fundamental to maintaining mammalian 
lives. In a cancerous local environment, PVS appears to have role in metastasis. 

 The system is very small and optically translucent and, therefore, the urgent 
needs for effectively performing PVS research are techniques for identifying and 
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harvesting it, in an accurate and user-friendly manner, to further characterize it. 
There is still so much to learn about various aspects of the system and, therefore, a 
focused, multi-disciplinary approach is highly desired.   
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    Chapter 41   
 Temporal Change of Alcian Blue-Stained 
Primo Vascular System in Lymph Vessels 
of Rats                     

     Jungdae     Kim    ,     Dong-Hyun     Kim    ,     Sharon     Jiyoon     Jung    , and     Kwang-Sup     Soh    

    Abstract     This study aims to investigate the temporal change of a vascular system 
now known as the primo vascular system (PVS). We used Alcian blue (AB) dye for 
imaging the distribution of the PVS in lymphatic vessels. The target lymph vessels 
were chosen as they are easily accessible from the skin, and long-term observation 
is possible with intact physiological conditions due to a minimal surgical procedure. 
AB solution was injected into the inguinal lymph node and the target lymph vessels 
were located along the superfi cial epigastric vessels. The imaging system allowed 
processing for extraction of images showing changes in the AB intensity of the visu-
alized PVS components. This newly developed procedure can be used for further 
study on various dynamic processes of PVS in lymph vessels.  

  Keywords     Primo vascular system   •   Acupuncture   •   Meridians   •   Lymph   •   Alcian 
blue  

1       Introduction 

 In traditional oriental medicine,  acupuncture   has been used for treatment of various 
diseases for several thousand years. The fi rst anatomical and biological study on the 
reality of acupuncture points and  meridians   was started by Bong-Han Kim just half 
a century ago [ 1 ,  2 ]. He reported that new anatomical node and ductule structures 
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were discovered through a series of experimental animal studies and that the struc-
tures may correspond to the acupuncture points and acupuncture meridians. The 
structure was distributed not only in the skin tissue, following the meridian lines, 
but also inside the blood vessels and even inside the lymphatic vessels throughout 
the body. He reported that this  ductule structure   is distinct from the lymphatic ves-
sels in the pattern of distributions and histological properties [ 1 ]. 

 During the last decade, this Bonghan system, also known as the Primo Vascular 
System (PVS), has been confi rmed using various methods with more modern tech-
nology [ 3 ]. The PVS inside the  lymph   vessel was fi rst observed by injecting the stain-
ing dye of Janus Green B into the lymph nodes and vessels around the inferior vena 
cava of rabbits [ 4 ]. The staining dyes such as  Alcian blue (AB)   [ 5 ], fl uorescent mag-
netic nanoparticles [ 6 ], DiI (1.1′-dioctadecyl-3,3,3′,3′-tetramethyl indocarbocyanine 
perchlorate) [ 7 ], and methylene blue [ 8 ] were employed for visualization of the PVS 
in lymphatics of rabbit, rat and mouse. Because the PVS was known to have a high 
concentration of  hyaluronic acid  , the most frequently used dye is AB which stains 
surface mucopolysaccharides to identify the structure [ 5 ]. The observation positions 
for target lymph vessels were also extended, starting from the inferior vena cava to 
the thoracic lymph vessels [ 9 ] and those around the superfi cial epigastric vein [ 10 ]. 

 Until now, the PVS in lymph vessels was studied only for the purpose of harvest-
ing the tissues for analysis. Monitoring of the PVS to study its dynamic changes 
over time has not yet been performed, although this is necessary for a deeper under-
standing of the physiological roles of the PVS. 

 In this study we focus on the temporal change of the PVS in lymph vessels near 
the superfi cial epigastric vessels of rats. The condition of long-term monitoring 
requires minimal surgery for injecting the  staining dye   and imaging the observations. 
Compared to observations of the PVS near the caudal vena cava, this newly devel-
oped procedure will provide a useful method for further study on the dynamic pro-
cess of the PVS in the lymph vessels, under more intact conditions.  

2     Materials and Methods 

 Nine-week-old Sprague–Dawley male rats (weight 260–300 g) were purchased from 
DooYeol Laboratory Animal Company (Seoul, Korea). The animals were housed in 
a constant temperature-controlled environment (23 °C) with 60 % relative humidity. 
All animals were exposed to a 12-h light–dark cycle and allowed access to water, but 
not to food for 1 day prior to experiments. Procedures involving the animals and 
their care conformed to institutional guidelines (Approval No. WJIACUC 20140807-
03-07). The rats were anesthetized by intramuscular injection of Zoletil (0.7 mL/kg, 
Virbac Laboratories, Carros, France) and xylazine (0.3 mL/kg, Bayer, Korea) in the 
hind limb. Hair on the lateral side of the body was removed using a hair clipper and 
a depilatory (thioglycolic acid 80 %, Niclean cream, Ildong Pharm., Seoul, Korea). 
As shown in Fig.  41.1a , the lateral side of abdominal skin was shaved and the posi-
tion of the inguinal node and superfi cial epigastric vessels were identifi ed through 
the skin with a bright backlight.
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   The AB powder 8GX (Sigma, St. Louis, MO, USA) was dissolved in  phosphate- 
buffered saline (PBS)      solution pH 7.2 (Life Technology Corp, Waltham, MA, USA) 
to make 1 % AB staining dye solution. An apparatus called the vortex machine was 
used to process the dye. The solution was applied to the vortex machine for 10 s and 
fi ltered with a 0.22-μm syringe fi lter (Merck Millipore, Darmstadt, Germany). The 
AB solution was loaded in a 1-mL syringe with a glass capillary needle and kept at 
a constant temperature of 37 °C in a warm bath before injecting it into the inguinal 
 lymph   node. The homemade injector was composed of a disposable 1-mL Kovax- 
Syringe (26G × 1/2 in.) and a luer lock from a scalp vein set (24G 3/4, Becton, 
Dickinson and Company, East Rutherford, NJ, USA). The original needle tip of 
sterile hypodermic syringe was removed and replaced with the luer connector [ 11 ]. 
Thin-walled glass capillaries (World Precision Instruments, Inc., FL, USA; outer 
and inner diameters of 1.5 and 1.12 mm, respectively) were pulled by a micropipette 
puller (PP-830, Narishige Inc., East Meadow, NY, USA) to have a 20-μm average tip 
size. The pulled capillary was inserted into the luer connector to have an injection 
needle for injection of AB dye solution. Figure  41.1b  shows that  AB   was injected 
with the injection tools. 

 At two places on the skin of the rat’s body, two surgical procedures were per-
formed for AB injection into the inguinal node and observation along the superfi cial 
epigastric vessel. The fi rst was an incision of the subcutaneous layer of the skin along 
the linea alba at the navel of the rat lying in supine position. With further incisions (as 
shown in Fig.  41.1b ), the skin fl ap was folded back to expose the left- or right-side 

  Fig. 41.1    Photographs showing the protocol of Alcian blue (AB) injection into the inguinal node 
and the observation system       
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inguinal lymph nodes with the prepared 1 % AB staining dye solution. The second 
was another incision of the subcutaneous layer of the skin just above the superfi cial 
 epigastric vessel   at the corresponding lateral side of the rat lying in prone position. 
The skin was stretched in such a way that the superfi cial epigastric vessels could be 
seen under the stereomicroscope (SZX10, Olympus, Japan). As shown in Fig.  41.1c , 
the rat was lying in a prone position on a pad of Styrofoam, and part of the skin tissue 
was exposed for observation of the PVS in the lymphatic vessels near the superfi cial 
epigastric vein. The stretched skin tissue was pinned to the Styrofoam pad for better 
observation with reduced movement of the imaging part. The imaging system was 
composed of the stereomicroscope and two light sources (a 100-W metal halide lamp 
and a light emitting diode) for illumination. Depending on the condition, images were 
taken in the refl ective mode above the target area, or in the transmit mode through the 
skin. About 0.2-mL of the AB solution was loaded in the syringe. The AB injection 
with glass capillary into the inguinal node was made until the  lymph   node became 
fully stretched. Image acquisitions were made just after the injection every hour. For 
isolation of the AB-stained region with RGB color images, the imaging software 
facility known as ImageJ enabled the RGB 24-bit channels to be split into three 8-bit 
images of Red, Green, and Blue components. Of the three components, the Red com-
ponent predominantly isolates the AB-stained region. The intensity of  AB   staining 
dye concentration is related linearly to the intensity of brightness in the inverted 
image of the Red component. This image processing provides a method for system-
atic comparison of AB-staining intensities at different times.  

3     Results 

 Just after the AB injections at the inguinal lymph node, the lymph vessels were fi lled 
with the AB solution and the staining solution in these lymph vessels gradually dis-
appeared by a natural washing process. The washing process always goes with 
lymph circulations through peristalsis in the lymph vessels. The PVS in the lymph 
vessels still remained AB-stained even if the lymph vessels were cleared up within 
1 h. By touching the PVS with forceps, we confi rmed that the AB-stained PVS 
fl oated and freely moved inside the lymph vessels. When stretched, the PVS seemed 
to produce an elastic force like a rubber band. 

 Figure  41.2  shows a measured time-lapse sequence of AB-stained PVS inside the 
lymph vessel near the superfi cial epigastric vessel. Figure  41.2a  shows the inguinal 
node just after the AB injection. In Fig.  41.2b , the exposed area is shown along the 
superfi cial epigastric vessel with AB fl ow just after the injection (0 h). The left and 
right side of the superfi cial  epigastric vessels   in Fig.  41.2b  are associated with the 
inguinal and axillary lymph nodes, respectively. In Fig.  41.2c , the exposed area was 
subdivided into four different regions with more magnifi ed views after 1 and 2 h in 
the upper and lower panels, respectively. A disconnected PVS can be seen in Region 
4 at 2 h after the injection.
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   Figure  41.3  shows an in vivo image taken from a different rat in the same way as 
in the previous example. The area (the squared region in the upper panel) is isolated 
on the in vivo sample image and shows magnifi ed views at different times. With the 
image processing described in the Methods section, only the red components of the 
colored images are shown for more clear identifi cation of AB-stained PVS in the 
area (the sequence of gray images in the lower left panel). In the selected area, the 
profi le plots crossing the PVS in the lymph vessel along the dotted lines are shown 
for the  AB   concentration changes in the PVS compared to those in the lumen of the 
 lymph   vessel. The profi le plots display two-dimensional graphs of the intensities of 
pixels along the line within the image.

4        Discussion 

 The medical signifi cance of the PVS has only recently been explored, such as 
immune function due to innate immune cells like mast cells [ 12 ], and a regeneration 
function suggested by the enriched small adult stem cells with properties similar to 
those of very small embryonic-like stem cells. Recent study shows that injection of 
cells from the PVS partially repaired ischemic brain damage in mice, and the PVS 
may be a pathway for delivering stem cells to regenerate the target tissues [ 13 ]. 

  Fig. 41.2    Time-lapse sequences of AB-stained PVS inside the  lymph   vessel near the superfi cial 
epigastric vessel       
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 The PVS is known to be a  hyaluronic acid-rich node   and duct system, and for this 
reason Alcian blue was mainly used for visualization. The success rate of Alcian blue 
depends on fi ne uncontrollable conditions and the experimenter’s skill. Recently, a 
more stable high success rate was achieved with use of hollow gold nanoparticles 
[ 14 ]. This new material might be tested in the future for monitoring purposes. 

 In this study, the imaging system and image process technique were developed 
for measuring the temporal change of AB-stained PVS in lymphatic vessels near the 
superfi cial epigastric vessels of rats. This preliminary study is a signifi cant step 
toward more systematic studies on monitoring the dynamic changes of the PVS.     

  Acknowledgements   This work was supported in part by the Basic Science Research Program 
through the National Research Foundation of Korea (NRF) funded by the Ministry of Science, ICT 
& Future Planning (grant number: 2013R1A1A2008343).  

  Fig. 41.3    Time dependence of the intensity of AB dye stained the  PVS   at two different regions. 
The  dotted lines  pointed by the  arrow  heads are shown in the series of  gray  images at the  lower left 
panels . The profi le plots for AB concentration intensity come along the  dotted lines . The AB inten-
sity of the PVS and lumen of lymph vessel changes as indicated by the  arrows  (The  left arrows  
correspond to the PVS and the right ones to the lumen of  lymph   vessel)       
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    Chapter 42   
 Ultrastructure of the Subcutaneous 
Primo- Vascular System in Rat Abdomen                     

     Chae     Jeong     Lim    ,     So     Yeong     Lee    , and     Pan     Dong     Ryu    

    Abstract     Recently, we identifi ed the primo-vascular system (PVS), a novel vascu-
lar network, in rat subcutaneous tissues. Little is known about the subcutaneous 
PVS (sc-PVS). Here, we examined the ultrastructure of the sc-PVS in the hypoder-
mis at the rat abdominal midline by electron microscopy. On the surface of sc-PVS, 
we observed three types of cells: microcells (5–6 μm), large elliptical cells (>20 μm), 
and erythrocyte (3–4 μm). The inside of the sc-PVS was fi lled with numerous cells, 
which can be classifi ed into three major groups: leucocytes, mast cells, and erythro-
cytes. The dense leucocytes and mast cells were easily noticed. The extracellular 
matrix of the sc-PVS was mainly composed of extensive fi bers (79 ± 6.5 nm) tightly 
covered by micro- (0.5–1 μm) and nanoparticles (10–100 nm). In conclusion, the 
ultrastructural features, such as the resident cells on and in the sc-PVS and fi ber 
meshwork covered by particles, indicate that sc-PVS might act as a circulatory 
channel for the fl ow and delivery of numerous cells and particles. Our fi ndings will 
help understand the nature of various sc-PVS beneath-the-skin layers and how they 
relate to acupuncture meridians.  

  Keywords     Primo-vascular system (PVS)   •   Subcutaneous PVS   •   Resident cells   • 
  Fibrous structure   •   Electron microscopy  
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1       Introduction 

 The primo-vascular system (PVS), which consists of  primo-vessel (PV)   and  primo- 
node (PN)  , is a novel vascular tissue reported by Kim in the 1960s to be the acu-
puncture meridians [ 1 ]. However, Kim’s fi ndings have not been reproduced until 
recently, mainly because the detailed experimental methods were not available. In 
the early 2000s, Dr. Soh’s group rediscovered the part of the fi ndings using dyes, 
such as alcian blue and trypan blue, to visualize the PVS [ 2 ]. 

 The organ-surface PVS (os-PVS) in the abdominal cavity of rats has been most 
extensively studied. The os-PVS has a bundle structure of several subducts, differ-
ent from that of an  lymph vessel (LV)   with a single tube [ 3 ]. In addition, it has a 
unique cellular composition, high density of leucocytes and mast cells (MCs) [ 4 ]. 

 A recent study revealed that the PVS also exists in the hypodermis [ 5 ]. This 
observation corresponds to Kim’s initial report that the PVS in the skin is the ana-
tomical entity of the meridians [ 6 ]. However, our understanding of the structure and 
function of the  subcutaneous PVS (sc-PVS)      is limited. Thus, in this study, we exam-
ined the resident cells and extracellular matrix (ECM) of sc-PVS identifi ed in the 
ventral midline of the hypodermis of rats by electron microscopy.  

2     Materials and Methods 

 Male Sprague–Dawley rats (5–7 weeks;  n  = 12, Orient Bio, Korea) were used and 
kept in an isolator at a constant temperature (22–26 °C) under a 12:12-h light–dark 
cycle. All the experiments were performed in accordance with the Guide for the 
Laboratory Animal Care Advisory Committee of Seoul National University and 
approved by the Institute of Laboratory Animal Resource of Seoul National 
University (SNU-140926-2). With the rats under deep anesthesia (Zoletil, 25 mg/
kg; Xylazine, 10 mg/kg), the abdominal skin layer of each rat was incised. three 
kinds of samples, sc-PVS, os-PVS, and LVs were harvested as follows: (1) sc-PVS 
was revealed on the hypodermal layer by Hemacolor staining [ 5 ]; (2) os-PVS was 
observed on the organs in the abdominal cavity [ 4 ]; and (3) LVs were collected 
around the caudal vena cava [ 7 ]. 

 For  scanning electron microscopy (SEM)     , samples were primary-fi xed with 
Karnovsky’s fi xative for 2 h and were post-fi xed with 2 % osmium tetroxide for 2 h. 
The samples were dehydrated with graded ethanol, critical point-dried in liquid CO 2  
(CPD 030 BAL-TEC) for 1 h, gold coated by a sputter coater (EM ACE 200, Leica), 
and then examined with SEM (Sigma, Carl Zeiss, UK). 

 For  transmission electron microscopy (TEM)     , samples were treated in the same 
manner until the post-fi xation, then underwent  en bloc  staining with 0.5 % uranyl 
acetate for 30 min, and were then dehydrated with an ethanol series. The samples 
were kept in propylene oxide for 20 min, infi ltrated with Spurr’s resin overnight on 
a rotator, and observed with TEM (JEOL, JEM 1010, Japan) at 80 kV of accelera-
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tion voltage. The diameters of cells, fi bers, and particles of the sc-PVS were 
 measured by ImageJ software (developed at the US National Institute of Health). 
All data values are presented as mean ± standard error.  

3     Results 

 SEM revealed the cytomorphology of the surface of the sc-PVS. The sc-PVS con-
sisted of a PN (Fig.  42.1a ) and a PV (Fig.  42.1d ) part comprised of a bundle of 
subducts. The most abundant cells on the sc-PVs were round microcells of 5–6 μm 
(Fig.  42.1b, e ; asterisks), which were also located on the os-PVs (Fig.  42.1h ; aster-
isks). Most of the surface cells belonged to one of three types: microcells, large 
elliptical cells (>20 μm, Fig.  42.1c ), or erythrocytes (3–4 μm). The surface texture 
of the sc-PV microcells was generally smooth (Fig.  42.1f ), but the os-PV microcells 
were rough (Fig.  42.1i ). The fi bers and fl uidic structures were well developed at the 
bottom of the microcells in the ECM of the PVs (Fig.  42.1f , i).

   TEM further revealed the composition of resident cells inside the sc-PVS. There 
were three major cell groups inside the sc- PVs   (Fig.  42.1j ): MCs, erythrocytes 
(Fig.  42.1m ), and leucocytes. The most abundant was the latter, including neutro-
phils (Fig.  42.1n ), eosinophils (Fig.  42.1o ), and lymphocytes (Fig.  42.1p ). MCs 
were also rich, although less abundant than leucocytes. The sc-PV MCs were ellipti-
cal or elongated as are those observed in skin layers [ 8 ]. Most MCs appeared 
degranulated (Fig.  42.1j, l ), but normal MCs were also observed (Fig.  42.1k ). 

 To identify the ECM of the sc-PVS, we conducted high-magnifi ed SEM. The 
ECM (Fig.  42.2a ) of sc-PVs consists of extensive and winding fi bers and micropar-
ticles (0.5–1 μm). The latter appeared to sprout from inside the sc-/os-PVs 
(Fig.  42.2a, b , d; asterisks). The surface of the fi bers and microparticles was tightly 
covered by nanoparticles (10–100 nm, Fig.  42.2c, e ; asterisks). There were round or 
triangular openings (~300 nm) in fi ber meshwork. LVs also showed dense fi bers and 
openings, but the micro-/nanoparticles were not well developed. The fi bers of LVs 
were smaller than those of PVs (sc-PVs, 79 ± 6.5 nm; os-PVs, 83 ± 7.0 nm vs. LVs, 
48 ± 2.3 nm;  n  = 3;  p  < 0.001), and showed a periodic striped pattern (Fig.  42.2g , 
arrows), but such a pattern was much less evident in PVs.

4        Discussion 

 The major fi ndings of this study are as follows: (1) the cells on the surface of the 
sc-PVS were mainly composed of microcells (the majority), elliptical cells, and 
erythrocytes; (2) the cells inside the sc-PVS could be grouped into three types: leu-
cocytes, MCs, and erythrocytes; and (3) the ECM of the sc-PVS showed the fi bers 
and microparticles covered with nanoparticles, different from that of LVs. 
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  Fig. 42.1    Electron micrographs of cells on the surface and inside the sc- PVS  . ( a ,  d ,  g ) SEM 
images of macroscopic structure of sc-PN (( a ), 489.3 × 429.5 μm), sc-PV (( d ), 212.1 μm), and 
os-PV (( g ), 207.6 μm). Note the bundle composed of subducts ( asterisks ) and large cells ( open 
arrowheads ). ( b ,  e ,  h ) Magnifi ed views ( squares  in ( a ), ( d ), and ( g )) of sc-PN ( b ), sc-PV ( e ), and 
os-PV ( h ). Note the microcells (the majority,  asterisks ) and large elliptical cell ( open arrowhead ). 
( c ,  f ,  i ) PVS cells including an elliptical cell (( c ),  open arrowhead , 28.1 × 19.2 μm), erythrocytes 
(( c ),  circle ), and microcells (( f ),  arrow , 6.2 μm; ( i ),  arrow , 5.1 μm). Note the fi bers ( arrowheads ) 
and fl uidic structures ( asterisks ). ( j ) TEM image of cells inside sc-PVs. Note the leucocytes 
( arrows ), MCs ( dotted lines ), erythrocytes ( asterisks ), and secreted vesicles ( arrowheads ). ( k ) 
Normal MC with central nucleus (N) and surrounding dense granules (G). ( l ) Degranulated 
MC. Note that vesicles (V) swelled and became grainy. ( m ) Normal erythrocyte without a nucleus. 
( n ) Neutrophil with three lobes of nucleus (N). ( o ) Eosinophil with two lobes of nucleus (N). ( p ) 
Lymphocyte with a nucleus (N) and nucleolus (Nu)       
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  Fig. 42.2     SEM   micrographs of the extracellular matrix of sc-PV, os-PV, and lymph vessel. ( a ) A 
low magnifi cation view of the surface of an sc-PV. Note the dense  fi brous structures   that are ran-
domly oriented in multiple directions and microparticles (0.5–1 μm;  asterisks ) covering the sur-
face on the sc-PV. ( b ,  d ,  f ) Comparison of fi bers on the sc-PV ( b ), os-PV ( d ), and lymph vessel
Fig. 42.2 (continued) (LV, ( f )). ( c ,  e ,  g ) Magnifi ed views ( squares  in ( b ), ( d ), and ( f )) of the fi ber 
appearance on the sc-PV ( c ), os-PV ( e ), and LV ( g ). Note that the diameters of the ECM fi bers in 
the sc-PV (( c ),  arrows , 76.4 nm) and the os-PV (( e ),  arrows , 81.4 nm) are thicker than those of the 
LV (( g ),  arrows , 46.5 nm). Note also the regular stripes on the fi bers in the LV. The fi bers of 
the sc-PV and the os-PV have irregular surfaces containing nanoparticles (10–100 nm, ( c ) and ( e ), 
 asterisks ). There are openings in the fi ber meshwork. (( c ) and ( g ),  circles )       
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 Our study newly revealed that there are at least three types of  resident cells   on 
the sc-PVS, and the cells are attached on the surface of the  fi brous structure   of the 
ECM. Among these, erythrocytes were easily identifi ed by their size (3–4 μm) and 
concave form [ 9 ]. Some microcells are likely to be stem cells, because similar 
microcells (3–5 μm) of the PVS inside the LVs were recently identifi ed as adult 
stem cells [ 10 ]. The detailed properties of other microcells remain to be studied 
further. The nature of the elliptical cells is presently unknown, although they are 
similar to MCs in elliptical shape and size (>20 μm) [ 4 ]. 

 The cell composition in the sc-PVS is in good agreement with previous reports 
[ 4 ,  5 ]. The presence of rich leucocytes and MCs indicates that the sc-PVS may play 
an important role in immune reaction. In addition, the sc-PVS seems to be related to 
a conception vessel meridian, the  acupuncture meridian   on the ventral hypodermal 
region, in terms of the location and resident cells. They are both linearly distributed 
along the ventral midline in the hypodermis and contain high-density MCs [ 5 ,  8 ,  11 ]. 

 Other novel fi ndings of the sc-PVS are the extensive fi bers and micro-/nanopar-
ticles that appeared to have ‘sprouted’ from the ECM of sc-PVs. These features 
were markedly different from those of LVs, which are part of another circulating 
system. For example, the LVs did not present the microparticles, and were less vari-
able in the fi ber diameter and more prominent in the fi ber stripes. In this study, the 
sc-PVS was visible only after Hemacolor staining, which was successful in ~20 % 
of the rats tested. Further study is needed to improve the reproducibility of sampling 
of sc-PVS tissue. 

 Taken together, our results demonstrate that ultrastructural features of the 
sc- PVS are similar to those of the os-PVS, but different from LVs. Our fi ndings 
indicate that the sc-PVS can function as a circulatory channel for the fl ow and deliv-
ery of various cells and particles to the body.     
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    Chapter 43   
 Effects of Acupuncture Stimulation on Muscle 
Tissue Oxygenation at Different Points                     

     Yasuhisa     Kaneko     ,     Ryotaro     Kime    ,     Eiji     Furuya    ,     Ayumi     Sakamoto    , 
and     Toshihito     Katsumura   

    Abstract     Muscle tissue oxygenation is a critical issue in muscle complications such 
as pain, exhaustion, stiffness, or fatigue during and after exercise. The aim of this 
study was to investigate whether the changes of muscle tissue oxygenation could be 
observed at both erector spinae muscle at S1 level and gastrocnemius during and 
after acupuncture stimulation to ipsilateral erector spinae at S1 level. The subjects 
were ten healthy males. Muscle oxygenation was monitored by near infrared spec-
troscopy (NIRS), and the probes were placed on the right side of the erector spinae 
muscle at S1 level (Guanyuanshu, BL26) and the belly of the   gastrocnemius     on the 
right (Chengjin, BL56). The subjects lay on the bed in prone position for 10 min, 
followed by acupuncture insertion into the right side of BL26. The needle was left for 
10 min and subjects were kept still for 10 min after removal. At BL26, oxygenated-
hemoglobin (oxy-Hb) was signifi cantly increased compared to the baseline at 10 min 
after insertion ( p  < 0.05), then continued increasing. Total hemoglobin (t-Hb) was 
increased at 2 min after removal ( p  < 0.05). Tissue-oxygen saturation (StO 2 ) was 
increased at 7 min after insertion ( p  < 0.05). At BL56, oxy-Hb and t-Hb were 
increased at 6 and 2 min after removal, respectively ( p  < 0.05). StO 2  showed no sig-
nifi cant change. The acupuncture stimulation affected muscle tissue oxygenation dif-
ferently at both stimulated and non-stimulated points in the same innervation.  
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  Keywords     Acupuncture   •   Muscle blood fl ow   •   Oxygenation   •   Near infrared 
spectroscopy  

1       Introduction 

 Muscle complications such as pain, exhaustion, stiffness or fatigue are frequently 
observed during and after exercise. These can be caused by multiple factors such as 
limitation of energy supply, deoxygenation, intramuscular accumulation of meta-
bolic by-products, impairment of Ca 2+  kinetics or ion shifts [ 1 ,  2 ] Appropriate deliv-
ery of oxygen by  blood fl ow   to deoxygenated muscle is a critical issue, from an elite 
athlete after severe exercise to a patient with  peripheral artery disease  . One of the 
physiological effects of  acupuncture   is that it increases tissue  blood fl ow   at the point 
stimulated by acupuncture [ 3 ,  4 ]. One previous animal study has demonstrated the 
change of blood fl ow in biceps femoris by repetitive acupuncture-like electrical stim-
ulation at ipsilateral dorsal roots at the 3rd-5th lumbar segments [ 5 ]. To our knowl-
edge, there have been no human studies investigating the change of blood fl ow at the 
non-stimulated point during and after stimulating lumbar segments with acupuncture 
using  near infrared spectroscopy (NIRS)     . The aim of this study was to investigate 
whether the changes of muscle tissue oxygenation could be observed at both  erector 
spinae muscle   at S1 level and gastrocnemius, which are both innervated by the S1 
segment, during and after acupuncture stimulation to ipsilateral erector spinae at S1 
level in healthy human subjects. Our hypothesis is that the changes of muscle tissue 
oxygenation affected by acupuncture can be observed simultaneously in both points 
because these are in the same innervation.  

