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The 40th ISOTT Conference President, Sabine Van 
Huffel, would like to dedicate this volume in memory of 
two outstanding members:

 

Dr. Mamoru Tamura was born in Sapporo, Japan, in 
1943 and died in Beijing, China, on August 7, 2011. 
He was not only one of the great pioneers in biomedi-
cal optics and functional near-infrared spectroscopy 
but also one of the key persons in ISOTT. In particular, 
he was the honorary president of the ISOTT 2008 meet-
ing in his hometown Sapporo, Japan. During the ISOTT 
2012 meeting, Professor Eiji Takahashi presented a 
memorial lecture to honor Dr. Mamoru Tamura. A 
memorial note is included in this volume.



 

Ludwig Schleinkofer (born on April 27, 1952) worked 
for more than 30 years as Director of R&D at 
Hamamatsu Deutschland GmbH. He was one of the 
leading and globally recognized experts in medical 
applications of near-infrared spectroscopy. Since 
2004, he was member of the ISOTT society and served 
in the executive committee from 2008 to 2011. He sud-
denly passed away on July 18, 2012. With Ludwig, we 
have lost an important member of ISOTT: he was not 
only a long-lasting major sponsor of many former 
meetings but also a person who was actively support-
ing the ideas and activities of ISOTT. Many of us 
shared thoughts with him while drinking several 
glasses of good wine. With Ludwig, we lose an impor-

tant supporter and a good friend.
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Preface

The 40th Annual Meeting of the International Society on Oxygen Transport to Tissue 
(ISOTT) was held on August 19–24, 2012, at the Novotel hotel in Bruges, Belgium. 
The historic city of Bruges, called “The Venice of the North,” provided an ideal 
venue to combine an outstanding scientific program with ample opportunities to visit 
this medieval environment and appreciate the beauty of its architecture, the charm of 
its channels and boot tours while tasting one of the many famous Belgian beers.

Sabine Van Huffel, President of ISOTT 2012, organized the meeting cochaired 
by Gunnar Naulaers. One hundred participants, of which 28 were PhD students and 
63 principal investigators or postdoctoral researchers, attended the meeting.

The meeting included 11 invited lectures, consisting of nine keynotes, one 
memorial lecture for Mamoru Tamura presented by Eiji Takahashi, and one Kovach 
lecture delivered by Peter Vaupel. The oral presentations were organized around 
seven topics related with oxygen transport to tissue. These topics were as follows: 
clinical applications, muscle oxygenation, cancer, measurement technologies, oxy-
gen transport modeling and near-infrared spectroscopy (NIRS), cell metabolism, 
and brain oxygenation. Each topic was presented by one or two invited speakers and 
a series of contributed talks. In total, there were 59 contributed oral presentations 
and 29 poster presentations.

This year’s annual meeting comprised a special Ph.D. student program consist-
ing of three specific Ph.D. treats:

 1. A poster flash presentation by promising local Ph.D. talents (six posters) on 
Monday

 2. A Meet-the-Experts lunch on Tuesday, during which PhD students met ISOTT 
experts from the scientific committee

 3. Finally, on Thursday, ISOTT’s Presidents’ Panel Discussion, held by past, pres-
ent, and future ISOTT presidents, addressing questions related with oxygen 
transport to tissue

Social events included a welcome walking dinner reception on Sunday night. On 
Monday, there was a guided tour at the City Hall of Bruges followed by a Belgian 



viii

beer discovery and, finally, dinner at the romantic Maximiliaan Van Oostenrijk 
 restaurant. The highlight of ISOTT 2012 was certainly the gala dinner held at 
Bruges Concert Hall on Thursday, the day of the award ceremony, along with a 
dance party.

The annual meetings bring together scientists from various fields (physiology, 
mathematics, biomedicine, biology, chemistry, physics, engineering, etc.) in a 
unique international forum. Traditionally, ISOTT conferences are a place where an 
atmosphere of interaction is created, where many questions are asked after each 
presentation, and where lively discussions occur at a high scientific level. This vivid 
interaction is the main motivation for members to participate and gain new ideas 
and knowledge in the broad field of oxygen transport to tissue. The social events 
offer ample opportunities to network and form friendships, making each meeting a 
real success.

The society was deeply saddened to learn recently of the death of David Maguire, 
a longtime member and former president of ISOTT. A tribute to his life and scien-
tific contributions will be paid during the 2013 ISOTT meeting and will be included 
in the next volume of Oxygen Transport to Tissue.

Leuven, Belgium Sabine Van Huffel, Ph.D.
President ISOTT 2012

Preface
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Awards

 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)
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2009 Rossana Occhipinti (USA)
2010 Sebastiano Cicco (Italy)
2011 Mei Zhang (USA)
2012 Takahiro Igarashi (Japan)

 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)
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2009 Matthew Bell (UK)

Awards
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2010 Alexander Caicedo Dorado (Belgium)
2011 Malou Friederich (Sweden)
2012 Maria Papademetriou (UK)

 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)

 The Duane F. Bruley Travel Award

The Duane F. Bruley Travel Award was established in 2003 and first presented by 
ISOTT at its 2004 annual conference in Bari, Italy. This award was created to 
provide travel funds for student researchers in all aspects and areas of oxygen trans-
port to tissue. The award signifies Dr. Bruley’s interest in encouraging and support-
ing 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-disciplin-
ary research among basic scientists, engineers, medical scientists, and clinicians. 
His pioneering work of constructing mathematical models for oxygen and other 
anabolite/metabolite transport in the microcirculation, employing computer solu-
tions, was the first to consider system nonlinearities, time dependence, as well as 
multidimensional 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.