2     Methods 

 Ten healthy male subjects (age 29 ± 4 years, height 173.7 ± 2.7 cm, weight 69.0 ± 5.2 kg) 
participated in this study. All subjects were briefed about the experimental protocol 
and written informed consent was obtained before the experiment. The institutional 
ethics committee of Kuretake College of Medical Arts & Sciences approved the 
re search protocol. 

 Muscle tissue oxygenation of each point and the surrounding area was monitored 
by near infrared spectroscopy (NIRS, HB-14, Astem Co., Japan) throughout the 
study. The optode distance between the LED as a light source and the photodiode 
detector was 30 mm. The NIRS probes were placed on the right side of the lumbar 
region, at the same level as the inferior border of the spinous process of the fi fth  lum-
bar vertebra  , 1.5 B-cun lateral to the posterior median line, or the right side of the 
erector spinae muscle at S1 level (Guanyuanshu, BL26) and on the posterior aspect of 
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the right leg, between the two muscles bellies of the gastrocnemius  muscle, 5 B-cum 
distal to the popliteal crease (Chengjin, BL56). BL26 and BL56 are both innervated 
by the S1 segment. The subjects lay on the bed in prone position for 10 min, followed 
by acupuncture needle (diameter 0.20 mm, length 50 mm, manufactured by Seirin 
Co. Ltd., Japan) stimulation at a depth of 15 mm into the right side of BL26. The 
depth was determined as the same as the measurement range with the NIRS device in 
the hemisphere of 1/2 of the distance as half of the optode distance described above 
[ 6 ]. The needle was twisted for manipulation for 1 min at 1Hz and left for 9 min. The 
technique of twisting the needle is regularly used as a clinical technique in acupunc-
ture therapy to add a certain amount of stimulation to elicit the effects of stimulation. 
The acupuncture therapist who performed the procedures in this study has 14 years of 
clinical experience, so that subjects were given a steady amount of stimulation with-
out any painful sensation. Subjects were kept resting for 10 min after the removal of 
the needle to observe the effect after stimulation. Oxygenated-hemoglobin (oxy-Hb), 
deoxygenated-hemoglobin (deoxy-Hb), total hemoglobin (t-Hb), and tissue-O 2  satu-
ration (StO 2 ) at BL26 and BL56 were detected at 1 Hz. To correct the effects of the 
fat layer thickness on StO 2  quantifi cation, the fat layer thickness was measured prior 
to needle insertion at each point, using an ultrasound device (LogiQ3, GE-Yokokawa 
Medical Systems, Japan). The specifi cations of correction for the infl uence of fat 
layer thickness have been fully described by Niwayama et al. [ 7 ]. Data detected after 
correction was averaged over every 1 min. The last minute of resting before the stimu-
lation was defi ned as baseline. At the end of the examination, subjects were asked if 
they felt any sensation (e.g. pain, dullness, numbness) during needling. 

 The changes in oxy-Hb, deoxy-Hb, t-Hb, and StO 2  at BL26 and BL56 during the 
experiments were analyzed by one-way ANOVA for repeated measurements and by 
Tukey-Kramer test for a multiple comparisons test. The signifi cance level was set to 
0.05. Statistics were completed using JSTAT 13.0 for Windows.  

3     Results 

 At BL26, where the needle was inserted, oxy-Hb was signifi cantly increased com-
pared to the baseline at 10 min after insertion ( p  < 0.05), then continued increasing 
until the end of the experiment. Deoxy-Hb did not show any signifi cant difference 
throughout the observation. t-Hb was increased at 2 min after removal ( p  < 0.05) and 
continued increasing. StO 2  started increasing at 7 min after insertion ( p  < 0.05) and 
continued until the end of the examination. At BL56, spatially away from stimulation 
but in the same innervation as BL26, oxy-Hb and t-Hb were increased at 6 and 2 min 
after removal, respectively, ( p  < 0.05) and continued increasing. No changes were 
observed in deoxy-Hb or StO 2  (Figs.  43.1  and  43.2 ). No subjects reported feeling any 
painful sensation during needling.
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4         Discussion 

 This study provides evidence of changes in muscle tissue oxygenation at different 
points in the same innervation during and after acupuncture stimulation in healthy 
human subjects. Oxy-Hb and t-Hb were increased after acupuncture stimulation at 
BL26, as StO 2  also showed a signifi cant difference from baseline. Sandberg et al. [ 3 ] 
and Ohkubo et al. [ 4 ] described similar results for the stimulated point in different 
muscles from those in the present study, although in those studies the change in 
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oxygenation appeared at different times after stimulation. The physiological response 
to acupuncture stimulation may vary due to the total amount of stimulation (e.g. diam-
eter of needle, depth of insertion, way of manipulation) or sensitivity of the muscles 
where stimulated, although these effects are uncertain. The mechanism of increasing 
 muscle blood fl ow   around stimulated area can be explained by axon refl ex, which 
produces  calcitonin gene-related peptide (CGRP)      induced by somatic afferent stimu-
lation [ 8 ]. It is suggested that a similar response might have occurred in this study with 
acupuncture stimulation at BL26. However, Kimura et al. indicated that acupuncture 
stimulation released  nitric oxide (NO)  , which played a role in cutaneous vasodilation 
at the stimulated area, and which appeared to be independent of the axon refl ex in 
humans [ 9 ]. In this study, we were not able to eliminate the effects of cutaneous blood 
fl ow during this procedure, and the results at BL26 might contain the change of both 
cutaneous oxygenation and muscle oxygenation mediated by CGRP and NO produc-
tion, respectively. 

 The changes of muscle tissue oxygenation at BL56 innervated by the S1 segment 
were also observed, but oxy-Hb increased 6 min later than that at BL26. The change 
of t-Hb appeared simultaneously to BL26. StO 2  did not change throughout the exami-
nation. Previous studies reported that dorsal roots stimulation excited type IV afferent 
fi bers and released CGRP from afferent nerve terminals in anesthetized rats [ 5 ,  10 ]. 
This vasodilative substance then produced antidromic vasodilation, and subsequent 
increases in the blood fl ow of biceps femoris muscles, and this response was totally 
abolished by a CGRP receptor antagonist [ 5 ]. Interestingly, this vasodilation is inde-
pendent of systemic blood pressure [ 5 ]. Another study showed the effects of electro-
acupuncture stimulation of the hind paw on blood fl ow of the bicep femoris, and 
concluded that the increase in muscle blood fl ow was due to a passive response to a 
systemic refl ex pressor response [ 11 ]. Excitement of sympathetic nerve system fol-
lowed by invasive acupuncture stimulation is considered to be the cause of blood fl ow 
change. However, changes in the sympathetic nerve system should appear quickly 
after needle insertion, while the signifi cant change in StO 2  was observed 7 min after 
the insertion, at the earliest. It is suggested that the changes in muscle tissue oxygen-
ation at BL56 might be led gradually by vasodilative substances, induced by acu-
puncture stimulation. Additionally, BL26 might be affected by the same mechanism 
as BL56 because BL26 is also innervated by the S1 segment. 

 As we described above, a multiple refl ex might be affected in BL26; (1) axon 
refl ex, (2) NO production and (3) antidromic vasodilation via somatic afferent nerves, 
while only (3) antidromic vasodilation was suggested to be affected in BL56. It could 
possibly lead to the spatial differences of muscle tissue oxygenation in response to 
the acupuncture stimulation, although in the same innervation. 

 It can be assumed that the increase of oxy-Hb with acupuncture stimulation lead 
more arterial blood into the muscle tissues. It may increase regional O 2 , as an assump-
tion regarding the equation made by Nioka et al. [ 12 ], and possibly be helpful in 
reoxygenation from deoxygenated muscle conditions, such as post exercise or periph-
eral disease. It is remarkable that this application can affect areas indirectly, especially 
in cases where direct application is inhibited, e.g. scars, ulcers by ischemia, immobi-
lization by cast. Nevertheless, subjects in this study were healthy men, and it is uncer-
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tain whether similar responses would be observed in injured patients. Further studies 
are needed to confi rm this. 

 In Chinese medicine, Guanyanshu (BL26) is frequently used in the treatment of 
 lumbar pain  , which is a common problem among athletes following excess exercise 
during practice. Chengjin (BL56) belongs to the same meridian as Guanyanshu and 
should be affected by the stimulation at Guanyanshu through the  meridian  . The phys-
iological phenomena observed in the present study might partly relate to its clinical 
effect as described in Chinese medicine. 

 There are limitations in this study. We were unable to confi rm if the changes in 
muscle tissue oxygenation were infl uenced by systemic response. We would need to 
monitor heart rate or blood pressure in future studies to identify any unique effects 
of acupuncture. Psychological effects, such as subjects’ thoughts or beliefs in acu-
puncture, might have infl uenced the results in this study. We selected an experienced 
acupuncture therapist for the intervention in order to minimize anxiety associated 
with pain from needling, and no subjects reported feeling any painful sensations, but 
it was still uncertain if we thoroughly eliminated any anxiety which could possibly 
have affected the results. We were also unable to exclude placebo effects because we 
did not use any placebo acupuncture (e.g. a blunted needle which subjects would feel 
penetrated the skin, but there would be no penetration).  

5     Conclusions 

 Changes in muscle tissue oxygenation by acupuncture stimulation were detected at 
both the stimulated point and non-stimulated point. Although each point was located 
in the same innervation, the oxygenation patterns at each point were different.   
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    Chapter 44   
 Continuous Wave Spectroscopy with Diffusion 
Theory for Quantifi cation of Optical 
Properties: Comparison Between 
Multi-distance and Multi-wavelength Data 
Fitting Methods                     

     Yung-Chi     Lin    ,     Zhi-Fong     Lin    ,     Shoko     Nioka    ,     Li-Hsin     Chen    ,     Sheng-Hao     Tseng    , 
and     Pau-Choo     Chung    

    Abstract     Typically, continuous wave spectroscopy (CWS) can be used to accu-
rately quantify biological tissue optical properties ( μ   a   and  μ   s  ′) by employing the 
diffuse refl ectance information acquired at multiple source-detector separations 
(multi-distance). On the other hand, sample optical properties can also be obtained 
by fi tting multi-wavelength light refl ectance acquired at a single source detector 
separation to the diffusion theory equation. To date, multi-wavelength and multi- 
distance methods have not yet been rigorously compared for their accuracy in quan-
tifi cation of the sample optical properties. In this investigation, we compared the 
accuracy of the two above-mentioned quantifying methods in the optical properties 
recovery. The liquid phantoms had  μ   a   between 0.004 and 0.011 mm −1  and  μ   s  ′ between 
0.55 and 1.07 mm −1  whose optical properties mimic the human breast. Multi-distance 
data and multi-wavelength data were fi tted to the same diffusion equation for consis-
tency. The difference between benchmark  μ   a   and  μ   s  ′ and the fi tted results, ΔError 
( ΔE ) was used to evaluate the accuracy of the two methods. The results showed that 
either method yielded Δ E  within 15–30 % when values were within certain limits to 
standard values applicable to  μ   s  ′ and  μ   a   for human adipose tissue. Both methods 
showed no signifi cant differences in Δ E  values. Our results suggest that both multi-
distance and multi-wavelength methods can yield similar reasonable optical proper-
ties in biological tissue with a proper calibration.  
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  Keywords     Near-infrared spectroscopy   •   Diffuse refl ectance   •   Optical property   • 
  Curve fi tting   •   Simulating phantom  

1       Introduction 

 Continuous wave spectroscopy (CWS) is well established over the centuries as an 
accurate method of chemical analysis. Continuous light features that photon fl uence or 
energy is greater and more cost effective compared to time domain spectroscopy 
(TRS) and frequency domain spectroscopy (FDS). However, until now, because of 
biological tissue scattering property, CWS has not been well established or confi rmed 
for its use as an accurate quantitative method of tissue  optical property   measurement. 
Instead, TRS and FDS are most commonly used to quantitate optical properties of 
biological tissues, with reduced scattering coeffi cient ( μ   s  ′) and absorption coeffi cient 
( μ   a  ). In recent years, the light diffusion theory was adapted with time domain and fre-
quency domain spectroscopes to solve both  μ   s  ′ and  μ   a   information, because they pro-
duced their specifi c parameters, particularly time and phase information, respectively. 
Thus, the optical properties of human tissues have been reported using TRS and FDS 
measurements [ 1 – 3 ]. However, CWS has not been used for quantitation because of the 
lack of light pathlength information or the scattering features of tissue. 

 Attempts have been made to use a diffusion equation for CWS to determine the 
optical properties. Basically, they used multi-distance [ 4 ] or multi-wavelength data 
[ 5 ] from CWS to fi t the diffusion theory with a minimum square algorithm. Most of 
the cases used a multi-distance method for fi tting the diffusion theory and came up 
with reasonable accuracy, adequate for machine calibration purposes [ 6 ,  7 ]. However, 
there only a few studies used the  multi-wavelength fi tting method   and they have not 
tested its accuracy compared to the more common multi-distance method. In this 
paper, we attempt to test the accuracy of the multi-wavelength method in comparison 
to the multi-distance method. In the Monte Carlo simulation, we found that the two 
methods exhibited a similar performance, also experimentally.  

2     Material and Methods 

 By mixing a known amount of  nigrosin and intralipid  , we created an array of liquid 
phantoms that had similar optical properties to those in adipose tissues. The phan-
toms were carefully designed to have various optical properties so that we could 
compare the experimentally derived  μ   a   and  μ   s  ′ to the theoretical values at various 
conditions. In the setup of the measurement system, the architecture included a tung-
sten halogen light source and an optical spectrometer to detect the returned photon 
counts in a specifi c range of wavelengths through the optic fi ber. Subsequently, the 
refl ection of light received from the sensors can be obtained by the diffusion theory 
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and depends on the absorption, the scattering coeffi cients of the subject, and the span 
between the source and detector [ 8 ]. 

2.1     Multi-distance CW Method 

 The multi-distance method is a spatially resolved measure based on the information 
of various source-detector separations to estimate the optical parameters. When the 
photons enter the medium the refl ected photons received by detector will decay as the 
distance between the source and detector (SD) increases. Multi-Distance Fitting uti-
lizes the degree of decay of the refl ectance in distinct positions to calculate  μ   a   and  μ   s  ′. 
The signal received from the sample divided by the signal received from the standard 
phantom in different SD was used to compare the refl ectance of the standard phan-
tom to fi nd the optimized refl ectance of the sample.  

2.2     Multi-wavelength CW Method 

 The multi-wavelength (MW) method relative to the multi-distance (MD) method is 
to measure the  spectrum   of the phantoms and apply the spectral fi tting to adapt the 
refl ectance spectrum of the subject. We employ different ingredients to mimic the 
absorption and scattering in tissue, and the total absorption coeffi cient can be the 
amount of volume fraction of nigrosin, intralipid and water in the liquid phantom 
based on their extinction coeffi cients. Besides, in order to compensate the response 
of the instrument from measurement, a calibration procedure can be implemented by 
employing the  simulating phantoms   with known  optical properties  .  

2.3     The  Curve-Fitting   Algorithm 

 For the sake of conjecturing the phantom’s optical properties, the minimization inverse 
procedure is performed and the algorithm is described as follows. The diffusion theory 
was used to investigate the optical properties and as the forward model in MD/MW 
CWS system due to the reduced scattering coeffi cient is much larger than the absorp-
tion coeffi cient that satisfi ed the diffusion approximation. A series of optical parameters 
were substituted for the forward model to calculate the estimated refl ectance ( R   i    est  ) with 
minimum divergence against the measured refl ectance ( R   i    mea  ). Subsequently, the inverse 
procedure is used to extract the optical parameters from the measured refl ectance. 
Further, an iterative nonlinear least-squares method was used to minimize the residual 
between the refl ectance from measured experimentally and the refl ectance calculated 
with the adding-doubling method estimated by diffusion theory over the spectral range 
or spatially resolved measurements. The curve fi tting techniques can be used to obtain 
appropriate values of absorption and scattering under optimization options.  
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2.4     Monte Carlo Simulation 

 To understand the theoretical performance of our measurement  setup  , we carried out 
Monte Carlo simulations to mimic the homogeneous tissue [ 9 ]. In the simulations, 
the sample was modeled as a 80 × 80 × 80 mm 3  cube, and the light source that injected 
photon packets perpendicularly into the sample was located at the center of the sur-
faces of the cube. There were four circular detectors (each of diameter 1 mm) placed 
on the same surface with the light source. 

 The curve-fi tting was done wavelength-by-wavelength or distinct SDs using the 
phantom with the fi ve sets of nigrosin concentrations mixed with a uniform concen-
tration of intraplipid in fi xed absorption but varied scattering case (Experiment I). In 
contrast, another experiment was performed using the phantom with the six sets of 
intralipid concentrations and a constant concentration of nigrosin in the case of fi xed 
scattering but varied absorption (Experiment II). Simultaneously, we selected one of 
them to be the standard phantom.   

3     Simulation and Experimental Results 

 In the following, Monte Carlo simulation is launched by importing the two groups 
of optical properties designed for Experiment I and II and the simulated results are 
analyzed by multi-wavelength and multi-distance methods. 

 From the results of the simulation, six wavelengths were chosen to show in 
Fig.  44.1 ; it can be seen that as the samples’  μ   s  ′ are fi xed and  μ   a   are varied, the optical 
properties recovery errors of the MD method and MW method are both below 15 % 
when phantom 3 was chosen as standard.

  Fig. 44.1    The error (Δ E ) of estimated  μ   a   and  μ   s  ′ by ( a ) the multi-wavelength and ( b ) the multi- 
distance method from Monte Carlo simulation in the case of Experiment I       
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   Similarly, as the samples’  μ   a   are fi xed and  μ   s  ′ are varied, the optical properties 
recovery errors of the MD method and MW method are both below 15 %, as shown 
in Fig.  44.2 . The Monte Carlo simulation results indicated that the two methods 
have comparable measurement accuracy, as the sample optical properties are close 
to those of human adipose tissues.

   Subsequently, the  simulating phantoms   prepared by the design from Experiment 
I and II were measured by our measurement system. 

 The analysis results are shown in Figs.  44.3  and  44.4 . The error size of  μ   a   and  μ   s  ′ 
are below 20 and 30 %, respectively with the MW method, and are below 35 and 
30 %, respectively with the MD method, when sample #3 was chosen as standard in 
Experiment I and II.

4         Conclusions and Discussion 

 In this study, we compared the performance of analytic spectra acquired from dis-
tinct source-detector separation to that of analyzing the refl ectance spectrum col-
lected by multi-wavelength at a single separation. We also presented a methodology 
to calibrate the refl ectance spectrum of liquid diffusive and absorbing media at NIR 
wavelengths. The methodology evaluates  optical properties   via the standard phan-
tom and requires only a simple experimental setup. The MD-CWS method can eval-
uate optical properties directly through spatially-resolved measurements in specifi c 
wavelengths. However, the MW-CWS method can get the volumes of the phantom 
composition to further compute absorption and scattering coeffi cients by means of 
 spectra fi tting   in a constant source-detector separation. It is noteworthy to prudently 
decide on the standards because the estimation accuracy depends on how close the 

  Fig. 44.2    The error (ΔE) of estimated  μ   a   and  μ   s  ′ by ( c ) the multi-wavelength and ( d ) the multi- 
distance method from Monte Carlo simulation in the case of Experiment II       
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phantom refl ects the real condition. Afterwards, the absorption and the reduced scat-
tering coeffi cients can be obtained from multi-distance and multi- wavelength CW 
measurements of the fl uence rate by using least square fi tting optimization. 

  Fig. 44.3    The percentage error of  μ   a   and  μ   s  ′ on phantoms ( a ) using the Multi-wavelength (MW) 
method and ( b ) using the Multi-distance (MD) method in the case of Experiment I       

  Fig. 44.4    The percentage error of  μ   a   and  μ   s  ′ on phantoms ( c ) using the Multi-wavelength (MW) 
method and ( d ) using the Multi-distance (MD) method in the case of Experiment II       
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 Accordingly, this pre-feasibility study will help us to make a prototype of the 
measuring instrument using CWS. In this paper we evaluated the capability of the 
MW-CWS method, i.e., how accurately we can reduce data by comparison to 
MD-CWS as well as verifi cation using Monte Carlo simulation. Moreover, in our 
experiments, we found that both methods can produce similar results and using the 
MW-CWS method is able to respond to the change of the concentration more sensi-
tively than using the MD-CWS method in homogeneous media. The quantifi cation of 
optical properties by the MW/MD CWS method can be validated and used to esti-
mate the tissue components for further tumor detection.   
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    Chapter 45   
 Multi-modality Optical Imaging of Rat Kidney 
Dysfunction: In Vivo Response to Various 
Ischemia Times                     

     Zhenyang     Ding    ,     Lily     Jin    ,     Hsing-Wen     Wang    ,     Qinggong     Tang    ,     Hengchang     Guo    , 
and     Yu     Chen    

    Abstract     We observed in vivo kidney dysfunction with various ischemia times at 
30, 75, 90, and 120 min using multi-modality optical imaging: optical coherence 
tomography (OCT), Doppler OCT (DOCT), and two-photon microscopy (TPM). We 
imaged the renal tubule lumens and glomerulus at several areas of each kidney 
before, during, and after ischemia of 5-month-old female Munich-Wistar rats. For 
animals with 30 and 75 min ischemia times, we observed that all areas were recov-
ered after ischemia, that tubule lumens were re-opened and the blood fl ow of the 
glomerulus was re-established. For animals with 90 and 120 min ischemia times, we 
observed unrecovered areas, and that tubule lumens remained close after ischemia. 
TPM imaging verifi ed the results of OCT and provided higher resolution images than 
OCT to visualize renal tubule lumens and glomerulus blood fl ow at the cellular level.  

  Keywords     Optical coherence tomography   •   Doppler optical coherence tomogra-
phy   •   Two-photon microscopy   •   Kidney dysfunction   •   Ischemia  

1       Introduction 

 Ischemic insults are common in renal surgery such as kidney transplantation or  par-
tial nephrectomy  . Ischemia leads to various degrees of kidney dysfunction or delayed 
graft function. Real-time monitoring of ischemic insults helps to improve the 
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management strategy for optimal outcome. Andrews et al. investigated the effects of 
 ischemia   on kidney morphology and function using tandem scanning confocal 
microscopy. In their study, as the ischemic time increased from 1 to 72 h, the kidney 
underwent tubular swelling and necrosis. After transplantation, they showed distinct 
delayed graft function from a couple of days to 1 week [ 1 ]. However, confocal 
microscopy has a limited penetration depth of ~100 μm, which could not image 
through the capsule surrounding the human kidney. 

  Optical coherence tomography (OCT)      is a novel imaging technology that pro-
duces high resolution cross-sectional images of the internal microstructure of living 
tissue [ 2 ]. OCT imaging depths exceeding 2 cm have been demonstrated in transpar-
ent tissues, including the eye [ 3 ]. In the skin and other highly scattering tissues, OCT 
can image small blood vessels and other structures as deep as 1–2 mm beneath the 
surface [ 4 ]. As OCT can provide deeper penetration than confocal microscopy, in our 
previous work [ 5 ] we performed OCT imaging of living rat kidneys before, during, 
and after an ischemic insult, which enabled visualization and comparison of the rat 
kidney morphology. Therefore, OCT represents an exciting new approach to visual-
ize, in real-time, the pathological changes in the living kidney in a non- invasive or 
minimally-invasive fashion. Doppler OCT (DOCT) is a functional extension of OCT 
and is currently employed in several clinical areas to quantify blood fl ow in vivo. In 
our previous work [ 6 ] we investigated the feasibility of  DOCT      to image kidney 
microcirculation, specifi cally, glomerular blood fl ow.  Two-photon microscopy (TPM)   
can provide unprecedented anatomical, cellular, molecular and functional informa-
tion in vivo, which is a form of light microscopy that uses localized nonlinear optical 
effects induced by two-photon excitation [ 7 ]. TPM can provide kidney images with 
higher lateral spatial resolution than OCT [ 8 ]. 

 In this preliminary study, we investigated the effects of different ischemia times 
on renal morphology and function using multi-modality optical imaging: OCT, 
DOCT and TPM. We used 5-month-old female Munich-Wistar rats for this study. We 
performed OCT/DOCT and TPM to observe the rat  renal tubule lumens   and  glom-
erulus blood fl ow   before, during, and after ischemia. We scanned multiple sites of a 
rat kidney using OCT/DOCT fi rst for all animals and then using TPM for some ani-
mals. For ischemia times of 30 and 75 min, we observed recovered sites with open 
tubule lumens and functioning glomerulus. For ischemia times of 90 and 120 min, 
we observed unrecovered areas, that tubule lumens were closed and the glomerulus 
had no blood fl ow. We saw similar trends using TPM with a higher resolution than 
OCT to visualize tubular and glomerular blood fl ow at the cellular level.  

2     Methods 

 A high-speed, high-resolution OCT system was used in this study. The details of the 
OCT system have been described previously [ 9 ]. Briefl y, a Fourier-domain OCT sys-
tem consisting of a swept-source laser with 100 nm bandwidth at 1310 nm center 
wavelength yielding an axial resolution of ~10 μm in tissue was used. A 10× objective 
was used in the sample arm. The laser source operated at a swept rate of 16 kHz 
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allowing a series of two-dimensional cross-sectional images to be captured in real 
time. Two-photon fl uorescence imaging has become an important method for intravi-
tal studies [ 7 ]. Here it was performed with a microscopy system equipped with a 
Ti:sapphire laser (Coherent Mira 900) operating at 790 nm, 150 fs pulse width, and 
76 MHz repetition rate. The excitation laser beam was focused with a 20×/1.0NA 
objective (Olympus XLUMPlanFL N) onto the kidney. The animal protocol was 
approved by the committees on animal care and use at the University of Maryland. 
Five-month-old female Munich-Wistar rats were used in this study. Each animal’s 
weight, 24-h  urine volume and blood creatinine   were measured before the operation 
and all animals had a normal range of kidney functions. Rats were anesthetized with 
isofl urane, incised at the midline of the abdomen, the left side of the kidney and renal 
artery were exposed, and the renal artery clamped for various times of ischemia from 
30 to 120 min. We performed OCT/DOCT and TPM to observe in vivo rat kidney 
before, during, and after ischemia.  

3     Results and Discussion 

 First, we performed OCT/DOCT to observe the renal tubule lumens and glomerulus 
before, during, and after ischemia of 5-month-old female Munich-Wistar rats with 
various ischemia times at 30, 75, 90, and 120 min. Before ischemia, we observed many 
opened tubule lumens as shown in Fig.  45.1a  and blood fl ow signals in the DOCT 
image (Fig.  45.1b ) that were attributed to either the glomerulus or blood  vessels  . 
During ischemia the tubule lumens were closed, as shown in Fig.  45.1c . We did not see 
color signals in the DOCT image in Fig.  45.1d , indicating no signifi cant or reduced 
blood fl ow from either the glomerulus or blood vessels. After ischemia, in the recov-
ered location, the tubule lumens were re-opened as shown in Fig.  45.1e  and there were 
color signals in the DOCT image, as shown in Fig.  45.1f . In the unrecovered location, 
the tubule lumens were still closed (Fig.  45.1g ) and there was no color signal in the 
corresponding DOCT image (Fig.  45.1h ).

   To quantitate the kidney dysfunction with various  ischemia   times using OCT/
DOCT imaging, we performed the following analysis. We quantitated one animal 
for each ischemia time. For each animal, we quantitated fi ve random locations of 
the kidney imaged. There were 50 frames of images in each location. We calculated 
the percentage of the fully closed area, almost closed area, partially opened area, 
and fully opened area from 50 frames. In detail, we counted the number of frames 
containing open tubule lumens  N  to evaluate each location. The fully open areas 
have  N  ≥ 10. The partially open areas have 5 ≤  N <10. The almost closed areas have 
1 ≤  N  <5, and the fully closed areas have  N  = 0. The results are shown in Table  45.1 . 
For example, for the animal with ischemic time of 30 min at location 1, the number 
of frames that showed an almost closing tubule area is 3 and the percentage in the 
total 50 frames is 6 %. The number of frames in which the  tubule lumens   were par-
tially opened is 47 and the percentage in the total 50 frames is 94 %. If we observed 
the Doppler signals in 50 frames for the specifi c location, in Table  45.1  the Doppler 
signals are recorded as ‘yes’, otherwise they are recorded as ‘no’.
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   From Table  45.1 , when the ischemic times were 30 and 75 min, we did not fi nd 
locations where the tubule lumens were entirely closed; all fi ve locations had fully or 
partially opened tubules. These results show that most parts of the kidney were 
recovered in the ischemic time of 30 and 75 min. However, when the ischemic times 
were extended to 90 and 120 min, some locations were almost fully closed (e.g. 
Location 1 and 2 in 90 min, and Location 3 and 5 in 120 min). Meantime, we still fi nd 
that some locations are fully open or partially open (e.g. Location 4 and 5 in 90 min 
and Location 1, 2 and 4 in 120 min). These results show that some parts of the kidney 
are not recovered after ischemic times of 90 and 120 min. In addition, there are more 
locations with Doppler signals after ischemic times of 30 and 75 min than those of 
90 and 120 min ischemic times, indicating the glomerulus and blood vessels are also 
not recovered after the ischemic times of 90 and 120 min. 

 TPM provided higher resolution images than OCT to visualize tubular and glo-
merular at the cellular level. We used the TPM results to verify the OCT results. 
Before ischemia, we observed many clearly opened tubule lumens and glomerulus, 
as shown in Fig.  45.2a, b . During ischemia, cells lining the  uriniferous tubules   

  Fig. 45.1    OCT/DOCT images of in vivo rat kidney before ( a ,  b ), during ( c ,  d ), and after ischemia 
( e – h ). The left column is OCT images and the right is DOCT images. ( e ,  f ) showed a recovered 
area. ( g ,  h ) showed an unrecovered area       
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     Table 45.1    Quantitation of post-ischemia renal dysfunction with various ischemia times   

 30 min 
( n  = 1) (%) 

 75 min 
( n  = 1) (%) 

 90 min 
( n  = 1) (%) 

 120 min ( n  = 1) 
(%) 

 Location 1  Fully closed: 
 Almost closed: 
 Partially open: 
 Fully open: 
 Doppler: 

 0 
 6 
 94 
 0 
 Yes 

 0 
 18 
 76 
 6 
 No 

 84 
 16 
 0 
 0 
 No 

 0 
 0 
 0 
 100 
 Yes 

 Location 2  Fully closed: 
 Almost closed 
 Partially open: 
 Fully open: 
 Doppler: 

 0 
 0 
 48 
 52 
 Yes 

 0 
 58 
 34 
 8 
 Yes 

 0 
 86 
 12 
 2 
 No 

 0 
 0 
 98 
 2 
 No 

 Location 3  Fully closed: 
 Almost closed: 
 Partially open: 
 Fully open: 
 Doppler: 

 0 
 0 
 6 
 94 
 Yes 

 0 
 0 
 46 
 54 
 Yes 

 12 
 84 
 2 
 2 
 No 

 96 
 4 
 0 
 0 
 No 

 Location 4  Fully closed: 
 Almost closed: 
 Partially open: 
 Fully open: 
 Doppler: 

 0 
 0 
 0 
 100 
 No 

 0 
 0 
 4 
 96 
 Yes 

 0 
 16 
 44 
 40 
 No 

 0 
 0 
 0 
 100 
 No 

 Location 5  Fully closed: 
 Almost closed: 
 Partially open: 
 Fully open: 
 Doppler: 

 0 
 42 
 58 
 0 
 Yes 

 0 
 0 
 46 
 54 
 Yes 

 0 
 0 
 94 
 6 
 Yes 

 0 
 100 
 0 
 0 
 No 

  Fig. 45.2    TPM images of in vivo rat kidney before ( a ,  b ), during ( c ,  d ), and after ischemia ( e – h )       
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swelled and the tubular lumens decreased in size, as shown in Fig.  45.2c, d . After 
ischemia, in the recovered location the tubule lumens re-opened and the glomerulus 
can be observed in Fig.  45.2e . In the unrecovered location, tubule lumens were still 
entirely closed as shown in Fig.  45.2f . Figure  45.2g  is a location in which half is 
recovered and half is unrecovered.

4        Conclusions 

 We observed in vivo kidney dysfunction with various ischemic times of 30, 75, 90, 
and 120 min using OCT, DOCT and TPM. Extending the ischemic time to 90 and 
120 min, we found unrecovered locations of the rat kidney after ischemia. In addition, 
DOCT showed a decrease of Doppler signals of glomerulus after ischemia in the 
longer ischemic times (90 and 120 min). We also used TPM images to verify the OCT 
results. In the future, we will analyze the effects of various drugs to protect against 
acute kidney injury due ischemia and reperfusion using OCT, DOCT and TPM.   
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    Chapter 46   
 Skeletal Muscle Oxygenation Measured 
by EPR Oximetry Using a Highly Sensitive 
Polymer-Encapsulated Paramagnetic Sensor                     

     H.     Hou     ,     N.     Khan    ,     M.     Nagane    ,     S.     Gohain    ,     E.  Y.     Chen    ,     L.  A.     Jarvis    , 
    P.  E.     Schaner    ,     B.  B.     Williams    ,     A.  B.     Flood    ,     H.  M.     Swartz    , and     P.     Kuppusamy    

    Abstract     We have incorporated LiNc-BuO, an oxygen-sensing paramagnetic mate-
rial, in polydimethylsiloxane (PDMS), which is an oxygen-permeable, biocompati-
ble, and stable polymer. We fabricated implantable and retrievable oxygen- sensing 
chips (40 % LiNc-BuO in PDMS) using a 20-G Tefl on tubing to mold the chips into 
variable shapes and sizes for in vivo studies in rats. In vitro EPR measurements were 
used to test the chip’s oxygen response. Oxygen induced linear and reproducible line 
broadening with increasing partial pressure (pO 2 ). The oxygen response was similar 
to that of bare (unencapsulated) crystals and did not change signifi cantly on steril-
ization by autoclaving. The chips were implanted in rat femoris muscle and EPR 
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oximetry was performed repeatedly (weekly) for 12 weeks post-implantation. The 
measurements showed good reliability and reproducibility over the period of testing. 
These results demonstrated that the new formulation of OxyChip with 40 % LiNc-
BuO will enable the applicability of EPR oximetry for long-term measurement of 
oxygen concentration in tissues and has the potential for clinical applications.  

  Keywords     Electron paramagnetic resonance (EPR) oximetry   •   Oxygen sensor   • 
  Partial pressure of oxygen (pO 2 )   •   Skeletal muscle  

1       Introduction 

 Measurement of  partial pressure of oxygen (pO 2 )   in an accurate, reliable, and repeat-
able fashion is crucial to the understanding, diagnosis, and treatment of a number of 
pathophysiological conditions, including ischemic disease, reperfusion injury, oxygen 
toxicity, cancer, peripheral vascular disease, and wound healing [ 1 ]. Of the several 
methods available for measuring pO 2  in tissues [ 2 ],  electron paramagnetic resonance 
(EPR)      oximetry has some distinct advantages, including the ability to make minimally 
invasive, real-time (in vivo), and repeated measurements. 

 In addition, EPR oximetry is unique in terms of its ability to provide absolute values 
of pO 2  [ 1 ,  2 ]. Repeated measurements of pO 2 , from a single location in tissue, are made 
possible by the use of water-insoluble crystalline probes, such as  lithium phthalocya-
nine (LiPc)   [ 3 ], lithium naphthalocyanine (LiNc) [ 4 ], or lithium octa- n -butoxynaphtha-
locyanine (LiNc-BuO) [ 5 ]. Of these crystalline probes, LiNc- BuO has some advantages 
over others, including high EPR sensitivity (spin density and narrow lineshape) and 
oxygen sensitivity, and long-term stability and responsiveness to oxygen in vivo [ 1 ]. 

 Although, LiNc-BuO can be used in its raw (bare) crystalline form to measure 
oxygen, its in vivo application may be limited by particle migration within tissue lead-
ing to loss of EPR signal intensity over time, and potential biocompatibility concerns 
due to direct exposure of tissue to the crystals. Encapsulation of crystalline probes in 
a bio-inert matrix is a strategy, employed in the past, to overcome the limitations asso-
ciated with the use of bare material, especially for clinical application [ 6 ,  7 ]. Recently, 
we have encapsulated LiNc-BuO in  polydimethylsiloxane (PDMS)     , a well-character-
ized, biocompatible, and highly oxygen-permeable polymer, for the development of 
implantable, and surgically retrievable, EPR probe formulations (denoted as LiNc-
BuO:PDMS and referred to hereafter as ‘ OxyChip  ’) [ 8 ]. Fabrication, by cast-molding/
polymerization method, and physical characterization of the OxyChips demonstrated 
that encapsulation in the PDMS matrix did not have any signifi cant effect on the oxy-
gen-sensing ability of the embedded LiNc-BuO microcrystals. The cast-molding pro-
cedure also facilitated the fabrication of OxyChips with different shapes, sizes, and 
spin densities [ 8 ]. 

 In the present study, we report the biological evaluation and functional testing of 
OxyChips, including in vitro/in vivo biocompatibility and oxygen-sensing performance. 
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The results establish that the encapsulation of  LiNc-BuO microcrystals   in PDMS, 
while enhancing their biocompatibility and suitability for direct in vivo application, 
does not interfere with their oxygen-sensing ability.  

2     Methods 

2.1     Polymer-Encapsulation of LiNc-BuO Microcrystals 

 The synthesis and physicochemical characterization of LiNc-BuO microcrystals have 
been described previously [ 5 ]. Medical grade PDMS base, namely MED-4210 
Platinum Silicone Elastomer, was obtained from Factor II, Inc. (Lakeside, AZ). 40 % 
LiNc-BuO:PDMS chips (w/w) were fabricated in the form a thin wire (diameter, 
0.6 mm) using a modifi cation of previously reported procedure [ 8 ]. Briefl y, the PDMS 
base and catalyst/crosslinker (supplied with the PDMS elastomer) were mixed in a 
10:1 ratio, as recommended by the manufacturer, after which the LiNc- BuO crystals 
were added. The heterogeneous dispersion/mixture was outgassed using a vacuum 
desiccator connected to a vacuum pump. One end of a 20-G PTFE tube was dipped 
into the PDMS mixture (LiNc-BuO + PDMS + Catalyst/Crosslinker) and negative 
pressure was applied from the other end with a 10-ml syringe to draw the PDMS mix-
ture into the tubing to the desired length, usually about 5 cm. The PTFE tubing with 
PDMS mixture was cured in an oven for at least 8 h at 70 °C, followed by withdrawing 
(by gentle pulling) the cured PDMS chip out from the tubing. The chip (LiNc-BuO in 
PDMS) was further cured at 70 °C overnight. The cured chip (referred to as OxyChip) 
in the form of a wire (0.6-mm diameter) was cut into small segments of 5-mm lengths 
for use in the present study. In order to verify that mechanical stress or tearing of 
PDMS coating does not occur resulting in leaching of LiNc-BuO crystals, the 
OxyChips were suspended in water or ethanol and subjected to 72 h of continuous 
stirring at room temperature. After removing the  OxyChips  , the solution was analyzed 
using EPR spectroscopy, which did not show any detectable absorption due to LiNc-
BuO suggesting the absence of any detectable paramagnetic debris in solution (data 
not shown).  

2.2      In Vitro EPR Measurements 

 Calibration curves and the time course of response of the OxyChips were performed 
by measuring the EPR linewidth while the equilibrating gas content was changed 
from 0 to 21 % (160 mmHg) oxygen. Measurements were carried out using an 
L-band (1.2 GHz) EPR spectrometer (custom-built) equipped with a surface-loop 
resonator [ 9 ]. Gases with known concentrations of oxygen and nitrogen or air, 
equilibrated at 37 °C, were fl ushed over the samples, and the spectra were recorded 
every minute until equilibration, as evidenced by a steady linewidth, was achieved.  
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2.3     In Vivo EPR Measurements 

 Measurements of  muscle oxygenation   were performed using the same L-band 
(1.2 GHz) EPR spectrometer (see Sect.  2.2 ) using a surface-loop resonator. Animals 
were placed on a plastic bedplate and the previously implanted OxyChip was posi-
tioned just beneath the loop, i.e., approximately centered within the active volume of 
the loop resonator. Body temperature was monitored using a thermistor rectal probe, 
and maintained at 37 ± 1 °C using a heating pad and an infrared lamp. In order to 
verify that the implanted OxyChip was sensitive to changes in tissue oxygenation, 
the muscle tissue was subjected to temporary constriction of  blood fl ow   after base-
line EPR measurement, thereby reducing the oxygen supply to the hind limb. This 
was achieved by gently tying the limb above the location of chip implantation using 
an elastic band. The constriction was maintained in place until EPR measurements 
were made (usually less than 5–8 min) and then removed. All animals were sub-
jected to constriction on every other week during the course of the measurements.  

2.4     Animal Preparation 

 All the animal procedures were approved by the Institutional Animal Care and Use 
Committee of Geisel School of Medicine at Dartmouth. Eight adult male Wistar rats 
(200–220 g, Charles River Laboratories, MA, USA) were used. One rat died on day 
56 due possibly to anesthesia, but it was excluded from data analysis. For all surgical 
procedures, 3.0–3.5 % isofl urane in 70 % N 2 :30 % (228 mmHg) O 2  was used for anes-
thesia induction, and 1.5–2.5 % for anesthesia maintenance. Physiologic monitoring 
during the procedure comprised measurement and maintenance of core (rectal) tem-
perature at 37 ± 1 °C using a heating pad.  

2.5     Evaluation of the Stability of OxyChips in the Skeletal 
Muscle Tissue 

 Prior to implantation, each piece of 0.6-mm × 5.0-mm OxyChip was suspended in 
5 ml of distilled water and subjected to 72 h of continuous stirring at room tempera-
ture using a tiny magnetic stirrer pellet followed by sterilization by autoclaving at 
121 °C for 30 min. Calibration curves were made before and after the washing and 
autoclaving procedures. For implantation of OxyChips, the animals were anesthetized 
by nose-cone breathing of 2–2.5 % of isofl urane in 30 % (228 mmHg) oxygen. One 
OxyChip was implanted in the biceps femoris of the right limb using an 18-G angio-
catheter. The injected depth was 3–4 mm from the surface of the skin. Normal tissue 
 pO 2    (baseline) was measured for 30 min when rats were anesthetized with 1.5 % iso-
fl urane in 30 % (228 mmHg) O 2  at the following time points: day 7, day 14, day 21, 
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day 28, day 42, day 56, day 70 and day 84 after OxyChip implantation. Normal, 
ischemic and recovery tissue pO 2  (baseline pO 2  for 25 min, ischemic muscle pO 2  
induced by muscle compression with a rubber band for 5–8 min and recovery from 
ischemia induced by release pressure for 15 min) were measured.  

2.6     Statistical Analysis 

 Data were analyzed by Student’s  t -test. Paired  t -test was used to compare pO 2  changes 
within the same group. The tests were two-sided, and a change with a  p -value <0.05 
was considered statistically signifi cant.  N  is the number of rats and n is the number of 
OxyChips. All data are expressed as mean ± SEM.   

3     Results and Discussion 

 Figure  46.1  shows the oxygen calibration of the OxyChip that was measured before 
and after autoclaving. The calibration remained linear, with no signifi cant difference 
in oxygen sensitivity up on autoclaving. The results demonstrated the stability of the 
OxyChip, with no effect of autoclaving on the intended functionality of the OxyChip.

  Fig. 46.1    Calibration plot of OxyChip before and after sterilization by autoclaving procedure. 
The response of the chip to different concentrations of perfused oxygen is shown with a linear fi t-
ting and regression coeffi cient ( R  2 ). Mean ± SEM,  n  = 4 OxyChips. Inset: Molecular formula of 
lithium octa- n -butoxy-naphthalocyanine (LiNc-BuO) ( left ) and samples of 0.6-mm × 0.6-mm 
chips used in the oxygen measurements ( right )       
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   In our previous study, histological analysis of excised muscle tissue surrounding 
the implant after 4 weeks of implantation showed that the chip elicited a characteris-
tic wound-healing response, with the recruitment of infl ammatory cells and the for-
mation of a thin fi brous capsule [ 11 ]. However, the fi brous coating of the chip did not 
have any signifi cant effect on the in vivo oxygen-sensing ability of the implant. In the 
present study, the OxyChip remained intact in the muscle and enabled repeated mea-
surements of tissue  pO 2    for 11 weeks from the same rats. The pO 2  measurements 
established the ability of the OxyChip to provide repeated  measurements of in vivo 
tissue oxygenation over the 11-week duration, and possibly longer. Further, in order 
to verify if the implanted OxyChip was responsive to changes in tissue pO 2 , blood 
fl ow to the muscle was temporarily constricted using an elastic band and subsequently 
released. The decrease in blood fl ow, during the constriction, leads to a decrease in 
oxygen supply to the muscle. 

 Figure  46.2a  shows that the implanted chip was capable of reporting the dynamic 
change in tissue oxygenation induced by the muscle constriction in an individual rat. 
The muscle pO 2  also returned to normal levels when the constriction was removed. 
Comparison of constricted-state pO 2  readouts with normal muscle pO 2  revealed a 
signifi cant difference between the two, confi rming that the constriction was effec-
tive and that the OxyChip was able to report the changes in muscle pO 2  (Fig.  46.2b ). 
The results showed the mean baseline muscle pO 2  ranged from 18 to 27 mmHg over 
the 11-week period, which is within the range of rat gastrocnemius muscle pO 2  val-
ues reported previously [ 4 ,  10 ]. The differences in the baseline pO 2  values on differ-
ent weeks may be due to the differences in the local physiology of the muscle.

  Fig. 46.2    Time course of pO 2  in biceps femoris of right limb in a single rat ( a ) and group mean 
( b ) prior to, during and post leg muscle compression. Baseline is the average pO 2  from measure-
ments of the last 15 min of 30-min baseline period. Compression is the average pO 2  in the 5–8 min 
period of the muscle constriction. Recovery is the average pO 2  in the last 10 min of a 20-min 
recovery period of measurements when the constriction was removed. The  black arrow  indicates 
the beginning of compression and the  gray arrow  indicates start of pressure release. Data represent 
Mean ± SEM;  N  = 7 rats. * p  < 0.01, compared to baseline on the same day (paired  t -test)       
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4        Conclusion 

 We have successfully carried out biological evaluation and functional testing of a new 
EPR oximetry sensor, the OxyChip, containing 40 % LiNc-BuO in PDMS. Calibration 
of the OxyChips was not affected by sterilization procedures. The suitability and 
applicability of the chip for long-term in vivo oximetry was established by monitor-
ing the oxygenation of rat muscle tissue for an extended period. Overall, we have 
established that the new OxyChip is a promising choice for clinical EPR oximetry.   

    Acknowledgments   These developments were supported by National Institutes of Health grants 
R01 EB004031 and P01 CA190193.  

   References 

      1.    Khan N, Williams BB, Hou H et al (2007) Repetitive tissue pO 2  measurements by electron 
paramagnetic resonance oximetry: current status and future potential for experimental and 
clinical studies. Antioxid Redox Signal 9:1169–1182  

     2.    Swartz HM, Hou H, Khan N et al (2014) Advances in probes and methods for clinical EPR 
oximetry. Adv Exp Med Biol 812:73–79  

    3.    Liu KJ, Gast P, Moussavi M et al (1993) Lithium phthalocyanine: a probe for electron paramagnetic 
resonance oximetry in viable biological systems. Proc Natl Acad Sci U S A 90(12):5438–5442  

     4.    Ilangovan G, Manivannan A, Li H et al (2002) A naphthalocyanine-based EPR probe for local-
ized measurements of tissue oxygenation. Free Radic Biol Med 32(2):139–147  

     5.    Pandian RP, Parinandi NL, Ilangovan G, Zweier JL, Kuppusamy P (2003) Novel particulate 
spin probe for targeted determination of oxygen in cells and tissues. Free Radic Biol Med 
35(9):1138–1148  

    6.    Dinguizli M, Jeumont S, Beghein N et al (2006) Development and evaluation of biocompati-
ble fi lms of polytetrafl uoroethylene polymers holding lithium phthalocyanine crystals for their 
use in EPR oximetry. Biosens Bioelectron 21(7):1015–1022  

    7.    Eteshola E, Pandian RP, Lee SC, Kuppusamy P (2009) Polymer coating of paramagnetic particu-
lates for in vivo oxygen-sensing applications. Biomed Microdevices 11(2):379–387. doi:  10.1007/
s10544-008-9244-x      

      8.    Meenakshisundaram G, Eteshola E, Pandian RP et al (2009) Fabrication and physical evaluation 
of a polymer-encapsulated paramagnetic probe for biomedical oximetry. Biomed Microdevices 
11(4):773–782  

    9.    Swartz HM, Walczak T (1998) Developing in vivo EPR oximetry for clinical use. Adv Exp 
Med Biol 454:243–252  

    10.    Hou H, Khan N, Lariviere J et al (2014) Skeletal muscle and glioma oxygenation by carbogen 
inhalation in rats: a longitudinal study by EPR oximetry using single-probe implantable oxy-
gen sensors. Adv Exp Med Biol 812:97–103  

    11.    Meenakshisundaram G, Eteshola E, Pandian RP et al (2009) Oxygen sensitivity and biocom-
patibility of an implantable paramagnetic probe for repeated measurements of tissue oxygen-
ation. Biomed Microdevices 11:817–826    

46 Skeletal Muscle Oxygenation Measured by EPR Oximetry Using a Highly…

http://dx.doi.org/10.1007/s10544-008-9244-x
http://dx.doi.org/10.1007/s10544-008-9244-x


359© Springer International Publishing Switzerland 2016 
Q. Luo et al. (eds.), Oxygen Transport to Tissue XXXVIII, Advances in 
Experimental Medicine and Biology 923, DOI 10.1007/978-3-319-38810-6_47

    Chapter 47   
 Determination of Optical and Microvascular 
Parameters of Port Wine Stains Using Diffuse 
Refl ectance Spectroscopy                     

     Zhihai     Qiu    ,     Guangping     Yao    ,     Defu     Chen    ,     Ying     Wang    ,     Ying     Gu    , and     Buhong     Li    

    Abstract     Characterizing port wine stains (PWS) with its optical parameters [i.e. 
absorption coeffi cient ( μ  a ) and reduced scattering coeffi cient ( μ  s ′)] and microvascu-
lar parameters [i.e. blood volume fraction (BVF), mean vessel diameter (MVD), 
and oxygen saturation (StO 2 )] is extremely important for elucidating the mecha-
nisms for its light-based treatments, such as pulsed dye laser and photodynamic 
therapy. In this study, a customized diffuse refl ectance spectroscopy (DRS) probe 
with an appropriate source-detector distance was used to measure the diffuse refl ec-
tance spectra of PWS lesions in clinical practice. The results demonstrate that opti-
cal parameters of different types of PWS lesions can be accurately extracted by 
fi tting the DRS with diffusion equation. Since the sampling depth of the probe coin-
cides with the depth distribution of abnormal vasculature in PWS, the obtained 
microvascular parameters of PWS lesions that changed from pink to purple are in 
agreement with the corresponding physiological conditions. This study suggests 
that DRS can be utilized to quantitatively determine the optical and microvascular 
parameters of PWS lesions, which have the potential for planning the protocol and 
predicting the effi ciency for light-based PWS treatments.  

  Keywords     Port wine stains   •   Diffuse refl ectance spectroscopy   •   Optical parameters   
•   Microvascular parameters  
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1       Introduction 

 Port wine stain ( PWS)  , a congenital and progressive vascular malformation, is 
histologically characterized by  ecstatic capillaries   and post-capillary venules in the 
upper dermis [ 1 ]. PWS lesions initially appear as fl at pink macules and, over time, 
lesions tend to darken from red to purple and become gradually thickened as 
vascular nodules develop [ 2 ]. PWS occurs in approximately 0.3–0.5 % of infants, 
affecting both males and females and all racial groups equally. Although PWS can 
affect any part of the body, they are mainly located on the face and neck areas and 
may therefore have a serious emotional and physical impact [ 2 ]. 

 To date,  pulsed dye laser (PDL)      and  photodynamic therapy (PDT)      are the two 
main modalities that have been proposed to treat PWS lesions. However, the 
treatment outcomes of PDL and PDT are strongly dependent on the characteristics 
of the individual PWS lesion and treatment protocols, and the mechanisms for 
achieving complete bleaching are still not fully understood. PDL is based on 
selective thermal coagulation of blood vessels without damaging the normal 
overlying epidermis, and the mean vessel diameter (MVD) is one of the determining 
factors for therapeutic effi ciency [ 3 ]. Several studies have suggested that PDL is 
extremely effective for PWS treatment if the MVD is not less than 30 μm. On the 
other hand, as a key factor of PDT for PWS treatment, oxygen concentration in the 
blood vessels can infl uence treatment effi ciency. Since the skin color contains 
information on the blood volume fraction (BVF), MVD, melanin content and the 
optical properties of PWS lesions, measurement of color determined from  diffuse 
refl ectance spectroscopy (DRS)   has been widely applied to predict the effi cacy of 
both PDL and PDT treatment [ 4 ]. 

 During the past two decades DRS has been intensely applied for determining 
tissue  optical properties  , but the accuracy and the sensitivity of the derived values 
are largely dependent on the source-detector (S-D) distance of the DRS system, the 
calculation method, and the corresponding selected model [ 5 ]. Kim et al. have 
reported that the sensitivity range for the determined optical properties parameters, 
e.g. absorption coeffi cient ( μ  a ), reduced scattering coeffi cient ( μ  s ′) varied with the 
S-D distance of the DRS probe. In particular, the measured DRS are almost insensi-
tive to the variation of  μ   s  ′ when a DRS probe with a larger S-D distance was used 
[ 6 ]. Meanwhile, the sampling depth of DRS probe is also critical for achieving 
accurate measurement, which should coincide with the depth of the target lesion. 

 Based on our preliminary studies, the feasibility of a probe with an S-D distance 
of 520 nm for sampling the abnormal vasculature and monitoring  vascular 
parameters   during PDT of PWS was performed [ 7 ]. Herein, DRS of four types of 
PWS lesions were measured using our customized system. The  optical parameters   
(i.e.  μ  a  and  μ  s ′) and microvascular parameters (i.e. BVF, MVD and StO 2 ) of PWS 
lesions were then quantitatively determined by fi tting the calibrated DRS using the 
established Farrell’s equation with a compensation of a vessel packaging correction 
factor. In addition, validation was assessed by testing whether the obtained results 
coincided with the physiological characteristics of different kinds of PWS and by 
comparing the data with those of previous studies.  

Z. Qiu et al.



361

2     Patients and Methods 

 A total of 28 patients (13 males, 15 females) with facial PWS, undergoing PDT 
treatment for the fi rst time, were recruited for the present study at the Department of 
Laser Medicine, Chinese PLA General Hospital, Beijing, China. PWS lesions were 
classifi ed into four groups by experienced clinicians: Type I, pink, fl at (mean age 
4 ± 3); Type II, red, fl at (mean age 5 ± 2); Type III, purple, slightly thicker (mean age 
13 ± 6), and Type V, purple, signifi cantly thicker (mean age 28 ± 9). The research 
protocol for this study was approved by the Ethics Committee of the Chinese PLA 
General Hospital, and an informed consent form was obtained from each subject. 

 The system and analyzing model employed in this study have been described 
previously by Qiu  et al  [ 7 ], and the feasibility of monitoring BVF and StO 2  during 
V-PDT of PWS has been validated. Before the DRS measurement, a real-time 
background spectrum and a reference  spectrum   for the diffuse refl ectance standard 
(WS-1, Ocean optics, USA) was measured to subtract the background noise and to 
compensate the potential variation of lamp output, respectively. Patients were given 
5 min to adjust to the ambient temperature of 25 ± 0.6 °C. Additionally, each lesion 
was cleaned thoroughly with alcohol pads and dried; the measurement of an uneven 
lesion assessed by a* value from color measurement was not included in the analysis 
in order to reduce the intra-patient variation. Five measurements were recorded at 
each relatively small homogeneous lesion area, and the DRS of the control lesion 
from each patient were also recorded for comparative study. During DRS 
measurement, the fi ber probe was kept vertically and in slight contact with the 
lesion surface. Each average spectrum was determined from fi ve independent 
measurements with a typical integration time for each measurement of about 70 ms. 
Diffuse refl ectance spectra from 450 to 800 nm were recorded for data processing. 

 Based on our established protocol, the raw DRS spectra for PWS lesions were 
calibrated before fi tting, using the well-known Farrell’s equation which is a dipole 
approximation to diffusion theory. In addition, the determined optical and 
microvascular parameters for PWS lesions from DRS measurements were 
statistically analyzed. The paired Wilcoxon test was used to analyze differences, 
using  P  < 0.05 for the level of signifi cance.  

3     Results 

 The representative raw diffuse refl ectance spectra for the four types of PWS lesions 
and their corresponding contralateral control sites are shown in Fig.  47.1a . A 
signifi cant difference was found in the diffuse refl ectance spectra between the PWS 
lesion and its control site. The absorbance peaks of  oxyhemoglobin   at 542 and 
577 nm can be clearly seen; as expected, the PWS lesions have a more intense 
absorption than the control sites due to the abundant blood vessels. Figure  47.1b  
provides a comparison of the calibrated diffuse refl ectance spectra for four types of 
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PWS lesions; the absorption of PWS gradually increases with the stages in lesion 
development from pink to red, to purple and to thickened purple, which resulted in 
the lower diffuse refl ectance. Furthermore, the spectra can be fi tted very well 
( r  2  > 0.99) using the Farrell’s equation with the implementation of blood vessel 
package correction factor.

   Table  47.1  summarises the  optical parameters   for four types of PWS lesions at 
532 nm, including  μ  a ,  μ  s ′, effective attenuation coeffi cient  μ  eff  = [3 μ  a ( μ  a+  μ  s ′)] 1/2  and 

  Fig. 47.1    The representative ( a ) raw diffuse refl ectance spectra for the four types of PWS lesions 
and their corresponding contralateral control sites, and ( b ) calibrated diffuse refl ectance spectra for 
four types of PWS lesions and their fi tting curves using the well-known Farrell’s equation       

 

Z. Qiu et al.



363

light penetration depth  δ  =  μ  eff  −1 . The  μ  a (λ) and  μ  s ′( λ ) are about 1–25 cm −1  and 
15–45 cm −1  for four types of PWS lesions, respectively. There are no signifi cant 
differences in  μ  s ′ between the four types of PWS lesions, and the differences in  δ  is 
mainly attributed to the changes of  μ  a .

   Figure  47.2  shows the statistical data of BVF, MVD and  StO  2  for the four types 
of PWS lesions and contralateral control sites, respectively. The BVF for pink to 
thickened purple PWS were (3.05 ± 1.02) %, (5.09 ± 1.29) %, (9.64 ± 3.60) %, and 
(16.60 ± 7.58) %, respectively. Between the different types of PWS, there were 
signifi cant differences in BVF but no signifi cant difference was observed between 
PWS and their contralateral control sites (Fig.  47.2a ). In correspondence with the 
development of PWS from pink to thickened purple, an increased trend in MVD, 
from (28.24 ± 10.59) μm, (34.18 ± 11.21) μm, and (68.74 ± 28.10) μm to 

   Table 47.1    Optical parameters for the four types of PWS lesions ( λ  = 532 nm)   

 Lesion types   μ  a  (cm −1 )   μ  s ′ (cm −1 )   μ  eff  (cm −1 )   δ  (μm) 

 Pink  9.7 ± 3.4  32.4 ± 11.8  35.0 ± 8.0  285.7 ± 65.1 
 Red  14.8 ± 2.9  31.4 ± 10.2  45.3 ± 6.8  220.8 ± 33.3 
 Purple  16.8 ± 4.8  29.9 ± 13.4  48.5 ± 10.1  206.1 ± 43.0 
 Thickened purple  21.5 ± 6.6  31.1 ± 10.2  58.2 ± 11.2  171.7 ± 33.0 

  Fig. 47.2     Microvascular parameters   of the four types of PWS lesions and contralateral control 
sites: ( a ) BVF, ( b ) MVD and ( c )  StO  2.  (* P  < 0.05, ** P  < 0.01, the error bar represents the standard 
deviation)       
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(96.94 ± 31.36) μm, was also found. However, there was no signifi cant difference in 
MVD between the pink and red PWS lesions (Fig.  47.2b ). A signifi cant difference 
in  StO  2  was only observed between the pink (82.55 ± 7.87) % and the red PWS 
lesions (88.39 ± 6.52) %, while no signifi cant difference in BVF was seen between 
the red (88.39 ± 6.52) %, purple (86.86 ± 7.95) %, and thickened purple 
(89.22 ± 7.54) % PWS lesions (Fig.  47.2c ).

4        Discussion 

 For the optical parameters of PWS lesions at 532 nm, the obtained values range 
from 9.7 to 21.5 cm −1  and agree well with the average  μ  a  value of three PWS lesions 
with a range of 13–24 cm −1  measured by the spatial frequency domain image tech-
nique [ 8 ]. In addition, the  μ  s ′ for the control sites has an average value of 
31.5 ± 8.8 cm −1  (data not shown), which is consistent with the value of 
30.16 ± 9.03 cm −1  for normal human skin, as summarized by Jacques [ 9 ]. Meanwhile, 
the average  μ  s ′ for the four types of PWS lesions also consistent with the value of 
normal human skin. The  μ  s ′ is known to be dominated by the scattering of mito-
chondria, cell nuclei, and other cytoplasmic organelles in skin tissue [ 10 ], which 
implies that there are no signifi cant changes of nuclei and organelles in PWS lesion, 
as confi rmed by the historical characteristics of PWS. Since it is unrealistic and 
unethical to compare the measured microvascular parameters with the biopsy sam-
ple in the clinic, we compared our results with values in the literature. The increas-
ing tendency of MVD from 28.24 ± 10.59 μm for pink PWS to 68.74 ± 25.10 μm for 
purple PWS (Fig.  47.2b ) is similar to the tendency measured by histological exami-
nation, as reported by Fiskerstrand et al. [ 11 ], in which the MVD were determined 
from 16.5 to 51.2 μm for pink to purple PWS. The confocal microscope showed that 
the MVD in normal human skin in vitro is about 15.4 (6.2–28.9) μm [ 12 ], which is 
also similar to the values for contralateral healthy control sites in the present study. 
The previous results showed that the  StO  2  of normal skin is 71.5 ± 2.2 % and PWS 
ranges from 71.5 to 86.1 % (Fig.  47.2c ) and these agree well with the values for 
normal skin ranges from 72.8 to 83.2 % and PWS ranges from 82.6 to 89.2 %, 
respectively [ 8 ]. These results suggest that microvascular parameters changing 
from pink to thickened purple are in agreement with physiological changes.  

5     Conclusions 

 The probe with an S-D distance of 520 μm is suitable for measuring DRS from 
PWS. After implementing the vessel package effect correction factor, the DRS mea-
sured from PWS at different stages (from pink to thickened purple), could be fi tted 
successfully with the well-known Farrell’s equation. Testing under clinical condi-
tions showed that absorption and reduced scattering coeffi cients of PWS can be 
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extracted. For coinciding with sampling depth and covering the optical properties 
dynamic range, the obtained  microvascular parameters   changing from pink to thick-
ened purple are in agreement with physiological changes. The results indicate that 
our setup is reliable and that the DRS are sensitive to the variation in lesion.     
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    Chapter 48   
 EPR Oximetry for Investigation of Hyperbaric 
O 2  Pre-treatment for Tumor 
Radiosensitization                     

     Benjamin     B.     Williams     ,     Huagang     Hou    ,     Rachel     Coombs    , and     Harold     M.     Swartz   

    Abstract     A number of studies have reported benefi ts associated with the applica-
tion of hyperbaric oxygen treatment (HBO) delivered immediately prior to radiation 
therapy. While these studies provide evidence that pre-treatment with HBO may be 
benefi cial, no measurements of intratumoral pO 2  were carried out and they do not 
directly link the apparent benefi ts to decreased hypoxic fractions at the time of 
radiation therapy. While there is empirical evidence and some theoretical basis for 
HBO to enhance radiation therapy, without direct and repeated measurements of its 
effects on pO 2 , it is unlikely that the use of HBO can be understood and optimized 
for clinical applications. In vivo EPR oximetry is a technique uniquely capable of 
providing repeated direct measurements of pO 2  through a non-invasive procedure in 
both animal models and human patients. In order to evaluate the ability of pretreat-
ment with HBO to elevate tumor pO 2 , a novel small animal hyperbaric chamber 
system was constructed that allows simultaneous in vivo EPR oximetry. This cham-
ber can be placed within the EPR magnet and is equipped with a variety of ports 
for multiplace gas delivery, thermoregulation, delivery of anesthesia, physiologic 
monitoring, and EPR detection. Initial measurements were performed in a subcuta-
neous RIF-1 tumor model in C3H/HeJ mice. The mean baseline pO 2  value was 
6.0 ± 1.2 mmHg ( N  = 7) and responses to two atmospheres absolute pressure HBO 
varied considerably across subjects, within tumors, and over time. When an increase 
in pO 2  was observed, the effect was transient in all but one case, with durations last-
ing from 5 min to over 20 min, and returned to baseline levels during HBO admin-
istration. These results indicate that without direct measurements of pO 2  in the 
tissue of interest, it is likely to be diffi cult to know the effects of HBO on actual 
tissue pO 2 .  

  Keywords     HBO   •   EPR   •   Radiosensitization   •   Oximetry  

        B.  B.   Williams      (*) •    H.   Hou    •    R.   Coombs    •    H.  M.   Swartz    
  Dartmouth EPR Center ,  Geisel School of Medicine at Dartmouth ,   Hanover ,  NH   03755 ,  USA   
 e-mail: Benjamin.B.Williams@dartmouth.edu  

mailto:Benjamin.B.Williams@dartmouth.edu


368

1       Introduction 

 It has been recognized for over 60 years that hypoxia has a profound effect on the 
radiosensitivity of tissue and that hypoxic cells are approximately three times less 
sensitive to radiation than well oxygenated cells. A practical consequence of this 
fact is that tumors with signifi cant hypoxic fractions that are treated with  radiation 
therapy (RT)   have decreased probabilities for complete tumor control and reduced 
patient survival rates. Despite the fundamental importance of tumor oxygenation 
during RT, measurements of pO 2  are not routinely performed in the clinical setting 
due, at least in part, to the lack of an available quantitative non-invasive measure-
ment technique. EPR oximetry is a technique that is capable of providing direct 
measurements of pO 2  through a repeatable and non-invasive procedure, following 
one-time implantation of a paramagnetic oxygen reporter, such as India ink. 
Oxygen-dependent broadening of the EPR signal from the implanted India ink 
reports the pO 2  of the surrounding has been used successfully in a wide array of 
animal studies [ 1 – 3 ] and in human subjects [ 4 – 6 ]. 

 A number of studies have reported benefi ts associated with the application of 
 HBO   immediately preceding RT [ 7 – 10 ]. The hypothesis behind these studies is that 
increased tumor oxygenation due to HBO treatment is maintained for a signifi cant 
period following decompression and a return to room pressure, and that this pro-
vides a window where the hypoxic fraction of the tumor is decreased and RT can be 
applied precisely using the most modern technology. While the above studies pro-
vide evidence that pre-treatment with HBO can be benefi cial, no measurements of 
intratumoral pO 2  were carried out in these studies, and they do not directly link the 
apparent benefi ts to decreased  hypoxic fractions   at the time of RT nor do they pro-
vide insights as to the mechanism by which HBO affects the tissue pO 2 . The effects 
of HBO on physiological parameters such as perfusion and cell metabolism make it 
diffi cult to conclude that an effect on outcomes has occurred simply due to increased 
pO 2  in the circulation. Data describing normal tissue and tumor oxygen dynamics 
following HBO are limited. The oxygenation of normal rat cerebral tissues follow-
ing exposure to four atmospheres absolute pressure (ATA) HBO were measured by 
Jamieson and van den Brenk using polarographic electrodes and found to be ele-
vated for over 30 min [ 11 ]. Kinoshita et al. [ 12 ] monitored tumor oxygenation in 
subcutaneous SCCVII tumors of C3H/He mice following HBO (2 ATA) using semi-
quantitative T1-weighted MRI and found that the oxygen-dependent signal inten-
sity remained elevated for more than 60 min. They also reported that the signal 
intensity in normal muscle tissue declined much more rapidly. Becker et al. [ 13 ] 
measured pO 2  in squamous cell cancers of the head and neck in seven patients using 
polarographic electrodes during and following HBO at 2.4 ATA and found that sig-
nifi cantly elevated pO 2  values were maintained in all patients for 5–25 min after 
leaving the hyperbaric chamber. They also report that maximum pO 2  values during 
HBO were achieved after 10–33 min of treatment, with a mean of 17 min. Beppu 
et al. [ 14 ] measured pO 2  in clinical glioblastoma tumors and peritumoral tissue 
( n  = 18) using Clark-type electrodes at 5-min intervals following the application of 
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HBO (60-min at 2.8 ATA, w/ 20-min (de)compression periods). The intratumoral 
pO 2  remained signifi cantly higher than the baseline level for 30 min following 
decompression. These measurements indicate that pO 2  in various tissues remains 
elevated following HBO, but there is variability across tissues and individual 
tumors. Under these conditions, especially in a clinical setting, confi rmation of 
reduced hypoxia and optimal application of RT would require direct pO 2  measure-
ments during and following  HBO  . 

 In summary, while there is some good empirical evidence and some theoretical 
basis for HBO to enhance radiation  therapy  , without direct and repeated measure-
ments of the effects on pO 2  it is unlikely that the use of HBO can be understood and 
optimized for clinical applications. To date, no studies have combined RT and HBO 
pre-treatment with direct measurement of the tumor pO 2 . Without such measure-
ment of pO 2 , especially in the face of variability across subjects, it is not possible to 
determine if RT was performed at a time of increased oxygenation as expected. As 
investigation of this promising treatment protocol continues, such confusion could 
lead to inaccurate assessment of the effects of the combined therapy. Furthermore, 
optimization of the application of HBO and the timing of RT following HBO will 
benefi t from knowledge of the pO 2  values in the tumor tissue and the rates at which 
pO 2  declines once HBO application ceases.  

2     Methods 

2.1     Animal and Tumor Model 

 Developments and studies were performed using the subcutaneous RIF-1 tumor 
model in C3H/HeJ mice (6–8 weeks, The Jackson Laboratory) [ 1 ,  2 ]. This tumor 
model was chosen because it has been widely studied within the radiobiology com-
munity and it has a signifi cant hypoxic fraction of 1–11 % [ 15 ]. Established proce-
dures for cell culture and implantation were followed [ 2 ]. Approximately 12 days 
after subcutaneous inoculation with tumor cells within the hind leg, when the tumors 
are 100–200 mm 3 , aggregates of the EPR oxygen probe  lithium phthalocyanine 
(LiPc)   were introduced into the tumor. These paramagnetic crystals are biologically 
inert and have EPR spectra which broaden linearly with increasing pO 2 . LiPc was 
introduced at 2 sites within each tumor to sample pO 2  within the tumor volume. 
Each group of LiPc crystals encompassed a volume of approximately 
0.5 × 0.5 × 1.5 mm 3  with a separation between sites of 4 mm. 

 EPR oximetry measurements were acquired at least 24 h after insertion of the 
LiPc aggregates to allow for resolution of the minimal acute trauma of the proce-
dure [ 16 ]. Mice were anesthetized using an intraperitoneal bolus injection of ket-
amine (90 mg/kg) and xylazine (9 mg/kg). Following anesthetization, mice were 
intubated according to procedures described by Hallowell EMC (Pittsfi eld, MA, 
USA) and using an otoscope and supplies within the Hallowell mouse intubation 
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package. Mice were then positioned and secured on the animal tray and mechanical 
ventilation was initiated. Prior to insertion of the mouse into the HBO chamber and 
EPR system, a boost of anesthesia (0.5× initial dose) was applied; this combination 
of bolus and boost was suffi cient to typically provide the 1.5 h of anesthesia neces-
sary for the measurement protocol. A rectal thermometer was used to monitor 
the core temperature of the mice, which was maintained at 37 ± 1 °C throughout the 
experiments through use of an IR lamp prior to installation in the chamber and 
the radiant heat supply surrounding the mouse within the chamber.  

2.2     HBO Application Protocol 

 Hyperbaric oxygen was applied using a customized small animal hyperbaric cham-
ber (Model B11, Reimers Systems Inc, Springfi eld VA, USA) in operation at the 
Dartmouth EPR Center (Fig.  48.1 ). This chamber is capable of delivering 100 % O 2  
at pressures of up to 3.72 ATA. It is equipped with a variety of ports for drug deliv-
ery, physiologic monitoring, and EPR detection. An additional set of ports allow the 
use of an existing external small animal ventilator (Model SAR-830, CWE Inc.), 
which is rated for use with pure oxygen and at hyperbaric pressures. In addition to 
supporting the respiratory function, the ventilator allows the chamber to be operated 
as a multiplace hyperbaric chamber where the chamber is fi lled with an inert gas 
(e.g. N 2 ) and O 2  is supplied directly to the animal. This increases safety tolerances 
and alleviates the need for time consuming O 2  fl ushing of the chamber. The cham-
ber can be installed inside the permanent magnet of the clinical EPR spectrometer 
and it is constructed entirely of non-magnetic materials. A customized EPR resona-
tor and animal warming bed have been constructed for use in the chamber. For all 

  Fig. 48.1    Schematic diagram of the HBO chamber, EPR magnet, and associated equipment used 
for HBO measurements. Components associated with EPR detection, HBO pressurization, 
mechanical ventilation and O 2  supply to mouse, and physiologic monitoring and control are shown       
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experiments in this initial study, mice were exposed to HBO at 2 ATA, though the 
duration of HBO exposure varied. Compression and decompression of the chamber 
were performed over 2-min periods, resulting in biologically acceptable rates of 
~15 (feet of seawater)/min.

2.3        In Vivo EPR Oximetry 

 Mice were positioned with tumors centrally located with respect to the magnet and 
directly under the surface loop detector [ 17 ]. Multi-site  EPR spectroscopy   was used 
to simultaneously measure the EPR signals from each site, characterize their spec-
tral shapes, and estimate pO 2  at their locations. Quality assurance spectra were 
acquired during the study to verify proper calibration of the instrumental settings 
that could affect the observed linewidth and derived pO 2  estimates. Instrumental 
parameters, such as the Zeeman modulation amplitude and RF power, were set 
adaptively based on the measured spectra to optimize the precision and accuracy of 
the pO 2  measurements. Throughout periods of baseline (normobaric air breathing), 
HBO (2ATA with 100 % O 2 ), and recovery periods with normobaric air, the pO 2  was 
measured continuously using spectra collected with periods of 10 seconds. EPR 
spectra were analyzed using least-squares fi tting to estimate the oxygen-dependent 
linewidth and linewidths were converted to pO 2  through an established oxygen cali-
bration curve.   

3     Results 

 Following series of normobaric trials and studies to assess the role of the ketamine/
xylazine anesthesia, pO 2  measurements were accomplished in seven mice during 
the application of HBO. The mean baseline pO 2  value was 6.0 ± 1.2 mmHg, which 
is consistent with prior measurements in this mouse tumor model [ 16 ]. Responses 
to the application of HBO varied considerably across subjects and for individual 
subjects at the 2 measurement sites. In 6/7 mice a change in pO 2  of at least 2 mmHg 
was observed for at least one of the measurement sites. In one mouse there was no 
response to HBO. When an increase in pO 2  was observed, the effect was transient in 
all but one case, with durations lasting from 5 min to over 20 min. A typical response 
is shown in Fig.  48.2 . HBO was initiated at the 21-min time point and ceased 30 min 
later. In one of the measurement sites (Site  # 1) a ~4 mmHg increase in pO 2  was 
observed within the initial 10 min of HBO, after which the pO 2  returned to the base-
line values of ~6 mmHg. The second measurement site (Site  # 2) remained near its 
baseline value of 9 mmHg throughout the measurement and did not exhibit any 
increase in pO 2  when HBO was applied.

   Within this set of measurements, and consistent with all other measurements, 
there was a very large degree of variability in the response to HBO. This highlights 

48 EPR Oximetry for Investigation of Hyperbaric O2 Pre-treatment for Tumor…



372

  Fig. 48.2    Tumor pO 2  dynamics in response to the application of HBO. Tumor pO 2  is expressed in 
mmHg       

the need for such measurements of tumor pO 2  if the radiosensitizing ability of HBO 
is to be assessed and investigated effectively.  

4     Discussion and Conclusions 

 We have developed the instrumentation and procedures necessary to perform 
tumor pO 2  measurements during and following the application of HBO treatment. 
The developments of the instrumentation and procedures have enabled initial mea-
surement of tumor pO 2  in the mouse tumor model prior to, during, and after 
HBO. We observed a large degree of inter- and intra-subject variability in the 
response of tumor tissue to the application of  HBO  . Variability in the existence, tim-
ing, and level of response were observed. The methods were designed to enable 
adequate physiologic controls to minimize the impact of likely confounders, includ-
ing ventilation and temperature. The role of anesthesia as a potential confounder 
must be further considered. Additional systematic studies are warranted to provide 
more defi nitive characterization of the effects of HBOT in pertinent tumor model 
systems and normal tissues, and eventually within clinical trials. Currently the use 
of HBO for enhancing therapy has been limited by a lack of knowledge of the opti-
mum conditions for enhancing therapy in regard to both the HBO parameters to be 
used to maximize  radiation sensitization   and the effects of radiation on the effec-
tiveness of repeated HBO applications to change tumor pO 2 . In the face of variabil-
ity such as that observed in our study, especially without knowledge of the individual 
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pO 2  dynamics, effective use of HBO to radiosensitize tumors prior to treatment 
would likely not be possible. Our research is ongoing to better understand the 
sources and patterns of the observed variations, including both physiologic and 
experimental considerations, with the aim of enhancing the effectiveness of radia-
tion therapy. Recently, clinical EPR systems have been developed [ 4 ] which will 
allow measurement of human tumor pO 2  following HBO treatment and, with the 
use of multiplace HBO chambers, could provide data during HBO as 
well.       Acknowledgments   This research was supported by a grant from the GEMI 
Fund, Lidingö, Sweden and American Cancer Society Research Grant 
#IRG-82-003-22.  
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    Chapter 49   
 Design of a Compact, Bimorph Deformable 
Mirror-Based Adaptive Optics Scanning Laser 
Ophthalmoscope                     

     Yi     He     ,     Guohua     Deng    ,     Ling     Wei    ,     Xiqi     Li    ,     Jinsheng     Yang    ,     Guohua     Shi     , 
and     Yudong     Zhang   

    Abstract     We have designed, constructed and tested an adaptive optics scanning 
laser ophthalmoscope (AOSLO) using a bimorph mirror. The simulated AOSLO 
system achieves diffraction-limited criterion through all the raster scanning fi elds 
(6.4 mm pupil, 3° × 3° on pupil). The bimorph mirror-based AOSLO corrected ocu-
lar aberrations in model eyes to less than 0.1 μm RMS wavefront error with a 
closed-loop bandwidth of a few Hz. Facilitated with a bimorph mirror at a stroke of 
±15 μm with 35 elements and an aperture of 20 mm, the new AOSLO system has a 
size only half that of the fi rst-generation AOSLO system. The signifi cant increase in 
stroke allows for large ocular aberrations such as defocus in the range of ±600° and 
astigmatism in the range of ±200°, thereby fully exploiting the AO correcting capa-
bilities for diseased human eyes in the future.  
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1        Introduction 

 The newest generation of confocal scanning laser ophthalmoscopes (SLO) with 
adaptive optics (AO) correction of ocular aberrations provides retinal images of 
unprecedented resolution, allowing real-time imaging information on cellular and 
sub-cellular structures in the living eye [ 1 ,  2 ]. More recently, motion contrast pro-
cessing techniques were applied to AOSLO to improve visualization of retinal cap-
illary features [ 3 ]. Active image stabilization has also been integrated into AOSLO 
for precise imaging and targeting of retinal structures [ 4 ]. A slightly different 
AOSLO system has been implemented in our laboratory and has been reported in a 
series of publications [ 5 ,  6 ]. Oxygen saturation in small retinal vessels with a diam-
eter of 27 μm is assessed by the AOSLO for the fi rst time [ 7 ]. 

 In fact, the  deformable mirror (DM)   plays a key role in the realization of the 
AOSLO systems. A mechanical DM was fi rst successfully employed to correct 
high-order ocular aberrations in several  AOSLO   systems [ 8 ,  9 ]. Vargas-Martin et al. 
exploited a transmissive liquid-crystal spatial light modulator to improve the image 
quality [ 10 ]. Zhang et al. explored a microelectromechanical system (MEMS) DM 
for AO in the human eye [ 11 ]. More recently, Zhou et al. operated a bimorph DM to 
overcome ocular aberrations in a fundus camera [ 12 ]. 

 In this paper, we develop an AOSLO system using a bimorph mirror with a com-
pact optical design. The simulated AOSLO system based on off-axis spherical mir-
rors achieves diffraction-limited criteria through all the raster scanning fi elds 
(6.4 mm pupil, 3° × 3° on pupil), and has a size only half that of the fi rst-generation 
AOSLO. Facilitated with a bimorph mirror at a stroke of ±15 μm with 35 elements, 
it has fi ve times stroke compared to our fi rst-generation AOSLO; the signifi cant 
increase in stroke allows for large ocular aberrations such as defocus in the range of 
±600° and astigmatism in the range of ±200°.  

2     Method 

 As shown in Fig.  49.1 , the AOSLO system use spherical mirrors in an off-axis 
arrangement to avoid undesired  back-refl ections   that would be comparable to the 
light scattered by the  retina  . These mirrors are used in pairs creating an afocal tele-
scope to preserve conjugate planes and match optics apertures. For clarity, the sys-
tems have been drawn in a plane arrangement. Note that the wavefront sensor and 
PMT detector are on-axis optical modular which are relatively free from aberra-
tions, and these parts are excluded in the optical design work.

   In the AOSLO, a small spot focused on the retina, and two scanning mirrors 
provide raster scanning of the bright spot of the retina in the fi eld of view (FOV). 
Two multi-confi guration surfaces representing two scanning mirrors and 17 con-
fi guration points expanding the full FOV are set in Zemax. Simulated multi- 
confi gurations are shown in Fig.  49.2 ; a 3° × 3° fi eld on pupil projects an approximate 
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900 μm × 900 μm square on the retina plane. It is desirable to achieve diffraction 
limited performance through the entire fi eld, and a compact design of an AOSLO 
layout.

   An illumination wavelength of 650 nm was assumed for all modeling work. The 
diameter assumed at the pupil of the eye was 6.4 mm, which determined the  f - 
number of the optical system of the AOSLO, and all pupil relays have unit  f - number, 
to keep the AOSLO instrument dimensions and optical aberrations to a minimum. 

 A pair of pupil relay mirrors between two scanners are selected off the optical 
plane to compensate astigmatisms, and tilting angles of other mirrors are optimized 
to minimize astigmatisms. Tilting angles and distances between mirrors are useful 
to minimize coma, because the vergence of the beam which is refl ected from the 

  Fig. 49.1    The schematic of evaluated AOSLO  optical paths         
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  Fig. 49.2    Multi-confi gurations of  raster scanning         
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mirror determines the sign and value of coma. Each mirror in the system can be 
adjusted to compensate for coma generated by a previous system. In addition, high- 
order aberrations are minimized through optimizing the system. 

 The optimization methodology introduced in this research requires the  root- 
mean- square (RMS)   wavefront error for each point on the retina to be minimized as 
far as possible. During the optimization, operands’ weights in error functions can be 
adjusted to balance the contribution of each confi guration. For example, the central 
fi eld was compromised to help the corner fi eld performance.  

3     Results and Experiment 

 After a complicated optimization, all evaluated confi gurations are diffraction- 
limited according to Marechal’s criterion on the retinal plane. Figure  49.3a  is the 
spot diagram of the simulated AOSLO. The squares from inside to outside represent 
the same fi eld as in Fig.  49.2 . The spot diagram is symmetrical horizontally but 
asymmetrical vertically, which is in agreement with the off-plane in x-axis in order 
to minimize the off-axis aberrations. Performances on a central fi eld of 1° × 1° were 
degraded to balance marginal FOV, while they are still in Airy disk. The maximum 
RMS radius on the marginal fi eld is 1.86 μm, and the Airy disc radius is 2.84 μm, so 
they are in the Airy disk.

   Note that the human retinal curvature has a radius of −12 mm; it is critical to 
minimize the fi eld curvature aberration. Figure  49.3b  shows the fi eld curve of all the 
confi gurations. In this design, along with the increasing fi eld confi gurations, 
the fi eld curvature is greatly reduced to zero, but then it is inversely increased. The 
maximum fi eld curvature is less than 16 μm, and is much smaller than the limit of 

  Fig. 49.3    Spot diagram ( a ) and fi eld curvature ( b ) of the whole scanning fi eld. Airy disk diameter 
is about 5.67 μm. Maximum fi eld of curve on the transit surface of confi guration 17 is −15.3 μm       
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theoretical axial resolution with a value of 50 μm. Therefore, such a small fi eld 
curvature has no infl uence on the imaging quality, and is completely acceptable in 
view of the large retinal curvature. 

 The simulated AOSLO system achieves diffraction-limited criteria through all 
the FOV, and we present a bimorph mirror-based AOSLO system. The AOSLO 
system was tested in a model eye, which is composed of a perfect lens ( f  = 22.8 mm, 
EPD = 6.4 mm) and a curved retina with a scattered surface. To characterize the 
performance of the AO system for dynamically correct aberrations, we added an 
optometry lens to simulate defocus and astigmatism aberrations in the model 
eyes. We acquired and processed aberration correcting experiments in which AO 
correction was active during 40 iterations, and the Zernike coeffi cients and wave-
front error maps were calculated in a typical manner [ 13 ]. Figure  49.4  shows the 
results.

   Figure  49.4  represent the  wavefront error maps   averaged over frames acquired 
without and with AO correction, respectively. Columns of the Fig.  49.4  show the 
corresponding wavefront without and with AO close-loop corrections. With AO 
correction, defocus aberrations in the range of ±600° were corrected, and the RMS 
wavefront error was decreased from 0.82 μm to less than 0.1 μm within tens of 
close-loop times; meanwhile, astigmatism in the range of ±200° can be corrected, 
and the RMS error was less than 0.1 μm with AO correction and 0.24 μm without 
AO correction. 

 We also recorded images before and after AO corrections, which are plotted in 
the upper part of Fig.  49.5 . Simulated defocus and astigmatism aberrations pro-
duced a dark and unclear image on the left. With AO correction, aberrations were 
perfectly compensated, the contrast and resolution of the right image were dramati-
cally improved. One can visually distinguish more than fi ve particles in the scale bar 
of 20 μm on the AO corrected image, so this proved that the resolution of the AOSLO 
system is less than 4 μm. The last part of Fig.  49.5  plots the AO correction as a func-
tion of close-loop times for the imaging data shown in the upper part of Fig.  49.5 . 
The RMS error was 0.08 μm after AO correction and 0.82 μm before AO correction. 
Considering that the sampling rate of the AOSLO system is 20 frames per second, 
the 10–90 % rise-time measured was 0.8 s (16 close-loop frame times) for a mea-
sured close-loop bandwidth of 1.25 Hz. In fact, the simulated aberration was far too 
large and degraded the closed-loop bandwidth. In an ordinary RMS error of 0.5 μm, 
the AO correction was fi nished within ten close-loop times with a RMS error of 
0.08 μm, and the closed-loop bandwidth reached 2 Hz.

4        Conclusion 

 Although the AOSLO has been used for an increasing range of scientifi c and clinical 
applications, there are signifi cant impediments to its widespread application in the 
clinic, partly due to the restriction of deformable mirrors. We have developed a 
bimorph mirror for AO systems that has a stroke of ±15 μm with 35 elements and an 
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PV=1.000, RMS=0.223
Def=0.004, Ast=0.200:31°

PV=0.362, RMS=0.069
Def=0.023, Ast=0.050:77°

PV=0.495, RMS=0.096
Def=0.027, Ast=0.050:42°

PV=1.131, RMS=0.232
Def=0.004, Ast=0.200:18°

PV=3.154, RMS=0.809
Def=0.614, Ast=0.060:168°

PV=0.336, RMS=0.061
Def=0.018, Ast=0.030:47°

PV=0.364, RMS=0.069
Def=0.027, Ast=0.020:157°

PV=3.190, RMS=0.820
Def=0.609, Ast=0.090:21°

  Fig. 49.4    Summary of the AO performances. Wavefront aberrations without AO correction are on 
the  left , and the aberrations with AO correction are shown on the  right  side       
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aperture of 20 mm. This article describes how we designed, constructed, and tested 
a bimorph mirror-based AOSLO system. 

 Spherical mirrors are used in pairs for pupil relay arranged off the  optical plane   
to compensate astigmatisms, and tilting angles and distances of mirrors are opti-
mized to minimize astigmatisms and coma aberrations. The optical design of the 
AOSLO achieves diffraction-limited criterion through all the raster scanning fi elds 
(6.4 mm pupil, 3° × 3° on pupil). 

 The bimorph-based AOSLO system corrected ocular aberrations in model eyes 
to less than 0.1 μm RMS wavefront error with a closed-loop bandwidth of a few Hz. 
This bandwidth, although not high, is suffi cient to compensate for the majority of 
dynamic aberrations at rates of 2 Hz [ 13 ]. In fact, the bimorph mirror is noteworthy 
for the large stroke and a relative aperture, and the new AOSLO system has a size 
only half that of the fi rst-generation AOSLO system. Thus, the new AOSLO system 
can even correct the defocus aberration in the range of ±600° and astigmatism in the 
range of ±200°. 

 These advances will aid in the development of new AOSLO systems in ophthal-
mology. The bimorph mirror-based AOSLO is a potential choice with a large stroke, 
relatively small aperture and low cost. We have begun to investigate this bimorph 
mirror in our new AOSLO system, and the signifi cant increase in stroke allows for 
a large range of ocular aberrations such as defocus and astigmatism, thereby fully 
exploiting the AO correcting capabilities for diseased human eyes.     
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Chapter 50
Development of Portable, Wireless 
and Smartphone Controllable Near-Infrared 
Spectroscopy System

Takashi Watanabe, Rui Sekine, Toshihiko Mizuno, and Mitsuharu Miwa

Abstract We have developed portable near-infrared tissue oxygenation monitoring 
systems, called the “PocketNIRS Duo” and the “PocketNIRS HM”, which features 
wireless data communication and a sampling rate of up to 60 data readings per 
 second. The systems can be controlled by smartphone or personal computer.  
We demonstrate the efficacy of the systems for monitoring changes in brain and arm 
muscle hemodynamics and oxygenation in breath-holding and cuff-occlusion tests, 
respectively.

Our systems should prove to be useful as an oxygenation monitor not only in 
research but also in healthcare applications.

Keywords  Near-infrared spectroscopy (NIRS) • Oxygenation • Portable • Wireless 
• High sampling rate

1  Introduction

Near-infrared spectroscopy (NIRS) technologies are used for the non-invasive 
determination of the amount of absorbing molecular species in tissue, especially 
oxyhemoglobin and deoxyhemoglobin [1–5]. NIR light in the wavelength range of 
700–1000 nm, which is called the “optical window for tissues”, is able to penetrate 
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several centimeters into a variety of tissues because of the low absorbance of 
 hemoglobin and water at these wavelengths. There are three fundamental approaches 
to measuring oxygenation in tissue non-invasively: the continuous wave (CW), fre-
quency resolved and time resolved techniques. NIRS using CW is the simplest and 
most practical of these technologies, although it is difficult to acquire the absolute 
hemoglobin concentration with this method.

Several CW NIRS systems are commercially available. However, these systems 
exhibit poor portability owing to their size and weight, fragile optical fibers that are 
easy to break, and slow data acquisition rates, all of which can make their use incon-
venient. We have developed a portable, fiber-free, battery-operated, low noise, 
highly sensitive, wireless NIRS system with a fast sampling rate and two-channel 
probe operation. The product is called the “PocketNIRS Duo”. We expect that our 
wireless and portable NIRS system will prove to be a useful device in a number of 
fields including the healthcare industry, brain research, and brain–machine 
interfaces.

2  Instrumentation

2.1  PocketNIRS Duo

The PocketNIRS Duo consists of three main parts, as shown in Fig. 50.1: the optical 
probes, the controller, and the interface device (smartphone or personal computer). 
The optical probe has three built-in NIR light emitting diodes (LEDs) as light 
sources and a single silicon PIN photodiode as an optical detector which is posi-
tioned 3 cm from the LEDs. The analog signal from the photodiode is amplified and 
converted to a digital signal within the optical probe and then transferred to the 

Wireless data communication
Digital control / ADC signals

3.3 V power voltage

Two AAA batteries

Bluetooth® module

Smartphone

Controller

Two optical probes ADC

PD

Power supply

Living tissue

Microcontroller

735 nm LED
810 nm LED
850 nm LED

TIA

PGA

ADC

PD

TIA

PGA

TIA

PGA

Trans Impedance Amp.

Programmable Gain Amp.
LED driverLED driver

Si PIN PD

LEDs

Cables

Controller
Source-detector 
separation: 30 mm

Optical probes

(a) (b)

Fig. 50.1 Our wireless NIRS system “PocketNIRS Duo” (a) Schematic diagram (b) External 
view
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controller via a 1 m long electrical cable. Digitization of the analogue signal prior 
to data transfer helps to preserve signal quality. The programmable gain amplifier 
(PGA) enables the measurement of signals over a wide dynamic range. The smart-
phone acquires and analyzes the data transmitted from the controller by Bluetooth® 
wireless technology, and then displays the results.

2.2  PocketNIRS HM

The PocketNIRS Duo has been designed for the analysis of oxygenation and hemo-
dynamics in a number of tissues including brain and muscle.

The requirement for measuring the oxygenation state of the brain is increasing. 
We have therefore designed a variant of the PocketNIRS, the “PocketNIRS HM”, 
specifically for the measurement of brain oxygenation (Fig. 50.2). All specifications 
are the same as those described for the PocketNIRS Duo. The control circuit, two 
optical probes, Bluetooth wireless data transmitter and battery are all integrated into 
a plastic helmet. This device does not require the use of double-sided tape on the 
optical probe. The PocketNIRS HM is simply mounted onto the head of the subject, 
the power turned on, and the start button on the smartphone pressed. The system 
then starts measurements immediately.

3  The Principles of the PocketNIRS Duo

The changes in tissue concentrations of oxyhemoglobin and deoxyhemoglobin can 
be determined using the modified Beer-Lambert law. When the NIR light sources 
illuminate a tissue, the photodetector receives backscattered photons from the tis-
sue. The penetration depth of detection is approximately one half the distance 

Fig. 50.2 PocketNIRS HM (a) External view (b) Internal view
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between the light sources and the photodetector. For example, if the light source and 
photodetector are separated by a distance of 3 cm, then the penetration depth is 
expected to be approximately 1.5 cm.

The attenuation of incident light intensity can be formulated as follows:
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where Iin(λ, t) is the incident light intensity, Iout(λ, t) is the detected intensity, and 
OD(λ, t) is the optical density for wavelength λ at time t and is defined as the attenu-
ation in light intensity as a function of the wavelength λ at time t. This attenuation 
can also be defined as the superposition of absorption A(λ, t) and scattering S(λ, t) 
of NIR light. Oxyhemoglobin and deoxyhemoglobin are the main absorbers of light 
in the NIR region in human tissue and their concentrations at a given point in time 
can be used to derive the light absorbance. Therefore, light absorbance can be for-
mulated as follows:
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(50.2)

where ε λHbO2
( )  and εHb(λ) are the respective extinction coefficients of oxyhemo-

globin and deoxyhemoglobin at wavelength λ [6], [HbO2] (t) and [Hb] (t) are the 
respective concentrations of oxyhemoglobin and deoxyhemoglobin, and L(λ, t) is 
the optical path length of the wavelength λ at time t. The optical path length can be 
expressed in terms of the source–detector separation distance as follows:

 
L t DPF t dλ λ, , ,( ) = ( ) ⋅

 
(50.3)

where d is the distance between the light sources and the photodetector and DPF(λ, 
t) is the differential path length factor [7–9].

When scattering S(λ, t) is assumed to be constant with respect to both wavelength 
and time, the differential OD value at time t can be expressed as:
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using Eqs. (50.1) and (50.2), and the measurement of the OD value at initial time t0.
In addition, the measurement of the differential OD value can be obtained as 

follows:
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In the above, Iin(λ, t) at time t is equal to Iin(λ, t0) at initial time t0 because Iin(λ, t) is 
kept constant during measurement.

T. Watanabe et al.



389

The relationship between changes in the product of the concentration and the 
optical path length and the differential OD values is derived from Eqs. (50.4) and 
(50.5), and least squares method as follows:
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where L(t) is the optical path length assuming, for simplicity, that the path length of 
all wavelengths are approximately equal. Changes in the product of the concentra-
tion and the optical path length, Δ{[HbO2](t)L(t)} and Δ{[Hb](t)L(t)}, can be deter-
mined by solving Eq. (50.6).

In addition, change in the product of the total hemoglobin concentration and the 
optical path length, Δ{[tHb](t)L(t)}, is obtained as follows:
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(50.7)

4  Evaluation

4.1  Solid Phantom Test

To evaluate the performances of our NIRS system, an epoxy based solid phantom 
(absorption coefficient µa[ ] = −0 04 1. mm  and reduced scattering coefficient 
µs

′ −  =0 8
1. mm ) was used. The signal-to-noise ratio (SNR) is limited by shot noise 

generated by the random arrival of incidence photons at the photodetector.
The solid phantom test revealed that an SNR of at least 60 dB was obtainable 

with our system.

4.2  Arm Cuff Occlusion Test

The ability of the PocketNIRS Duo to measure oxygenation in human subjects was 
evaluated using an arm cuff occlusion test. The optical probe was placed on the left 
forearm of the subject. The PocketNIRS Duo clearly detected changes in forearm 
hemodynamics following cuff occlusion at 200 mmHg for 3 min (Fig. 50.3 shows 
the typical plots of one subject among five subjects).
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4.3  Breath-Holding Experiment

To evaluate the ability of the PocketNIRS HM to measure brain hemodynamics 
we performed a breath-holding experiment. The optical probe was placed on the 
left side of the subject’s forehead and a commercial pulse-oximeter sensor (8000R, 
Nonin Medical Inc.), which source-detector separation was approximately 
7.5 mm, was attached on the right side of the forehead. The commercial pulse-
oximeter sensor (SR-5C, Konica Minolta Inc.) was attached on the right forefin-
ger. The forehead hemodynamics and forefinger SpO2 (blood oxygen saturation 
level) data are presented in Fig. 50.4, which shows typical plots of one subject 
among five subjects. The subject held their breath 30 s after the commencement 
of measurements. In response to breath-holding, the SpO2 value recorded by the 
pulse oximeter gradually decreased. The PocketNIRS HM detected a decrease in 
Δ[HbO2] and an increase in Δ[Hb] a few tens of seconds after an increase in 
Δ[HbO2] and Δ[Hb]. The subject restarted breathing approximately 136 s later. 
Following rebreathing, Δ[HbO2] increased and Δ[Hb] decreased but the SpO2 of 
the right forehead recovered later than these signals. Especially, the recovery and 
the initiation of SpO2 in the right forefinger was delayed approximately 10 s than 
that in the right forehead. A small wave, the period of which is approximately 
0.96 Hz (57 bpm), could be observed in Δ[HbO2] signal, which could be attrib-
uted to the subject’s heartbeat.

The PocketNIRS HM therefore demonstrates sufficient sensitivity to clearly 
monitor brain hemodynamics and has a data acquisition rate sufficient to detect 
pulsation due to heartbeat.

Fig. 50.3 Result of the arm cuff occlusion test (a) Experimental setup (b) Plots of changes in 
the product of hemoglobin concentrations and the optical path length in the left forearm of a 
subject
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5  Conclusion

We have developed a portable wireless NIRS system, the PocketNIRS Duo, and the 
related PocketNIRS HM system that specifically facilitates the analysis of brain 
hemodynamics. The primary features of these systems are their ability to measure 
changes in oxyhemoglobin, deoxyhemoglobin and total hemoglobin concentration. 
These systems demonstrate a high SNR (greater than 60 dB), fast data acquisition 
rate (up to 60 Hz), and simultaneous two- channel probe operation capability. 
Furthermore, the small size and light weight (requiring only two AAA batteries for 
operation), and the wireless capabilities of these systems (which are controllable by 
either smartphone or personal computer) make these devices ideal tools not only for 
clinical applications but also for healthcare monitoring at home, sports medicine, 
and the field of brain research.
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    Chapter 51   
 Monitoring the Oxygen Dynamics of Brain 
Tissue In Vivo by Fast Acousto-Optic 
Scanning Microscopy: A Proposed Instrument                     

     Zhenqiao     Zhou    ,     Dayu     Chen    ,     Zhiqiang     Huang    ,     Shaofang     Wang    , 
and     Shaoqun     Zeng    

    Abstract     The function of the brain neural circuit is highly dependent on oxygen 
supply. Imaging the precise oxygen distribution and dynamics are critical for under-
standing the relationship between neuronal activity and oxygen dynamics of the 
nearby capillaries. Here, we develop fast acousto-optic scanning two-photon 
microscopy. Combined with oxygen probes, such as PtP-C343, we can monitor 
oxygen dynamics at the submicron level by this real-time microscopy. In this fast 
acousto-optic scanning microscopy, an acousto-optic defl ector (AOD), an inertia- 
less scanner, is used to scan the femtosecond laser. A cylindrical lens is used to 
compensate the ‘cylindrical lens effect’ of AOD and a prism is used to compensate 
the chromatic dispersion of AOD. An electro-optical modulator (EOM) and a 
sCMOS camera are gated to measure the phosphorescence lifetime. With a 40× 
water objective lens, this set-up can image a 100 μm × 100 μm fi eld of view at a 
speed of 20 frames per second and a 25 μm × 8 μm fi eld of view at a speed of 500 
frames per second. This real-time two-photon microscopy is expected to be a good 
tool for observing and recording the precise rapid oxygen dynamics in the cerebral 
cortex, which will facilitate studies of oxygen metabolism in neurosciences.  

  Keywords     Oxygen dynamics   •   Neuronal activity   •   Acousto-optic   •   Two-photon 
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1        Introduction 

 The function of the brain neural circuit is highly dependent on oxygen supply. 
Neural activity is associated with changes in oxygen metabolism, blood fl ow and 
energy metabolism. Thanks to the metabolic activity of the neural circuits, both 
vascular and tissue partial oxygen pressure ( pO2 ) are changing all the time. 
Therefore, changes of oxygen transport and consumption are taken as indicators of 
 neuronal activity   [ 1 ]. 

 Several noninvasive imaging techniques, such as functional magnetic resonance 
imaging (fMRI), have been used to measure  blood oxygen level-dependent (BOLD)      
signals. Studies have shown that neuronal spiking frequency is related to the BOLD 
signals [ 2 ]. However, the spatial resolution of fMRI is not suffi cient to distinguish 
precise structures, such as capillary and synapse. Therefore, the precise mechanism 
of neuronal activity related to oxygen dynamics of the nearby capillaries is still 
unclear. 

 Optical microscopy has the advantage of high spatial resolution at submicron 
level, which can be used to analyze the precise neurovascular coupling at sub- 
cellular level. Using the oxygen-dependent phosphorescence quenching method, 
partial oxygen pressure ( pO2 ) can be measured by optical microscopy [ 3 – 7 ]. 
Phosphorescence lifetime provides absolute measurement of  pO   2  , which is unaf-
fected by optical p roperties and local probe concentration.  

   Near-infrared  (NIR)   femtosecond laser can penetrate deep into the biological 
tissue, and cause multiphoton absorption and emission process. Therefore,  two- 
photon microscopy   can obtain high-quality images of oxygen distribution in the 
deep cerebral cortex. New types of oxygen phosphorescence probes, such as the 
PtP-C343, have been developed for two-photon application [ 8 ]. 

 However, previous studies that used two-photon microscopy to measure the 
 phosphorescence lifetime   were slow, i.e. about 0.5 s per point [ 5 ]. Thus, it is not 
possible to monitor fast oxygen dynamics in real-time. Here, we develop fast 
acousto-optic scanning two-photon microscopy. Combining with oxygen phospho-
rescence probes, we can monitor oxygen dynamics of local capillaries in real-time 
by this microscopy. With a 40× water objective lens, this set-up can image a 
100 μm × 100 μm fi eld of view at a speed of 20 frames per second and a 25 μm × 8 μm 
fi eld of view at a speed of 500 frames per second.  

2     Fast Acousto-Optic Scanning Two-Photon Microscopy 

 Figure  51.1a  is a schematic diagram of our fast acousto-optic scanning two-photon 
microscopy. An  acousto-optic defl ector (AOD)      is used to scan the femtosecond 
laser. A sCOMS camera is used to detect phosphorescence intensity. An  electro- 
optical modulator (EOM)      and the camera are gated to measure the phosphorescence 
lifetime. Figure  51.1b  shows the fast acousto-optic scanning unit. Detailed design 
parameters of this set-up are described below.
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   The laser source is a Ti: sapphire femtosecond laser (Chameleon Ultra II, 
Coherent); its average power is over 1.5 W from 750 to 920 nm and the pulse width 
is 140 fs. 

 A cylindrical lens changes the collimated laser to an uncollimated laser, and then 
a focal line (not a focal point) is formed in the focal plane of the objective lens. An 
acousto-optic defl ector (DTSXY400, AA Opto-electronic Inc) is used to scan the 
focal line, and then a planar illumination region is formed. 

 An AOD is an inertia-less scanner. It uses ultrasonic waves to form a diffraction 
grating and then scans the laser. An AOD can scan the laser faster and has better 
stabilization than a galvanometer. In this set-up, the AOD can scan a planar region 
within 25 μs. 

 When used in fast two-photon microscopy, the AOD met problems of chromatic 
dispersion and astigmatism, which have been solved by our work. 

 A custom prism (SF11, apex angle 65.4°) is placed in front of the AOD to simul-
taneously compensate the spatial and temporal dispersion of the AOD [ 9 ]. The inci-
dent angle is set to 72° to provide a dispersion of 0.135 mrad/nm at 920 nm. It can 
completely compensate the  spatial dispersion   at the center frequency of the 
AOD. The crystal length of the AOD is 14 mm, so the material dispersion produced 
by the AOD is about 8000 fs 2 . Together with dispersion from the other optical com-
ponents in this set-up, the total dispersion is estimated to be 18,000 fs 2 . The distance 
between the prism and the AOD is set to be 55 cm. In this condition, the signal 
intensity is maximum, which proves that the temporal dispersion is compensated 
completely. 

  Fig. 51.1    ( a ) Schematic diagram of the fast acousto-optic scanning two-photon microscopy. An 
 acousto-optic defl ector (AOD)   is used to scan the femtosecond laser. A sCOMS camera is used to 
detect phosphorescence intensity. An  electro-optical modulator (EOM)   and the camera are gated 
to measure the phosphorescence lifetime. ( b ) Picture of the fast acousto-optic scanning unit       
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 When the AOD is working in linear chirp mode, it behaves like a cylindrical lens, 
which will cause  astigmatism   and then blur the images. Another cylindrical lens 
with inverse focus length (not shown in Fig.  51.1 ) is used to compensate the ‘cylin-
drical lens effect’ of the AOD. To avoid much diffraction beam deformation, the 
focal length of the compensated cylindrical lens is set to be 2400 mm and a suitable 
scanning speed, 1 m/s, is selected [ 10 ]. 

 In the phosphorescence detection part, a  dichroic mirror   (FF670-Di-25 × 36, 
Semrock) is used to refl ect the phosphorescence to a high-sensitive high-speed 
sCMOS camera (ORCA Flash 4.0, Hamamatsu) and a barrier fi lter (FF01-680-SP, 
Semrock) is used to block the redundant NIR laser. The fastest readout mode of this 
camera can be 25 k frames per second with 2048 × 8 image sizes. Thus, the mini-
mum readout period of this camera is about 40 μs. 

 To measure the  phosphorescence lifetime  , an EOM (ConOptics) is gated to con-
trol the illumination time. The pulse length of the excitation gate is 25 μs, which 
depends on the scan period of the AOD. The sCOMS camera is also gated to mea-
sure the phosphorescence intensity in a different time window. Each time window 
lasts for 1–2 μs. In each time window, an image of the phosphorescence intensity 
distribution is obtained by the camera. The phosphorescence lifetime is calculated 
every 5–10 images. 

 Figure  51.2  is a schematic diagram of measuring the phosphorescence lifetime 
by gate-control technology with two time windows per cycle. At time point  t  1 , the 
phosphorescence intensity is  I  1 ; at time point  t  2 , the phosphorescence intensity is  I  2 . 
Because the phosphorescence intensity-time curves obey a simplex exponential 
model [ 3 ], the phosphorescence lifetime  τ  can be calculated by Eq. ( 51.1 ).
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  Custom-written software (in LabVIEW platform) is used to control the EOM, 
AOD and the sCMOS camera. The control signal of the AOD and EOM is generated 
by a multifunction data acquisition device (PXI6363, National Instrument). Data 
acquisition is accomplished by a 100 MS/s digitizer (PXI5122, National Instrument). 

  Fig. 51.2    Schematic 
diagram of measuring the 
 phosphorescence lifetime   
by gate-control technology 
with two time windows per 
cycle       
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The  phosphorescence lifetime   is calculated automatically by the software, and the 
reconstructed images of partial oxygen pressure are displayed to the experimenters 
in real-time. 

 With a 40× water objective lens (0.8 NA, Olympus), this set-up can image a 
100 μm × 100 μm fi eld of view at a speed of 20 frames per second and a 25 μm × 8 μm 
fi eld of view at a speed of 500 frames per second. When choosing a low magnifi ca-
tion objective lens, the fi eld of view can further increase. 

 The surgical procedure for in vivo two-photon imaging refers to previous work 
[ 11 ]. All experiments were performed in accordance with the guidelines of the 
Experimental Animal Ethics Committee at Huazhong University of Science and 
Technology. Mice aged 1–6 months were anesthetized with an intraperitoneal injec-
tion (5.0 ml per kg body weight) of 17 mg/ml ketamine and 1.7 mg/ml xylazine in 
0.9 % NaCl. The skull was exposed with a midline scalp incision. A small skull 
region (~300 μm in diameter), located based on stereotactic coordinates, was care-
fully thinned down to ~20 μm through a high-speed drill and a micro-surgical blade. 
 Oxygen dynamics   of the cerebral cortex was then imaged through the thinned skull 
using our fast acousto-optic scanning two-photon microscopy, as shown in Fig.  51.3 .

3        Discussion 

 Oxygen metabolism is an important process in brain physiology and pathology. The 
study of oxygen metabolism in the neural circuit will facilitate our understanding of 
the relationship between  energy metabolism   and brain function both in normal and 
pathological individuals. 

  Fig. 51.3    In vivo 
two-photon imaging: a 
mouse aged 1–6 months 
was anaesthetized with an 
intraperitoneal injection. A 
small skull region 
(~300 μm in diameter), 
located based on 
stereotactic coordinates, 
was carefully thinned 
down to ~20 μm. Then the 
oxygen dynamics of the 
cerebral cortex can be 
imaged using fast 
acousto-optic scanning 
two-photon microscopy       

 

51 Monitoring the Oxygen Dynamics of Brain Tissue In Vivo by Fast Acousto-Optic…



398

 In the past, the lack of optical methods for monitoring the precise oxygen distri-
bution and dynamics in real-time was the major limiting factor in studies of oxygen 
metabolism. Above, we have shown a fast acousto-optic scanning two-photon 
microscopy that can monitor oxygen distribution and dynamics of a small two- 
dimensional region with submicron spatial resolution and millisecond time resolu-
tion. To achieve the aim of millisecond time resolution, an acousto-optic defl ector 
was used to scan a small two-dimensional region within 25 μs, and a fast sensitive 
sCMOS camera was used to obtain several phosphorescence images during the 
phosphorescence lifetime, and then the phosphorescence lifetime could be calcu-
lated. Moreover, the deep penetration depth of near-infrared laser allowed this 
microscopy to image the deep cerebral cortex region. 

 To monitor the oxygen dynamics in awake animals, our system should combine 
with optical fi ber and GRIN lenses [ 12 ]. In this situation, the spatial resolution 
would be reduced a certain extent, and additional dispersion compensation to the 
optical fi ber should be considered. 

 Though the principle of this system is straightforward, there are several technical 
challenges remaining to be addressed to get better application. The key issue is the 
 signal-to-noise ratio   or the sensitivity of the probe. The probe itself might be sensi-
tive to detect small changes in oxygenation level, but the low two-photon excitation 
cross section for this probe is really a limiting factor. Currently progress in nano- 
material oxygenation sensors [ 13 ] may help to solve this problem. On the other 
hand, animal surgery also limits the throughput of our experiments, and need further 
improvements. 

 In summary, this real-time  two-photon microscopy   is expected to be a good tool 
for observing and recording the precise rapid oxygen dynamics in the cerebral cor-
tex, which will facilitate studies of oxygen metabolism in neurosciences.     

  Acknowledgments   This work was supported by the National Natural Science Foundation of 
China (81327802).  
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    Chapter 52   
 Magnetization Transfer MRI Contrast May 
Correlate with Tissue Redox State in Prostate 
Cancer                     

     Rongwen     Tain    ,     He     N.     Xu    ,     Xiaohong     J.     Zhou    ,     Lin     Z.     Li    , and     Kejia     Cai    

    Abstract     Developing imaging biomarkers for non-invasive measurement of the 
tissue redox state is a key research area. Recently, we presented the fi rst non-inva-
sive MR imaging method that demonstrated the correlation between the endogenous 
chemical exchange saturation transfer (CEST) contrast and the tissue redox state. It 
is well known that the broadband magnetization transfer (MT) can occur via chemi-
cal exchange (CEST) and/or dipole–dipole interactions. The present study investi-
gated if the broadband MT also correlated with the tissue redox state. The preliminary 
result for the prostate tumor xenografts indeed showed a signifi cant correlation 
between the broadband MT contrast and the NADH redox ratio quantifi ed with the 
optical redox scanning. In vivo MT contrast, once calibrated, may potentially serve 
as an imaging biomarker for tissue redox state.  
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1       Introduction 

 It has been shown that the development of cancer cells and tumor progression is 
associated with altered intra- and extracellular redox regulation.  Redox state   
alterations have been associated with  tumor malignancy   [ 1 ,  2 ] and aggressiveness 
for breast cancer, melanoma, colon cancer, etc. [ 3 – 6 ]. 

 Despite the importance of tissue redox state, so far there is no endogenous 
imaging contrast that can be used for the in vivo mapping of tissue redox status. 
Recently, we presented a non-invasive MR imaging method that demonstrated a 
signifi cant correlation between the tissue redox state and the endogenous chemical 
exchange saturation transfer (CEST) contrast [ 7 ]. CEST MRI, on the basis of the 
proton exchange between metabolites and tissue bulk water, has been employed to 
non-invasively imaging tissue amide protons [ 8 ], liver glycogen [ 9 ], cartilage 
glycosaminoglycans [ 10 ], brain myo-inositol [ 11 ], and glutamate [ 12 ] with a spatial 
resolution down to sub-millimeters. In our recent study [ 7 ], CEST MRI has been 
employed to characterize intratumoral heterogeneity and to correlate with cancer 
redox states in  xenografts   of two breast cancer cell lines, MDA-MB-231 and MCF- 
7. We found a higher level of intratumoral CEST heterogeneity, calculated as the 
tumor rim-to-core ratio of CEST, in the aggressive (metastatic) MDA-MB-231 
tumors than in the less aggressive (less metastatic or indolent) MCF-7 tumors. 
CEST contrasts from individual tumor rims and cores are linearly correlated with 
the NADH redox ratios quantifi ed by the optical redox scanning where NADH is the 
reduced form of  nicotinamide adenine dinucleotide  . 

 It is well known that the broadband MT can occur via chemical exchange (CEST) 
and/or dipole–dipole interactions. The purpose of this study is to investigate whether 
broadband MT also correlates with the tissue redox state.  

2     Methods 

 All in vivo animal studies were performed according to an Institutional Animal Care 
and Use Committee approved protocol at the University of Pennsylvania. The 
propagated cells of human prostate cancer of PC-3 and DU-145 were implanted 
subcutaneously into the upper thighs of  athymic nude mice   (~7 million cells/site). 
Tumor sizes were monitored once a week to obtain tumor volumes ( V  =  ab  2 /2, where 
 a  is the long axis and  b  is the short axis) [ 7 ]. After 5 weeks post implantation, mice 
bearing DU-145 and PC-3 prostate tumor xenografts ( n  = 3 for DU-145 and  n  = 4 for 
PC-3tumors) were scanned at a Varian horizontal 9.4 T MRI scanner. Note that one 
PC-3 tumor was not included in the analysis due to image artifacts induced by 
severe B 1  inhomogeneity. 

 MTR spectra were collected from tumor central cross-sections using a custom 
sequence with a frequency selective rectangle saturation pulse (B1 = 250 Hz, 1 s) 
followed by Fast Low - Angle Shot (FLASH) readout [ 7 ]. Other parameters were: 
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fl ip angle = 15°, readout TR/TE = 6.2/2.9 ms, in-plane resolution = 0.27 × 0.27 mm 2 . 
One saturation pulse followed with 64 segment acquisition was repeated every 4 s. 
The MT MRI contrast or MT ratio (MTR) was quantifi ed as (1-MT ‘on’ /MT ‘off’ ) × 100 %, 
where MT “on”  and MT “off”  referred to images acquired with saturation “on” at a 
specifi c frequency offset and “off” at 100 ppm, respectively. Except for Fig.  52.1a , 
all MTR shown and presented were for 20 ppm offset. MTR maps clearly desalinate 
solid tumor boundaries. After  MRI  , mice under anesthesia underwent snap-freezing 
procedures for tumor harvest. The excised frozen tumors were embedded for multi- 
slice fl uorescence imaging of NADH, oxidized fl avoprotein (Fp), and NADH redox 
ratio (NADH/(Fp + NADH) using the Chance redox scanner [ 3 ,  4 ]. The redox 
images of the sections closest to the MRI imaging lume slices were chosen for the 
quantitative analysis and correlation with the MRI contrast.

   Histograms of the MTR contrast and NADH redox ratio from each tumor were 
fi t with two Gaussian distributions to separate the generally more oxidized tumor 
core and less oxidized rim [ 7 ]. One-tailed paired Student’s t-test was performed for 
comparing the redox or MRI indices between tumor rim and core. Tumor core and 
rim values were pooled together for the correlation analysis between redox ratio and 
MTR, using the Excel data analysis regression tool. Statistical signifi cance was 
attained when  P  < 0.05. Results are reported as mean ± standard error (SE).  

3     Results 

 The average size of a prostate tumor 5 weeks after implantation for all mice was 
164.3 ± 20.1 mm 3  while the size of the DU-145 tumor was slightly larger than that 
of the PC-3 tumor (185.4 ± 31.2 vs. 143.1 ± 24.7 mm 3 ,  P  = 0.2). 

 In vivo MTR spectra from prostate tumors are shown in Fig.  52.1a . Overall, 
reduced MT contrast was seen from DU-145 tumors compared to PC-3 tumors. 
Representative MTR maps (Fig.  52.1b ) show typical hypointense tumor cores 
associated with DU-145 tumors, leading to higher levels of intratumoral 

  Fig. 52.1    ( a ) Z-spectra of DU-145 ( dashed line ) and PC-3 ( solid line ) prostate tumors. Data were 
averaged within entire tumor and across all tumors for each tumor line. ( b ) Representative MTR 
maps of a typical DU-145 tumor and a typical PC-3 tumor. ( c ) Optical redox scanning of 
representative DU-145 and PC-3 tumors, providing NADH, FP and NADH redox ratio maps       
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inhomogeneity. As shown in Fig.  52.1c , NADH redox ratio maps of DU-145 and 
PC-3 tumors produced by ex vivo optical redox scanning present similar patterns as 
the corresponding in vivo MTR maps (Fig.  52.1b ). 

 Figures  52.2a, c  show the mean values of MTR and NADH redox ratios for each 
tumor. Overall, MTR and NADH redox ratio are higher in tumor rims than that in 
tumor cores (Fig.  52.2b, d ,  P  < 0.05). Furthermore through a linear regression 
analysis pooling all data of tumor cores and rims, we found that the MTR contrasts 
were signifi cantly correlated with the NADH redox ratios (Fig.  52.3 ,  R  2  = 0.77, 
 P  = 0.0002). The 95 % confi dence interval for the fi tted linear coeffi cient was 
between 24.8 and 55.5 and that for the intercept between 0.1 and 13.8.

4         Discussion 

 This study validates and strengthens the hypothesis that the redox imbalance may 
affect magnetization transfer contrast and, furthermore, supports and shows 
consistency with our previous study [ 7 ]. The signifi cant correlation between MT 
and NADH redox ratio found in this study indicates that in vivo MT contrast may 
potentially serve as an imaging biomarker for  tissue redox status  . 

 We hypothesize that the correlation between MT contrast and tissue redox status 
may be through proton/electron transfer in redox reactions, which are in a general 
form of  RH   2    + NAD   +    ↔ R + NADH + H   +  , where R is a substrate or tissue metabolite. 

  Fig. 52.2    MTR and NADH redox ratio of tumor core and rim from individual tumors ( a  and  c , 
DU-145 and PC-3 tumors were grouped together) and the averaged values ( b  and  d , * P  < 0.05)       

  Fig. 52.3    The MTR 
contrasts and the redox 
ratios from tumor cores 
and rims were signifi cantly 
correlated (signifi cance 
 P  < 0.05). The hollow black 
squares are derived from 
tumor cores and the solid 
ones are derived from 
 tumor rims         
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Our previous study demonstrated that CEST  MRI   may probe proton transfer in 
redox reactions and that the reduced metabolites generally expressed higher CEST 
contrast than their oxidized counterparts, which is likely due to the reception of 
mobile protons. As a result, higher CEST contrast corresponds to a more reduced 
redox state. Similarly, the MT effect from tissue metabolites may also be affected 
by their redox states. It is well known that MT can occur via chemical/proton 
exchange and/or dipole–dipole interactions. Metabolite oxidation leads to the loss 
of exchangeable protons or the mobile protons that generate MT contrast. In other 
words, MT MRI quantifi es the steady-state redox states of all in vivo redox-sensitive 
metabolites, including small molecules, peptides, proteins and DNAs, whose redox 
states may be affected due to oxidative stress. 

 We could not rule out that there might be necrosis in some tumor core regions. In 
the clinic, tumor tissues are commonly classifi ed into viable and necrotic regions, 
and there is not much interest in the necrotic regions from the pathologists in 
general. However, this binary tissue classifi cation could be an over-simplifi ed 
picture of tumor progression because cancer cells may still survive in necrotic 
regions, as shown previously in mouse  xenografts   of human breast cancer and 
melanomas [ 4 ,  13 ,  14 ]. These numerous viable cells in the tumor cores and their 
typically highly oxidized redox states could provide information on tumor metastatic 
potential [ 4 ,  13 ,  14 ]. Nevertheless, we still need to investigate whether this is the 
case for the prostate cancer models. Since MT contrast may include contributions 
from macromolecules in extracellular space, we also need to investigate whether the 
correlation between MT and redox state of tumor cores and rims still hold in the 
presence of known necrosis. 

 Compared to the CEST technique, broadband MT may have less sensitivity in 
the correlation with tissue redox state, particularly during the early phase of tumor 
growth. CEST contrast, but not MT, can differentiate the intratumoral core/rim 
heterogeneity of an aggressive breast cancer at small size [ 7 ]. 

 A limitation of this study is that it is based on relatively small sample sizes. 
Although a signifi cant correlation was found between NADH redox ratio and MTR 
contrast, larger sample size and longitudinal studies may improve the accuracy of 
the correlation between MT and tissue redox state. It is also worth noting that the 
MT contrast in vivo can be affected by many other factors, including tissue  T  1  and 
 T  2  relaxation times. We are currently investigating their possible contributions to the 
observed intratumoral MTR heterogeneity and their contributions to the correlation 
between MTR and redox ratios. Nevertheless, MT MRI for the characterization of 
tissue redox state requires calibration. 

 In conclusion, MT MRI contrast was found to signifi cantly correlate to the 
prostate tumor NADH redox ratio measured by optical redox scanning. This 
correlation indicates that MT MRI may be sensitive to tissue redox state. Non- 
invasive MT MRI, once further confi rmed, may have a great potential for clinical 
applications.     
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    Chapter 53   
 Comparison of Two Algorithms for Analysis 
of Perfusion Computed Tomography Data 
for Evaluation of Cerebral Microcirculation 
in Chronic Subdural Hematoma                     

     Alexey     O.     Trofi mov     ,     George     Kalentiev    ,     Oleg     Voennov    ,     Michail     Yuriev    , 
    Darya     Agarkova    ,     Svetlana     Trofi mova    , and     Denis     E.     Bragin   

    Abstract     The aim of this work was comparison of two algorithms of perfusion 
computed tomography (PCT) data analysis for evaluation of cerebral microcircula-
tion in the perifocal zone of chronic subdural hematoma (CSDH). Twenty patients 
with CSDH after polytrauma were included in the study. The same PCT data were 
assessed quantitatively in cortical brain region beneath the CSDH (zone 1), and in 
the corresponding contralateral brain hemisphere (zone 2) without and with the use 
of perfusion calculation mode excluding vascular pixel ‘Remote Vessels’ (RV); 1st 
and 2nd analysis method, respectively. Comparison with normal values for perfu-
sion indices in the zone 1 in the 1st analysis method showed a signifi cant ( p  < 0.01) 
increase in CBV and CBF, and no signifi cant increase in MTT and TTP. Use of the 
RV mode (2nd analysis method) showed no statistically reliable change of perfusion 
parameters in the microcirculatory blood fl ow of the 2nd zone. Maintenance of 
microcirculatory blood fl ow perfusion refl ects the preservation of cerebral blood 
fl ow autoregulation in patients with CSDH.  
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  Keywords     Chronic subdural hematoma   •   Perifocal zone   •   Perfusion computerized 
tomography   •   Cerebral microvasculature  

1       Introduction 

 A  chronic subdural hematoma (CSDH)      is a multi-etiological disease, charac-
terized by the formation of a capsule around a subdural hemorrhage causing 
local and general compression of the brain [ 1 ,  2 ]. The most frequently occur-
ring CSDH are formed after a  craniocerebral trauma   [ 3 ]. One of the key aspects 
determining the clinical course and outcome in patients with CSDH, is the 
reaction of the microvasculature in the adjacent cerebral cortex area, called a 
 perifocal zone   [ 4 ]. However, information on the status of the cerebral microcir-
culation and autoregulation in this zone remains contradictory. One explana-
tion for this may be the imperfection of software algorithms for the calculation 
of cerebral perfusion in computer tomography [ 5 ,  6 ]. Nevertheless, after the 
development of computer-tomographic algorithms for the calculation of perfu-
sion parameters, excluding data on blood flow in large cortical vessels, it 
became possible to evaluate the character of pial blood flow in the ‘region of 
interest’ [ 7 ,  8 ]. Thus, it seems possible to expand perceptions on the state of 
cerebral blood flow and to clarify the mechanisms that maintain microcircula-
tion in the perifocal zone of CSDH, based on the state of cerebral autoregula-
tion in patients with CSDH. 

 The aim of this work was to compare two perfusion computed tomography 
(PCT) data analysis algorithms for evaluation of cerebral microcirculation in the 
perifocal zone of CSDH.  

2     Materials and Methods 

 The protocol for this single-center prospective study was approved by the local 
research ethics committee. Twenty patients with CSDH after polytrauma were 
included to the study for the period from January 2013 to March 2014. Inclusion 
criteria were CSDH on CT or magnetic resonance scans, indication for surgery, and 
signed informed consent to participate in the study. Exclusion criteria were age 
younger than 16 years, bilateral CSDH, serum blood creatinine level >120 mg/l, and 
acute deterioration necessitating decompressive craniotomy. 

 After PCT all patients were subjected to a single burr hole craniotomy under 
general anesthesia. The cavity of the  hematoma   was washed out with warm 
Ringer’s solution. After suffi cient drainage of the hematoma, the drainage cath-
eter Pleurofi x ®  (B.Braun Melsungen AG, Germany) was placed in the cavity for 
2 days. 

A.O. Trofi mov et al.
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2.1     Perfusion Computed Tomography 

 All patients underwent PCT within the fi rst day before surgery using a 64-slice 
Philips Ingenuity CT ®  (Philips Medical systems, Cleveland, USA). The perfusion 
examination report included an initial native CT of the brain followed by 4 extended 
scanning of the ‘region of interest’, 32 mm in thickness, within 55 s, with a contrast 
agent administered (the Brain Perfusion mode). The scanning parameters were: 
120 kVp, 70 mA, 70 mAs and 1000 ms. The contrast agent (Ultravist 370, Shering 
AG, Germany) was administered with an automatic syringe-injector (Stellant, One 
Medrad, Indianola, PA, USA) into a peripheral vein through a standard catheter 
(20 G) at a rate of 4–5 ml/s in a dose of 30–50 ml per examination. 

 Acquired data were transferred to a Philips Ingenuity Core workstation (Philips 
Healthcare Nederland B.V., the Netherlands, 2013, v.3.5.5.25007). Artery and vein 
marks were automatically recorded followed by manual control of indices in a time- 
concentration diagram. 

  Color-coded perfusion maps   were produced to describe cerebral perfusion: cere-
bral blood volume (CBV), cerebral blood fl ow (CBF), mean transit time (MTT), and 
time to peak concentration of the contrast (TTP). The same PCT data were assessed 
quantitatively in cortical brain region beneath the CSDH (zone 1), and in the cor-
responding contralateral brain hemisphere (zone 2) without and with use of the 
perfusion calculation mode excluding vascular pixel ‘Remote Vessels’ (RV), 1st and 
2nd analysis method, respectively. 

 Pixels that characterized vascular structures were excluded from the calculations 
at a moment when the peak concentration of the contrast in the vessel exceeded the 
concentration of contrast in the superior sagittal sinus [ 9 ].  

2.2     Statistical Analysis 

 Data are shown as a mean ± standard deviation. A statistical analysis of all the 
results was performed using the paired Student’s  t -test.  p  < 0.01 was considered sta-
tistically signifi cant.   

3     Results 

 Sex distribution had a male predominance (8 women, 12 men). Mean age was 
54.7 ± 15.6 (range 17–87) years. CSDH was located in the left hemisphere in 11 
patients and on the right side in nine patients. The average volume of the CSDH was 
84.2 ± 12.4 (range 56–17) cm 3 . The mean shift in the septum pellucidum was 
7.1 ± 1.4 (range 5–12) mm. The wakefulness level according to the Glasgow Coma 
Score was 13.1 ± 0.5 (range 11–15). The severity level according to the Markwalder 
Grading Score was 1.8 ± 0.5 (range 0–3). 
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 The acquired and analyzed data are summarized in Table  53.1 .
   Comparison with normal values for perfusion indices [ 10 ] in the zone 1 in the 

calculation algorithm with fl ow in cortical vessels (1st analysis method) showed a 
signifi cant ( p  < 0.01) increase in CBV and CBF, and no signifi cant increase in MTT 
and TTP ( p  > 0.01). However, when using the RV mode (2nd analysis method), 
comparison of perfusion parameters in the zone 1 with normal values showed the 
changes to be nonsignifi cant ( p  > 0.01). 

 In the zone 2 (side contralateral to the hematoma), comparison with normal val-
ues for perfusion indices revealed in the 1st analysis method a statistically reliable 
increase in CBV and CBF ( p  < 0.01), but no signifi cant change in MTT and TTP. At 
the same time, use 2nd analysis method showed no statistically reliable change of 
perfusion parameters ( p  > 0.01) in the microcirculatory blood fl ow on the zone 2.  

4     Discussion 

 One of the fundamental properties of the cerebral circulation is the ability to 
maintain constant microvascular perfusion under fl uctuating arterial blood and 
intracranial pressure [ 11 ]; this property is called  cerebral autoregulation   [ 11 ]. It 
was noted that indicators of cerebral perfusion and the state of autoregulation are 
in close interdependence and microvasculature perfusion disorders result from 
damage of the autoregulation mechanism [ 12 ,  13 ]. It has been proposed that 
CSDH disrupts the mechanisms of cerebral blood fl ow autoregulation, as evident 
through cerebral microcirculation disorders with the development of congestion 
and hyperperfusion syndromes. Thus, there was a fair increase in CBV as 

   Table 53.1    Data on comparison of the analyzed parameters   

 CBV 
(ml/100 g) 

 CBF 
(ml/100 g × min)  MTT (s)  TTP (s) 

 1  1st analysis method (zone 
1 without RV) 

 11.07 ± 2.82  149.15 ± 33.18  4.48 ± 0.66  27.57 ± 0.83 

 2  1st analysis method (zone 
2 without RV) 

 9.31 ± 2.33  122.84 ± 29.52  4.63 ± 0.76  27.78 ± 1.13 

 3  2nd analysis method (zone 
1 with RV) 

 5.66 ± 0.96  88.36 ± 16.2  3.84 ± 0.61  27.47 ± 0.84 

 4  2nd analysis method (zone 
2 with RV) 

 5.16 ± 0.8  75 ± 20.97  4.08 ± 0.86  27.94 ± 1.3 

 5  Normal value [ 10 ]  4.5 ± 0.6  64.02 ± 0.6  4.3 ± 0.8  – 
 P (1–2)  0.04  0.011  0.53  0.52 
 P (1–3)  <0.001*  <0.001*  0.004*  0.70 
 P (2–4)  <0.001*  0.002*  0.05  0.70 
 P (3–4)  0.09  0.04  0.32  0.19 

  *Signifi cant difference ( p  < 0.01)  
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compared to the symmetrical zones of the opposite hemisphere, while time char-
acteristics have not signifi cantly changed corresponding to congestion and hyper-
perfusion patterns, indicating cerebral autoregulation disorder [ 4 ,  14 ]. 
Nevertheless, these fi ndings, as well as the fact that the studies were carried out 
without using algorithms, appeared to be the basis for critical comments on the 
work. In our study we used a CT analysis algorithm which excludes pixels from 
large vessels thus enabling to adequately assess perfusion in the pial bed of the 
perifocal zone of the CSDH. 

 We think that we can use the 2nd algorithm in the «intact» hemisphere because 
microcirculation in this area is also abnormal in the patients with CSDH. Microcirculatory 
disturbances in the «intact» hemisphere are due to the venous drainage failure and the 
intracranial hypertension. This belief is based on the data of other investigators [ 1 ,  4 ]. 

 Our data prove the stability of microvasculature perfusion in the CSDH peri-
focal zone and, consequently, preserved cerebral blood flow autoregulation in 
patients with such pathology. Hyperemia and hyperperfusion in the perifocal 
zone of CSDH described in previous studies [ 4 ] do not affect the microcircula-
tion, as no pial perfusion disorders were revealed. A possible reason for the 
development of such syndromes in the perifocal zone could be the formation of 
de novo blood vessels in the capsule, with the development of over-capillary 
shunting phenomena causing an increasing volume blood flow rate. In practice, 
our results show that the onset of foci of local cerebral hyperperfusion non-
affecting the pial bed direction is probably an early marker of de novo angio-
genesis in the capsule formation with the development of brain compression 
[ 15 ]. Clarification of this statement might be the basis for early diagnosis of 
compression formation based on the detection of the characteristic features of 
 cerebral perfusion  . 

 It should be noted that our study has some methodological limitations, the main 
one being the impossibility of dynamic non-invasive assessment of the state of per-
fusion in the perihematomal area without PCT rescanning. Moreover, taking into 
account the characteristics of our study design, we were unable to assess the perfu-
sion characteristics of the perifocal zone in patients with a bilateral CSDH or in 
patients with a CSDH at a decompensated state. Both these issues require further 
study.  

5     Conclusion 

 The detection of hyperemia and hyperperfusion in the perifocal zone of the CSDH 
in the 1st analysis method is apparently associated with the change in blood fl ow 
and blood supply at the level of resistive and capacitive vessels and does not affect 
the capillary bed. 

 The perfusion indices of blood fl ow in the perifocal zone of the CSDH show no 
signifi cant differences from the symmetrical zone of the contralateral hemisphere. 
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 The maintenance of microcirculatory  blood fl ow perfusion   refl ects the preservation 
of cerebral blood fl ow autoregulation in patients with chronic subdural hematomas. 
Exclusion of large vessels from the analysis of microcirculation (2nd method) is 
more suitable for evaluation of cerebral blood fl ow status in patients with CSDH.      
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    Chapter 54   
 MMP-14 Triggered Fluorescence Contrast 
Agent                     

     Mai-Dung     Nguyen     and     Kyung     A.     Kang    

    Abstract     Matrix metalloproteinase-14 (MMP-14) is involved in cancer invasion, 
metastasis, and angiogenesis. Therefore, it is considered to be a biomarker for 
aggressive cancer types, including some of the triple-negative breast cancer. 
Accurate (i.e., specifi c) and sensitive detection of MMP-14 can, thus, be important 
for the early diagnosis of and accurate prognosis for aggressive cancer, including 
the breast cancer caused by cell line MDA-MB 231. Fluorophore-mediated molecu-
lar sensing has been used for detecting biomarkers, for a long time. One way to 
increase the specifi city of the sensing is designing the fl uorophore to emit its fl uo-
rescence only when it encounters the biomarker of interest. When a fl uorophore is 
placed on the surface of, or very close to a gold nanoparticle (GNP), its fl uorescence 
is quenched. Applying this relationship between the GNP and fl uorophore, we have 
developed a GNP-based, near-infrared fl uorescent contrast agent that is highly spe-
cifi c for MMP-14. This agent normally emits only 14–17 % fl uorescence of the free 
fl uorophore. When the agent encounters MMP-14, its fl uorescence gets fully 
restored, allowing MMP-14 specifi c optical signal emission.  

  Keywords     MMP-14   •   Gold nanoparticle   •   MDA-MB 231   •   Breast cancer detection   
•   Cypate  

1       Introduction 

 Matrix metalloproteinases (MMPs) are zinc dependent endopeptidases involved in 
tissue remodeling. Some MMPs (e.g.,  MMP-14  ) are, however, involved in tumor 
invasion,  metastasis and angiogenesis      [ 1 ]. MMP-14 is a cell-membrane bound 
enzyme and expressed during the early stage of several aggressive cancer types, 
including the breast cancer caused by cell line  MDA-MB 231   [ 2 ,  3 ]. MMP-14 
strongly promotes tumor angiogenesis. It also activates  MMP-2  , −9 and −13, which 
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destroy extracellular matrices to allow cancer cells to migrate [ 4 – 6 ]. High expres-
sion of MMP-14 is, thus, frequently associated with cancer malignancy and poor 
prognosis. Breast cancer cell line  MDA-MB 231   lacks receptors for estrogen, pro-
gesterone, and epidermal growth factor HER-2 (i.e., triple negative) and does not 
respond well to current therapies. Therefore, detecting MMP-14 accurately and sen-
sitively can be important for early diagnosis of aggressive cancer types, so as to 
initiate a proper treatment immediately. 

 Fluorophore-mediated molecular sensing/imaging has been extensively used for 
biomedical purposes. Since fl uorescence is generated when electrons of the fl uoro-
phore change their energy states, the fl uorescence level can be artifi cially altered by 
placing the fl uorophore in a localized  electro-magnetic (EM) fi eld  .  Gold nanopar-
ticles (GNPs)      are good for this purpose because they can provide a strong local EM 
(plasmon) fi eld. The plasmon fi eld of a GNP is strongest immediately outside its 
surface and decreases with the distance from it. If a fl uorophore is placed on the 
surface or very close to the GNP, its fl uorescence is signifi cantly quenched (thin 
arrow in Fig.  54.1a ). On the other hand, its fl uorescence can be signifi cantly 
enhanced (thick arrow in Fig.  54.1a ) at a particular distance from the GNP surface, 
depending upon the GNP size and fl uorophore properties, [ 7 ,  8 ].

   Utilizing the relationship between the GNP and fl uorophore, we are developing 
a GNP-based fl uorescent contrast agent for detecting  MMP-14   in a highly specifi c 
and sensitive manner. The agent includes a GNP; short spacers (SSs) containing 
MMP-14 substrate motives, which can hold our  fl uorophore Cypate (Cy)   close to 
the GNP; long spacers (LSs) that place Cypate to the GNP at a distance that can 
enhance the fl uorescence maximally; cancer-cell targeting aptamer; and bio-polymer 
(sPEG) that coat the GNP surface, where the spacers have not occupied (Fig.  54.1b ). 
Cypate is a derivative of FDA-approved, near-infrared (NIR) fl uorophore Indocyanine 
Green (ICG), with the excitation (Ex) and emission (Em) wavelengths of 780 and 
830 nm, respectively [ 7 ,  9 ,  10 ]. We selected an NIR fl uorophore for in vivo use in 
the future because NIR penetrates well into the tissue with a minimal background 

  Fig. 54.1    ( a ) Computer simulated Cypate fl uorescence levels with the distance from a 10 nm GNP 
surface. The fl uorescence is quenched when Cypate is placed close to the GNP and enhanced at 
~4 nm. ( b ) Schematic diagram of our agent: sPEG coated GNP; Cypate; a SS and a LS that connect 
a GNP and Cypate; and an aptamer that targets tumor cells. The agent emits little fl uorescence 
because SS holds Cypate close to the GNP (the  dotted rectagle  is the focus on the study reported). 
( c ) When the aptamer binds to the tumor cell, MMP-14 in the cell membrane cleaves SS and 
Cypate fl uoresces at an enhanced level       
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noise caused by tissue auto-fl uorescence. Normally, this agent emits very little fl uo-
rescence (thin arrow in Fig.  54.1a, b ). When the agent binds to the cancer cell  via  
the aptamer and if the cell produces MMP-14, the SS gets cleaved. Cypate is then 
released from the SS and placed at a distance of the LS length from the GNP, gen-
erating its maximum fl uorescence (thick arrow in Fig.  54.1a, c ). 

 In this article, we report the fi rst part of this multi-functional agent development, 
which is the contrast agents specifi c to MMP-14 (dotted rectangle in Fig.  54.1b ), 
i.e., the agent with SS alone, without LS or the aptamer. 

 The plasmon fi eld strength is determined by the GNP size and Cypate. For our 
purpose, the fi eld strength should fi t for both the fl uorescence quenching by SS and 
enhancement by LS. According to our previous studies [ 7 ,  8 ,  11 ,  12 ], the GNP size 
meeting this dual condition was found to be approximately 10 nm. Therefore, we 
selected 10 nm GNPs for this study (Fig.  54.1a ). 

 In designing the SS, we fi rst selected a substrate-peptide sequence exhibiting a 
good specifi city to MMP-14, i.e., amino acid sequence of ATRLFGIRGS, from the 
list reported by Kridel et al. [ 13 ]. For an additional SS candidate, we shortened the 
length by removing two amino acids from each end of it. A Cysteine (C) was then 
added to the C-terminus of each sequence to provide a thiol group to bind on to the 
GNP surface. The resulting SS sequences are, therefore, CRLFGIR-Aca (SS 1 ), 
where Aca denotes  a mino c aproic  a cid and CATRLFGIRGS (SS 2 ). Before binding 
them onto the GNP, they were conjugated to Cypate to form SS-Cy. 

 The GNP coating polymer sPEG is thiol group added, (11-Mercaptoundecyl) tri 
(ethylene glycol). sPEG is hydrophobic at one end and hydrophilic at the other end, 
to form a thin self-assembled-monolayer on the GNP surface that are unoccupied by 
the SS, and provides hydrophilicity to the outside by ethylene glycol. By varying its 
molar ratio to that of SS, the number of SS (i.e., Cypate) conjugated onto the GNP 
can be controlled [ 7 – 9 ,  11 ]. 

 The fl uorescence level of the resulting GNP-SS-Cy, with and without MMP-14, 
was then tested to verify its effi cacy as an  MMP-14   specifi c contrast agent.  

2     Materials, Methods, and Instruments 

 A total of 10 ml of GNPs at 9.47 nM (Ted Pella; Redding, CA) was centrifuged at 
15,700 ×  g , for 1 h, and the resulting pellet was re-dispersed in its supernatant to 
form a 3.0 ml GNP solution (~31.5 nM). 1.2 μmol sPEG (Asemblon; Redmond, 
WA) and 0.06 μmol SS-Cy (commissioned to Peptides International; Louisville, 
KY) were dissolved in 100 % ethanol to make the fi nal volume of 3 ml (molar ratio 
of sPEG to SS-Cy, 15:1. The amount of the sPEG and SS-Cy, reacted with GNPs 
was nine times of the estimated number of SH binding sites on the 10 nm GNPs [ 7 ] 
to assure the GNP surface fully covered by them. The GNP solution was then added 
to the (sPEG + SS-Cy) solution in a 15 ml centrifuge tube, and the mixture was 
reacted gently on a rotator at room temperature for 4 h. The resulting solution was 
placed in a dialysis cassette (20,000 MWCO; Thermo Scientifi c; Rockford, IL) to 
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be dialyzed in 3.0 L of 1.0 mM PBS solution, overnight. The dialyzed product was 
then centrifuged at 15,700 ×  g  for 1 h. The resulting pellet was re-dispersed in 
1.0 mM PBS to make a fi nal volume of 5 ml. 

 To characterize the product, its absorption spectrum (500–900 nm) was obtained, 
along with those of GNP and SS-Cy alone, using a Beckman DU520 
Spectrophotometer (Beckman Instruments; Fullerton, CA). Fluorescence was mea-
sured at 830 nm (Ex, at 780 nm) using a Spectra Gemini XPS Fluorometer 
(Molecular Devices; Sunnyvale, CA), with SS-Cy as a control. 

 For studying the conditional fl uorescence emission of the product, MMP-14 
(EMD Millipore; Billerica, MA) was added to GNP-SS-Cy solution (2.0 μM 
Cypate) at a concentration of 3.0 mg/ml in a 1.0 mM PBS solution containing cofac-
tors 5.0 mM CaCl 2  and 50.0 μM ZnCl 2 . The reaction was carried out at 37 °C, and 
the fl uorescence was recorded over 1.5 h, with free SS-Cy and GNP-SS-Cy without 
MMP-14, as controls.  

3     Results and Discussion 

3.1     Conjugation of  sPEG and SS-Cy   to GNP 

 The conjugation state of sPEG and SS-Cy onto the GNPs was examined by analyz-
ing the absorption spectra of the reactants and products. Figure  54.2a  shows the 
normalized absorption spectra of GNP-SS 1 -Cy, GNP-SS 2 -Cy, GNP, and SS-Cy. The 
absorption peak of 10 nm GNPs is at 520 nm (Fig.  54.2a , dotted arrow). As seen in 
the fi gure, the peak of GNP-SS 1 -Cy and GNP-SS 2 -Cy spectrum was at 525 nm 
(Fig.  54.2a , solid arrow), 5 nm red-shifted from the GNP peak. This peak shifting 
indicates that the particle size increased, implying that sPEG, SS-Cy, or both were 
successfully conjugated onto the GNP. The amount of the GNP and Cypate in the 
products were quantifi ed via the absorption at 525 nm (product absorption peak) 

  Fig. 54.2    ( a ) Normalized absorption spectra of GNP-SS 1 -Cy, GNP-SS 2 -Cy, GNP and SS-Cy. The 
peaks of GNP-SS-Cys red-shifted by 5 nm and the absorbance at 780 nm increased, implying that 
sPEG and SS-Cys were successfully conjugated onto the GNP. ( b ) Fluorescence of GNP-SS 1 -Cy 
and GNP-SS 2 -Cy, normalized to that of free SS-Cy. Cypate conjugated to GNP via SS emits only 
14–17 % fl uorescence of free Cypate       
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and 780 nm (Cypate absorption peak), respectively. The molar ratios of Cypate to 
GNP in the products were found to be 315 ± 19 and 287 ± 42 for SS 1 -Cy and SS 2 -Cy, 
respectively, indicating that the SS-Cys were successfully conjugated.

   The fl uorescent emissions by the products were measured for the level of Cypate 
fl uorescence quenched by the GNP. Figure  54.2b  shows the fl uorescence level of the 
two GNP-SS-Cys, normalized by the free SS-Cy fl uorescence at the same concen-
tration. As in the fi gure, conjugating SS 1 -Cy and SS 2 -Cy to the GNP reduced their 
fl uorescence by 83 ± 8 and 86 ± 3 %, respectively, indicating that our SSs placed 
Cypate molecules suffi ciently close to the GNP for the desired fl uorescence 
quenching.  

3.2     Fluorescence Restoration of GNP-SS-Cy by  MMP-14   

 The fl uorescence restoration of the products by MMP-14 was tested by adding 
MMP-14 to the product solution. Figure  54.3  shows the time course of the nor-
malized fl uorescence level of the products, with and without MMP 14, starting at 
the time of MMP-14 addition. In the fi gure, only one control GNP-SS 2 -Cy was 
included to avoid crowdedness. The fl uorescence slowly increased in time, and 
by 90 min the fl uorescence reached the level of its free SS-Cy, or even higher. 
This fl uorescence increase indicates that MMP-14 cleaved the SS and that the 
released Cypate molecules moved away from the GNP. For the SS 1 , the fl uores-
cence increased faster than for SS 2 , and after 60 min its fl uorescence level became 
even greater than that of the free SS-Cy. This unexpected fl uorescence increase 
might be because the freed Cypate molecules moved and reached where the plas-
mon fi eld strength would enhance the fl uorescence (Fig.  54.1a ). This phenome-
non is expected to disappear when the Cypate molecules move even farther from 
the GNP. It should be noted that the GNP-SS-Cy complex was stable for several 
weeks after the production (data not shown).

  Fig. 54.3    Time course of normalized fl uorescence of GNP-SS 1 -Cy and GNP-SS 2 -Cy with  MMP- 
14  . The fl uorescence of GNP-SS 1 -Cy and GNP-SS 2 -Cy were fully restored after 90 min, while the 
fl uorescence of GNP-SS 2 -Cy without MMP-14 (control) remained constant during the time of 
measurements       
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   The experimental results on the low fl uorescence level of GNP-SS-Cys and their 
conditional fl uorescence restoration by MMP-14 demonstrate that our contrast 
agents can detect MMP-14 in a highly specifi c manner.   

4     Conclusions 

 MMP-14 is associated with aggressive cancer types, including the triple- negative 
breast cancer cell line  MDA-MB 231  . Thus, detecting MMP-14 in the breast tissue 
in a specifi c and sensitive manner can be important for early diagnosis of aggres-
sive breast cancer and for accurate prognosis of the disease. By taking advantage of 
the unique nature of GNPs, we have developed GNP-based, NIR fl uorescent con-
trast agents, which emit fl uorescence only in the presence of MMP-14. Two MMP-
14 substrate-motif containing short spacers (SS 1  and SS 2 ) were designed to place 
NIR fl uorophore Cypate close to the GNP, and the resulting products exhibited the 
fl uorescence level at 14–17 % of its free Cypate. When the product GNP-SS-Cy was 
exposed to  MMP-14,   the fl uorescence was fully restored, demonstrating that our 
contrast agents provide signals specifi c for MMP-14. The next step of our design 
will be to develop the contrast agent having both high specifi city and sensitivity for 
MMP-14 detection, and also the targeting aptamer, as described in the introduction 
section.    
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Abstract The functional information, the absorption and diffusion coefficients, as 
well as the structural information of biological tissues can be provided by the 
DOT(Diffuse Optical Tomograph)/MicroCT. In this paper, we use boundary ele-
ment method to calculate the forward problem of DOT based on the structure prior 
given by the MicroCT, and then we reconstruct the absorption and diffusion coeffi-
cients of different biological tissues by the Levenberg-Marquardt algorithm. The 
method only needs surface meshing, reducing the complexity of calculation; in 
addition, it reconstructs a single value within an organ, which reduces the ill- 
posedness of the inverse problem to make reconstruction results have good noise 
stability. This indicates that the boundary element method-based reconstruction can 
serve as an new scheme for getting absorption and diffusion coefficients in DOT/
MicroCT multimodality imaging.
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1  Introduction

Diffuse optical tomography (DOT) is a non-invasive and highly sensitive optical 
imaging technique. It can reconstruct the absorption and diffusion coefficients of 
different biological tissues either in 2D or 3D [1, 2]. In recent years, the multimo-
dality imaging technique has become a worldwide research focus, where structural 
information provided by XCT or MRI can be used in DOT reconstruction as prior 
information, hence the contrast and resolution of the reconstructed image can be 
improved [3].

The most commonly used technique in solving the forward problem of DOT/
MicroCT multimodal imaging is the finite element method (FEM) [4]. The inverse 
problem can be solved by conjugate gradient method and Newton method [5]. The 
boundary element method (BEM), compared with FEM, can get more accurate 
numerical solutions and thus leads to a more accurate reconstruction. The BEM 
approach requires only surface discretization, alleviating the meshing complexity 
compared to volume meshing in FEM. Furthermore, the optical parameters to be 
reconstructed reduce to several piecewise constant values in each region, reducing 
the ill-posedness of the inverse problem [6–8]. In this paper, we use BEM to solve 
the forward problem of DOT/Micro-CT, and then present a BEM-based reconstruc-
tion scheme.

2  Methods

2.1  Forward Model

Although the biological organizations are very complex, they can be seen as a col-
lection of organs with similar components. The optical coefficients in each organ 
are assumed to be piecewise constant. Diffusion approximation has been commonly 
used to model light transport in these organizations where scattering dominates over 
absorption and the Robin-type boundary condition is used [1]. We assume that the 
body is divided into n subregions with L smooth boundaries. Each region is charac-
terized by constant optical coefficients. The diffusion equations in this case are 
several coupled Helmholtz equations [7]:

 
Ñ ( ) ( ) = = ¼2 2 1 2F Fl l l lr r q l L– – ,w
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where Φ(r) is the photon fluence at position r, q(r) is the isotropic source and
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where μa(r) is the absorption coefficient and κ1 is the diffusion coefficient. The 
source term is non-zero only on the outmost boundary. The three-dimensional fun-
damental solution is presented here:
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where r denotes the field position, r′ the source position and v̂  the outer normal 
direction on the boundaries.

We can get the following boundary integral equation by applying the second 
Green’s theorem:

 

c ql l l l l
l

l
l l l

l l

F ¶
G W

+ × ×
æ

è
ç

ö

ø
÷ =ò òG U

G
V G–

k
 

(55.4)

where the term cl is a constant due to the singularities on the boundary. In the case 

of a smooth surface, cl =
1

2
.

We use constant element to discretize the boundary Γl in to Nl elements, we 
define two factors:
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Assembling all a
mm
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All the discretized boundary integral equations combined together produce a 
system of linear equations, and the photon fluence and photon flux on the boundary 
can be obtained by solving these equations.

2.2  Inverse Problem

The inverse problem in DOT/MicroCT multimodal imaging, namely the image 
reconstruction, is to reconstruct the optical coefficients of the tissue from boundary 
measurements. This is usually modeled as a nonlinear least square optimization 
problem [9]:

 
min

x
y F xW = - ( )2

 
(55.6)
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where y is the boundary measures, F(x) is the calculations of the forward model 
with the predicted optical properties.

The BEM-based reconstruction is based on the assumption that the optical prop-
erties are piecewise constant. In comparison to the FEM-based reconstruction, the 
reduction in the number of optical properties to be reconstructed leads to a less ill- 
posed problem.

Equation (55.6) was solved by Levenberg-Marquardt algorithm [5], and we also 
used the logarithmic data to improve the original poor-scaled problem.

3  Results

In the inverse problem of DOT/Micro-CT, we did a simulation study to demonstrate 
the BEM-based DOT image reconstruction, showing the accuracy and noise stabil-
ity of the BEM-based reconstruction method. First, we used the Micro-CT built in 
our laboratory to image a mouse [10]. Then the mice model for simulation was 
obtained by extracting the boundaries of different organs of the mouse including 
heart, liver, lung and the outmost boundary. We aimed to reconstruct the absorption 
and diffusion coefficient of different tissues. Table 55.1 gives the absorbing coeffi-
cients and diffusion coefficients of these tissues [11]. These coefficients were then 
used to generate the simulated measurements for the subsequent reconstruction.

We reconstructed μa and κ of different organs with three different levels of 
Gaussian noise (which are 1, 3 and 5 %) added to the simulated data; the reconstruc-
tion results are show in Table 55.2. The initial values of the absorbing coefficients 
and diffusion coefficients were set to be 0.01 and 0.3 mm−1 before the iteration in 
the inverse problem. The iteration stopped after 20 iterations.

Table 55.1 Absorbing coefficient μa and diffusion coefficient κ

Optical properties/mm−1 Heart Liver Lung Other tissue

μa

κ
0.035
0.19

0.06
0.25

0.025
0.11

0.03
0.22

Table 55.2 Reconstruction results (reconstructed (μa, κ)/relative error) of absorbing coefficient μa 
and diffusion coefficient κ under three different noise levels

Tissue 
type 1 % Gaussian noise 3 % Gaussian noise 5 % Gaussian noise

Heart (0.0354, 0.1952)/
(1.03 %, 2.72 %)

(0.3318, 0.2052)/
(5.52 %, 8.01 %)

(0.0372, 0.2040)/(6.29 %, 
7.37 %)

Liver (0.0595, 0.2462)/
(0.75 %, 1.53 %)

(0.0612, 0.2546)/
(2.05 %, 1.85 %)

(0.0584,0.2550)/(2.67 %, 2 %)

Lung (0.0260, 0.1063)/(4 %, 
3.33 %)

(0.0219, 0.1049)/
(12.30 %, 4.63 %)

(0.0310, 0.1051)/(24 %, 4.45 %)

Other 
tissue

(0.0310, 0.2247)/
(0.35 %, 2.14 %)

(0.0310, 0.1974)/
(3.17 %, 10.26 %)

(0.0283, 0.1863)/(5.67 %, 
15.32 %)
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Fig. 55.1 (a) Reconstructed μa. (b) Reconstructed κ

The reconstruction errors are relatively small. Figure 55.1a, b show the recon-
structed distribution of μa and κ, respectively, with 5 % Gaussian noise added to the 
simulated data.

4  Conclusions

In this paper, we used BEM to solve the forward problem. As a numerical method, 
BEM can also be as important as FEM in the field of biomedical imaging. Since 
BEM only needs surface meshing of different organs which is much easier and more 
efficient than the volume meshing required in FEM, it is more suitable for a large-
scale problem. We used the Levenberg-Marquardt algorithm to reconstruct the opti-
cal properties of different organizations of mice based on a 3D mice model provided 
by MicroCT. The reconstruction showed that the BEM-based reconstruction had 
good accuracy and noise stability. Compared with FEM based reconstruction 
scheme, BEM based reconstruction also has some limitations. Its calculation com-
plexity increases with the increase of the boundaries of different organs, and its 
reconstruction quality depends highly on the accuracy of the extraction of these 
boundaries.Acknowledgments This research was supported by National Key 
Scientific Instrument & Equipment Development Program of China (No. 
2012YQ030260); National Major Scientific Research Program of China (No. 
2011CB910401); National Natural Science Fund (No. 61078072); Science Fund for 
Creative Research Group (No. 61421064).
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Abstract We developed a 2D multi-agent stochastic model of interaction between 
cellular debris, bacteria and neutrophils in the surface cutaneous wound with local 
hypoxia. Bacteria, which grow logistically with a maximum carrying capacity, and 
debris are phagocytosed by neutrophils with probability determined by the partial 
pressure of oxygen in the tissue, pO2 = 4–400 mmHg, according to the Michaelis- 
Menten equation with Km = 40 mmHg. The influx of new neutrophils depends 
linearly (k = 0.05–0.2) on the amount of (a) platelets and (b) neutrophils, which are 
in contact with bacteria or debris. Each activated neutrophil can accomplish a 
certain amount of phagocytosis, nmax = 5–20, during its lifespan, T = 1–5 days. The 
universe of outcomes consists of (a) bacteria clearance (high k and nmax), (b) infection 
is not cleared by neutrophils (low k and nmax), and (c) intermittent (quasiperiodic) 
bursts of inflammation. In the absence of infection, phagocytosis stops within 48 h. 
We found that pO2 alone did not change the type of outcome, but affects the number 
of recruited neutrophils and inflammation duration (in the absence of infection by 
up to 10 and 5 %, respectively).

Keywords Wound healing • Inflammation • Neutrophils • Phagocytosis • Hypoxia

1  Introduction

When the wound is not healed within 6 weeks, it is considered chronic. Chronic 
wounds are a major source of patients’ discomfort and a serious health issue leading 
to complications, significant morbidity and mortality. Only diabetic foot ulcers and 
ischemic limbs cost health care in the USA $80 billion per year [1].
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Typically, a chronic wound develops in case of disruption of the inflammatory 
phase or the proliferative phase and is related to tissue hypoxia. Oxygen is an 
important factor during all stages of wound healing. The Km for enzymes involved 
in bacterial killing, collagen synthesis, angiogenesis and re-epithelialization requires 
pO2 levels in wound tissue ranging from 25 to 100 mmHg [2]. Inflammatory phase 
in acute wounds is the first oxygen-dependent step in wound healing and, 
consequently, the effect of local hypoxia on the kinetics of the inflammatory phase 
is of importance for wound management and prevention of chronic wounds. The 
aim of this work is to investigate the effect of local hypoxia on the kinetics of the 
early inflammatory phase in acute wounds.

The influx of neutrophils is the first line of an innate immune defense in an acute 
wound. Neutrophils are normally found in the bloodstream, where they are inactive 
and swept along at high speed or marginally and reversibly attached to the endothelial 
cells of the blood vessel wall.

Once they have received the proper signals (proteins from bacteria, clotting 
system peptides, cytokines), it takes them about 30 min to leave the blood and reach 
the site of an infection: they adhere to endothelium, exit the blood through generated 
gaps between the endothelial cells (diapedesis), and migrate towards the site of 
infection (chemotaxis), where they engulf (phagocytosis) and kill the bacteria. 
Circulating neutrophils have a half-life of 6–10 h and undergo apoptosis, after 
which they are cleared in the spleen. In a wound, they do not return to the blood and 
their apoptosis is delayed by the activated endothelium [3] up to 5 days.

Phagocytosis of bacteria by human neutrophils takes on average 9 min [4] and is 
accompanied by a large burst (by a factor of 50–100 [5]) in oxygen consumption. 
The respiratory burst is brief in nature, reaching a maximum rate at 3 min after 
stimulation and being undetectable after 30–60 min post stimulation. With this large 
oxygen consumption, neutrophils become susceptible to tissue perfusion. In 
particular, it is known that neutrophils lose their killing ability if the partial pressure 
of oxygen, pO2, is below 40 mmHg.

Previously published mathematical models [6] of bacterial kinetics and 
inflammatory processes present a conceptual framework for our study. Most of the 
studies use systems of ordinary differential equations to describe bacterial 
pathogenesis. Xue et al. [7] developed a model based on partial differential equations 
in 1D (cylindrical) geometry to investigate the process of ischemic wound healing. 
However, use of scalar (number of bacteria) or 1D (bacteria distribution) values to 
characterize outcomes may be insufficient for such a heterogeneous environment as 
wounds. We propose a 2D multi-agent probabilistic model, which can be adjusted 
to realistic geometries of the wound.

2  Mathematical Model

We developed a 2D multi-agent stochastic model, which depicts the interaction 
between cellular debris, bacteria population and the neutrophils in the surface 
cutaneous wound with local hypoxia. Numerical simulation of the model was done 
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using a multi-agent environment NetLogo 5.1.0 [8], where users can give instructions 
(rules) to multiple agents, which behave independently. NetLogo is well suited for 
modelling complex system developing over time. Parameter values used to simulate 
models are given in the text.

2.1  The Lattice Model

The wound is represented by LxL square lattice. The system evolves in time with 
fixed time steps Δt. On each step, a bacterium can replicate, a neutrophil can enter 
the wound, phagocyte, move to a nearby location, or die. The rules that govern these 
process are specified below.

We selected our time step Δt = 30 min, which is a reasonable estimate for the 
doubling time of bacteria (e.g. E. coli) and signaling-recruitment-migration events.

2.2  Geometry

The size of the lattice cell can be determined using (a) the distance travelled by each 
neutrophil on one time step, or (b) the size of the area served by each capillary loop. 
The velocity of migrating neutrophil is close to 10 μm min−1 [9] and their 
directionality (ratio of the shortest linear distance between the start point and end 
point of the migration path compared with the total distance traveled by the cell) is 
around 0.7 [9]. Thus, the overall displacement over time step Δt will be around 
200 μm, which is in good agreement with the size of the area served by each 
capillary loop. Therefore, we can set the lattice cell size to 200 μm.

Lattice size L was set to 51 for most of the calculations (a 10 × 10 mm wound). 
We emulated a larger wound with cyclical boundary conditions.

2.3  Bacteria Growth

A number of bacteria (in CFU) at any particular lattice cell is b. Bacteria grow 
logistically with growth rate r and a maximum tissue carrying capacity, Kp. When a 
bacterium divides, the new bacterium goes to a nearby cell. For simplicity, we will 
consider the case where rΔt = 1. If we consider the surface wound, then the active 
volume of the wound, which corresponds to each lattice cell will be 
0.2 × 0.2 × 2 mm = 0.08 mm3. Thus, to convert the number of bacteria (or carrying 
capacity) to CFU/ml units we need to multiply it by the 1.25 × 104 factor.
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2.4  Neutrophil Recruitment

Neutrophils' recruitment, activation, and migration are regulated by various growth 
factors and other cytokines, produced by cells and bacteria. We incorporated 
signaling through two major mechanisms: initial release of cytokines by platelets 
and secondary cytokine signaling by leukocytes.

Most types of injury damage blood vessels and coagulation is an immediate 
response to initiate protection from excessive blood loss. With the adhesion, 
aggregation and degranulation of circulating platelets within the forming fibrin clot, 
a number of mediators and cytokines are released, including PF4 and TGF-β1, 
which elicits the rapid chemotaxis of neutrophils and monocytes to the wound site 
in a dose-dependent manner.

Autocrine expression of TGF- β1 by leukocytes and fibroblasts, in turn, induces 
these cells to generate additional cytokines including tumor necrosis factor alpha 
(TNF-α), interleukin 1 β (IL-1 β) and PDGF, as well as chemokines, as components 
of a cytokine cascade, which recruit and activate neutrophils.

Even though these cytokines have slightly different kinetics, we will model them 
as one type: cytokines are produced at a rate α pg ml−1 cell−1 h−1 from platelets (2.1 
10−2 pg ml−1 cell−1 h−1 [6]) and are degraded at a rate dc per hour (0.83 h−1 [10]). 
Then, their steady-state concentration is c* = α/dc or 0.025 pg ml−1 cell−1. The 
cytokine signalling recruits neutrophils at a rate η (1.33 cells (pg/ml)−1 h−1 [6]). 
Thus, we can estimate the influx of new neutrophils as k = ηc* or k = 0.033 cell−1 h−1. 
In our model the influx of new neutrophils depends linearly (k = 0.05–0.2) with time 
delay (Δt) on the amount of (a) platelets and (b) neutrophils, which are in contact 
with bacteria or cellular debris.

2.5  Phagocytosis

Neutralization of bacteria can be considered as a two-stage process

 extracellular bacteria racellular bacteria killed bact
k k

® ®
1 2

int eeria  

Hampton et al. [4] found that each stage could be described by a first order kinetics 
equation. They also found coefficients k1 and k2 for two clinically relevant bacteria: 
E.coli (0.073 and 0.36 min−1, respectively) and S.aureus (0.077 and 0.11 min−1, 
respectively).

According to the first order kinetics equation for engulfing, if initially we had B0 
bacteria, then after some period T we will have B0 exp(−k1T) free bacteria. This 
means that we can consider exp(−k1T) as a probability for a bacterium to escape and 
p(T) = 1 − exp(−k1T) as a probability to get engulfed during the period T.

One can expect that the k1 (and k2) will be proportional to V, the pO2-modulated 
velocity of engulfing (or killing), which depends on pO2 according to the 
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 Michaelis- Menten equation with half maximal velocity, Km. Moreover, V is the first 
nonzero term in this expansion (obviously k1 = 0 if pO2 = 0).

We will use the expression for p(T) and k1 ~ V relationship to calculate the prob-
ability of phagocytosis during one time step Δt. We consider pO2 in the range from 
4 mmHg (hypoxia) to 400 mmHg (HBOT or TOT), Km was set at 40 mmHg.

A neutrophil phagocytes a bacterium or debris located in the same cell with 
probability p(Δt). If it is not engaged in phagocytosis, the neutrophil moves one step 
within the wound. Each activated neutrophil has a certain lifespan in the wound, 
T = 1–5 days, and can accomplish a certain amount of phagocytosis during its 
lifespan, nmax = 5–20. Apoptotic material and remaining debris will be cleared by 
macrophages at later stages.

We also modeled extreme hypoxia by introducing the notion that neutrophil 
during phagocytosis can deplete oxygen from some spatial area (one lattice cell), 
and tissue requires some time (certain number of time steps Δt) to replenish it. 
During this period, any new phagocytosis in this area is prohibited.

3  Results, Discussion, and Conclusions

The universe of outcomes of the model consists of (a) bacteria clearance (high k and 
nmax), (b) infection is not cleared by neutrophils (low k and nmax), and (c) intermittent 
(quasiperiodic) bursts of inflammation: see Fig. 56.1 for typical cases.

We ran multiple simulations with various parameters and tracked the duration of 
neutrophil presence in the wound and their maximal accumulation. We found that 
pO2 alone does not change the type of outcome, but affects the number of recruited 
neutrophils and inflammation duration (in the absence of infection by up to 10 and 
5 %, respectively). In the case of extreme hypoxia, we found that inflammation 
duration is increased significantly, and lengthy inflammation with a high number of 
neutrophils is the most probable outcome.

Fig. 56.1 Typical kinetics of bacteria (dashed line) and neutrophils (solid line) for T = 1d and 
Kp = 6: (a) bacteria clearance (k = 0.1, nmax = 20), (b) neutrophil system is overwhelmed (k = 0.1, 
nmax = 10), (c) intermittent inflammation (k = 0.2, nmax = 10)
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To refine the impact of hypoxia we studied the wound without bacterial contami-
nation. In Table 56.1 we present the aggregated results with various parameters (in 
columns and rows) for the duration of neutrophil presence in the wound (measured 
in Δt units) for T = 1d. In each cell three values correspond to different pO2: 
400 mmHg (upper), 4 mmHg (middle), and 4 mmHg with depletion for one time 
interval Δt (lower), respectively. Each value is accompanied by its standard devia-
tion (in brackets). We also run a t-test for each group of simulations to find out 
where hypoxia induces significant changes. Statistically significant values (p = 0.05, 
two-sided test) are underscored.

We did not find a significant influence of pO2 on the kinetics of initial accumulation 
of neutrophils in the absence of infection. This is an expected result because this 
process is driven primarily by platelets signalling, which in our model is pO2- 
independent. The initial accumulation depends mostly on k, which incorporates 
signalling/neutrophil recruiting, and platelets density, which is linked to the surface 
density of damaged blood vessels.

Maximum accumulation of neutrophils depends on pO2. We found that hypoxia 
increases the peak value up to 10 % for the wide range of conditions.

In the absence of infection, phagocytosis stops within 48 h. The duration of 
neutrophil presence in the wound is determined mostly by their lifespan T. However, 
in many cases (e.g. for low platelets density) they may stay in the wound much 
longer than usual (‘tails’). We found that hypoxia increases inflammation duration 
for a wide range of parameters (see Table 56.1).

Our model (with scaling factor 104) reasonably well explains the results from a 
mouse model [11] in term of kinetics and neutrophil density. In particular, it was 
found [11] that the neutrophil accumulation in the wound reached ∼6 × 106 by day 2 
and decreased progressively from day 5 to wound closure (day 9).

Table 56.1 The duration of neutrophil presence in the wound (measured in Δt units) for pO2: 
400 mmHg (upper), 4 mmHg (middle), and 4 mmHg with depletion (lower)

Time of neutrophil presence in 
the wound (in 30 min)

Cellular debris density

0.1 1

New neutrophils, k New neutrophils, k

0.1 0.2 0.1 0.2

Platelets 
density

1 Max 
kills, 
nmax

20 67.8(3.9) 
66.9(2.0) 
69.0(1.5)

60.9(1.7) 
62.5(2.2) 
64.3(1.6)

66.0(2.6) 
67.0(3.3) 
73.2(4.7)

60.7(1.0) 
60.3(1.3) 
66.6(1.9)

5 69.6(3.5) 
68.2(1.9) 
70.0(4.3)

61.8(1.9) 
61.4(1.2) 
64.0(1.8)

71.3(4.8) 
69.2(2.5) 
76.4(3.6)

62.0(2.4) 
61.7(1.3) 
67.2(2.0)

0.1 Max 
kills, 
nmax

20 341.6(581) 
109.7(396) 
99.7(22)

82.2(6.1) 
81.4(5.8) 
82.6(5.4)

99.0(8.6) 
94.4(7.2) 
102.4(7.7)

81.1(4.3) 
81.3(5.2) 
84.6(3.0)

5 202.8(189.3) 
93.2(6.8) 
113.6(55.0)

80.9(5.1) 
80.6(3.8) 
82.4 (4.1)

321.7(589.9) 
198.1(132.3) 
333.9(378.1)

94.1(9.1) 
88.1(4.3) 
93.5(7.3)
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The proposed model is quite flexible and allows multiple expansions: (a) to 
increase the number of agents (e.g. macrophages, re-epithelization), and (b) to 
investigate various geometries of the wound, e.g. full depth wounds or cuts with 
various width, which can be modelled with 3D models, etc.

In summary, we developed a 2D multi-agent stochastic model, which depicts the 
interaction between cellular debris, bacteria and neutrophils in the surface cutane-
ous wound with local hypoxia. The proposed model can be used to better under-
stand oxygen balance during wound healing and to optimize infection prevention, 
wound dressings, and adjuvant wound healing therapies, e.g. TOT.
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Abstract We have derived an analytical expression for the time dependent NO 
concentration from NONOate donors in the presence of oxygen for the process of 
NO release from NO donors following autoxidation. This analytical solution incor-
porates the kinetics of the releases with the autoxidation and is used to fit the simu-
lated NO concentration profile to the experimental data. This allows one to determine 
the NO release rate constant, k1, the NO release stoichiometric coefficient, vNO, and 
the NO autoxidation reaction rate constant, k2. This analytical solution also allows 
us to predict the real NO concentration released from NO donors under aerobic 
conditions, while vNO is reportedly two under aerobic conditions, it falls to lower 
values in the presence of oxygen.

Keywords  NONOate • Decomposition • Nitric oxide • Autoxidation • Mathematical 
mode

1  Introduction

The brain responds to hypoxia with an increase in cerebral blood flow (CBF). Many 
vasodilatory mechanisms have been proposed for this hypoxic vasodilation but none 
has gained universal acceptance. Nitric oxide (NO) was suggested to play a signifi-
cant role in this response [1]. Both the formation and removal of this gas are pO2 
dependent and, therefore, CBF is a complex function of oxygen concentration. To 
test this hypothesis quantitatively, we incorporated the NO vasodilatory mechanism 
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into the BRAINSIGNALS model [2], which was designed to assist in the interpreta-
tion of multimodal noninvasive clinical measurements. Previously, we incorporated 
NO generation by deoxyhemoglobin [3] and NO metabolism by oxidised cyto-
chrome c oxidase (CCO) [4] and oxyhemoglobin [5] into the BRAINSIGNALS 
model to reproduce the experimental human CBF versus pO2 curves digitised from 
literature [6]. However, we were still unable to reproduce the exact CBF versus pO2 
curve and, in particular, the threshold phenomenon: CBF remaining unchanged 
until pO2 decreased to a threshold value triggering a rise in CBF.

We considered looking for either an increase in NO production with decreasing 
pO2 or a decrease in NO metabolism with decreasing pO2 from a steeper NO versus 
O2 curve, to reproduce the threshold in a CBF versus pO2 curve. NO autoxidation is 
a third order reaction, i.e., first order with respect to oxygen and second order with 
respect to NO. For our simulation, we need the reaction rate constant, which varies 
a lot according to different researchers [7]. We reviewed the literature on NO autox-
idation, which was studied with two systems, either a mixture of NO and oxygen, or 
NO released from donors followed by an aerobic removal. For the former, injecting 
the concentrated NO solution as a bolus may lead to heterogeneous NO oxidation at 
the tip of the syringe [8]. In the latter case, NO donors were used to provide continu-
ous NO sources for characterization of NO autoxidation [9, 10] and NO formation 
and autoxidation has been modelled by numerical methods [9, 10].

In this work, we obtain an analytical expression that describes NO release from 
NO donors and NO oxidation, and use this to simulate NO concentration profiles 
and hence simultaneously determine three parameters: the NO release rate constant 
(k1), the NO release stoichiometric coefficient (vNO), and the NO autoxidation rate 
constant (k2).

2  Mathematical Model

In a biochemical system, an NO donor such as ProliNO (disodium 1-(hydroxy- 
NNO- azoxy)-l-proline) releases NO which is then oxidised by O2. We will first 
consider the release of NO by ProliNO.

 ProliNO NONO→ v  (57.1)

where vNO is the stoichiometric coefficient of NO release, i.e., vNO moles of NO 
molecules are released from one mole of ProliNO. ProliNO decomposition follows 
first order kinetics with a decay rate constant k1 in s−1 as:

 

d

dt
k

ProliNO
ProliNO

[ ] = − [ ]1

 
(57.2)

The solution to Eq. (57.2) can be expressed as:
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ProliNO ProliNO[ ] = [ ] −( )

0 1exp k t
 

(57.3)

The rate of NO formation can be obtained as:

 

d

dt
v k v k k t

NO
ProliNO ProliNONO NO

[ ] = [ ] = [ ] −( )1 1 0 1exp
 

(57.4)

We use x to represent NO concentration in M, and P (vNO[ProliNO]0) to represent 
the maximum NO concentration in the absence of decay, i.e., the initial ProliNO 
concentration (t = 0) multiplied by vNO. Equation (57.4) can be simplified as

 

dx

dt
k P k t= −( )1 1exp

 
(57.5)

Now we consider NO autoxidation as:

 
4 2 4 42 2 2NO O H O NO H+ + → +− +

 (57.6)

The rate equation of NO autoxidation can be expressed as:

 

dx

dt
k x k x k x= − [ ] = − [ ] = −3 2

2
4 2

2
2

24O O
 

(57.7)

where k3 (NO consumption) and k4 (oxygen consumption) are the NO autoxidation 
rate constants with units M−2 s−1 and k2 is the NO autoxidation rate constant, k3 that 
incorporates the oxygen concentration in unit M−1 s−1. Historically, k2, k3 and k4 have 
been used by different researchers to characterize NO autoxidation.

The overall reaction is a cascade chemical reaction. We need to solve a combined 
equation with an initial condition x(t = 0) = 0 as:

 

dx

dt
Pk k t k x= −( ) −1 1 2

2exp
 

(57.8)

For simplicity we introduce an intermediate, dimensionless, parameter b as:

 
b Pk k= 2 2 1/

 
(57.9)

and an intermediate, dimensionless, variable y as:

 

y b
k t

= −





exp 1

2
 

(57.10)

The solution is given as:
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x
P

b

k t I b K y I y K b

I b K y I y K
= −





( ) ( ) − ( ) ( )
( ) ( ) + ( )

2

2
1 1 1 1 1

1 0 0 1

exp
bb( )  

(57.11)

where I0(I1) is a modified Bessel function of the first kind with the order of zero 
(one). K0(K1) is a modified Bessel function of the second kind with the order of zero 
(one) [15]. b(y) is the value at which to calculate the function. These two special 
engineering functions are built in Microsoft Excel with syntaxes of BESSELI(z, n) 
and BESSELK(z, n), where z is the variable and n is the order of the Bessel 
functions.

We can determine the rate constant k1, b and P by fitting the simulated NO con-
centration x to experimental data i.e., minimising the standard deviation.

 
s = -

=
å
i

n

i ix
1

2

xsim exp( )
 

(57.12)

where x x xexp obs base= − , since a base line correction is usually needed.
For a best fit, the initial parameters for k1, b and P are needed. P is the initial 

ProliNO concentration. There are several ways to obtain the initial parameters k1 
and b(k2). Firstly, for an existing question, the published data can be used as the 
initial parameters. Secondly, we can estimate the initial parameters by assuming 
only NO release (k1), at the beginning part of the curve, and only NO oxidation (k2), 
at the later part of the curve. Finally, we can differentiate Eq. (57.11) to obtain the 
maximum point (tm, xm).

 

x
P

b

k t
m

m= −





2

2
1exp

 

(57.13)

 
I b K y K y K b I y I y1 1 0 1 1 0( ) ( ) − ( )( ) = ( ) ( ) + ( )( )m m m m  

(57.14)

Substituting Eq. (57.13) into Eq. (57.14), we obtain Eq. (57.15)

 
I b K b x P K b x P K b I b x P I b x P1 1

2
0

2
1 1

2
0

22 2 2 2( ) ( ) − ( )( ) = ( ) ( ) + (m m m m/ / / / ))( )
 (57.15)

From Eq. (57.15) we can calculate the initial value b, which is substituted into Eq. 
(57.13) to calculate the initial value k1.

3  Results and Discussion

The autoxidation of NO was considered too slow to be biologically relevant because 
the reaction rate depends on the NO concentration squared and the physiologically 
low NO concentration [8]. The rate of NO autoxidation could be increased by a 
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higher reaction rate constant in membrane than in water or by higher local NO and 
O2 concentrations in hydrophobic media.

Equation (57.11) can be used to simulate the NO concentration profile for a pro-
cess combining NO generation and autoxidation. From a best fit of the simulated 
NO concentration profile to experimental data as shown in Fig. 57.1 [11] with Excel 
determined at oxygen concentration of 212 μM, the following values were obtained: 
k1 = 0.265 s−1, b = 0.857, and P = 31.345 μM. From  the  obtained P value, we can 
calculate vNO = P/[ProliNO]0 = 0.78. From the value of b, we get k2 = 1.55 × 103 M−1 s−1, 
and k3 = 7.31 × 106 M−2 s−1.

Pogrebnaya was the first researcher to propose stoichiometrical NO autoxidation 
in aqueous solution and reported the kinetic reaction parameter k3 = 9 × 106 M−2 s−1 
[12]. A wide range of kinetic reaction constants k3 = 6 × 106  M−2 s−1 [13], 
k3 = 8 × 106 M−2 s−1 [10], k3 = 9.2 × 106 M−2 s−1 [9], k3 = 12 × 106 M−2 s−1 [14], and 
k3 = 17 × 106 M−2 s−1 [8] were reported to be independent of pH [14]. Our NO autoxi-
dation reaction rate constant is consistent with the reported values [8–14].

The rate of NO release from NO donors depends more upon experimental condi-
tions such as pH. Therefore the characterization of NO release becomes more sig-
nificant compared with the autoxidation which is independent of pH. DEANO 
releases NO at rate constants of k1 = 1.4 × 10−3 s−1 [9] and k1 = 1.3 × 10−3 s−1 [10], and 
were much slower than ProliNO with a rate constant of k1 = 0.265 s−1. ProliNO 
release NO and NO autoxidation were studied [8, 11] but NO release rate constants 
were not reported.

In principle, 2 mol of NO can be released from 1 mol of the donor molecule. In 
reality, the stoichiometric coefficient is usually less than 2 and depends on the 
experimental conditions. vNO of DEANO was determined to be 1.0 [9] but varies 
from 1.5 [10] to 2.0 [9]. Under anaerobic conditions, vNO of ProliNO was measured 
to be 1.94 [11], which is very different from vNO of 0.78 under aerobic conditions. 
From the analytical solution, it can be found that the NO concentration depends on 
vNO in a complex way. Therefore vNO can be determined from a fit of the simulated 
curve to the experimental data.

Fig. 57.1 The simulated 
and observed NO 
concentration profile after 
40 μM proliNO adding to a 
100 mM potassium 
phosphate buffer with pH 
7.4 at 30 °C with oxygen 
concentration of 0.212 mM
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NO donors decompose at physiological pH and continuously release NO to 
allow studying of the effect of NO on biological systems even in long-term experi-
ments. Therefore, the prediction of NO concentration evolution in such systems 
becomes very important. Schmidt et al. [9] developed a numerical model for NO 
decomposition and autoxidation in aqueous solution and also presented a graphical 
plot of NO concentration evolution, which was used to estimate the actual NO con-
centration. The analytical solution provides an improved way to forecast NO con-
centration produced from NO donors under aerobic conditions. Thus, it may 
contribute to elucidation of hypoxic vasodilation: the CBF increases to maintain the 
constant cerebral metabolic rate of O2 when [O2] decreases [15].

4  Conclusions

We have derived an analytical solution for NO donor decomposition in aerobic solu-
tions. This solution was used to characterize the decomposition rate constant of NO 
donors and the stoichiometric coefficient of NO release, and the reaction rate con-
stant of NO autoxidation. NO donors can be used as continuous NO sources in 
biochemical systems and the analytical solution can be used to predict the actual 
NO concentration in such systems. In general, characterization of the kinetics of 
NO autoxidation enhances one’s fundamental understanding of how nitric oxide can 
serve in many physiological processes. Furthermore, this mathematical model pro-
vides a simple way to study the variation of vNO, clearly reported in the literature, 
with such parameters as [O2]. This variation is important to characterize if one is to 
use NONOates to generate NO in biological system with different [O2].
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