Awards
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The Kovach Lecture is presented periodically to honor a career dedicated to oxy-
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scientific and teaching career.
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    Abstract     Dr. Mamoru Tamura (1943–2011) was the honorary president of the 
ISOTT 2008 meeting in Sapporo, Japan, and has made numerous contributions to 
biomedical optics and functional near-infrared spectrometry. This chapter briefl y 
describes Dr. Tamura’s scientifi c achievements and contributions to the society 
based on the “Memorial lecture about Mamoru Tamura’s contributions to biomedi-
cal optics” in ISOTT 2012 in Bruges, Belgium.  

1.1         Dr. Mamoru Tamura’s Scientifi c Achievements 
and Contributions to the Society 

 Dr. Mamoru Tamura (Fig.  1.1 ) passed away on the 7th of August in 2011. He was 
not only one of the great pioneers in Biomedical Optics but also one of the key per-
sons in ISOTT. Here, I briefl y look back on his achievements in science and contri-
butions to ISOTT.

   Dr. Tamura was born in Sapporo, Japan, in 1943 and died in Beijing, China, in 
2011. In his 68 years of life, he pursued the possibility of light as the tool for in vivo 
investigation of human functions, particularly in transport and utilization of oxygen 
in cells, tissues, organs, and the whole body. 

 After receiving a PhD from Hokkaido University in 1971, a big chance came to 
him: he had an opportunity to work in Dr. Britton Chance’s lab in the University of 
Pennsylvania as a postdoc. In fact, this was a great encounter. From then on, we can 
fi nd the infl uence of this scientifi c giant, Dr. Chance, on Dr. Tamura’s research 
works in every aspect. 
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 As soon as he came back from the USA, he published a paper [ 1 ] on oxygen 
transport to mitochondria in buffer-perfused rat heart, based on the work conducted 
in Dr. Chance’s lab. Remarkably, in this paper we can already fi nd two important 
keywords throughout his research, “oxygen” and “optical measurement.” Here, he 
performed optical measurements of intracellular oxygen at Mb in cytosol and at 
cytochrome  c  oxidase in mitochondria in buffer-perfused rat hearts. Specifi cally, 
using a spectrophotometric technique in visible regions, he demonstrated coherence 
between cytochrome  c  oxidase oxidation and myoglobin oxygen saturation. The 
result clearly demonstrated signifi cant gradients of oxygen between these two dis-
tinct intracellular compartments. Based on this experiment, he used to talk to me 
about the reason why hemoglobin and myoglobin have quite different P 50  values for 
oxygen compared with that of cytochrome  c  oxidase. 

 After a while, he started to extend his in vitro oxygen measurement in buffer- 
perfused organs toward in vivo oxygen measurements in experimental animals and 
in humans. For this purpose, quite naturally, he utilized light in near-infrared 
regions. Figure  1.2  is the kind gift of Professor Marco Ferrari. This was taken when 
he visited Dr. Tamura’s lab in 1989. In this photograph, Professor Ferrari noted, “in 
1985 they started NIRS research in collaboration with Shimadzu.”

   In 1993, he published an important paper [ 2 ] in NIRS research where he demon-
strated the ability of NIRS in functional neuroimaging in humans. Dr. Tamura and 
his lifelong colleague, Dr. Hoshi, demonstrated in vivo that blood oxygenation in 
the human brain and surrounding tissue can certainly be real time monitored by the 
NIRS technique. Importantly, these changes in oxygenation were related to func-
tional activation of the human brain triggered by mental tasks. 

 In 1997, they published another important paper [ 3 ] in NIRS research. Using a 
blood-perfused rat brain model, they demonstrated that NIRS signals arising from 
mitochondria and hemoglobin can be distinguished and evaluated independently. 

  Fig. 1.1    Dr. Mamoru Tamura 
(1943–2011) (Photo by 
courtesy of Dr. Yoko Hoshi)       
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In this paper, they demonstrated coherence in the relationship between cytochrome 
 c  oxidase redox state in the brain tissue and hemoglobin oxygenation in blood (see 
Fig. 3 in ref. [ 3 ]). To me, it is quite interesting that in this 1997 paper, they presented 
a fi gure that is quite similar to one that can be found in the early work published 
about 20 years ago (see Fig. 6 in ref. [ 1 ]). It took almost 20 years of refi ning his 
optical technique so that the mitochondrial redox state could be measured in blood- 
perfused brain. 

 In Japan, important movements toward application of NIRS in clinical medicine 
were already underway in these years. In fact, a national project aiming at realiza-
tion of optical CT for human use had started in Japan in 1992. The project team 
consisted of companies including Shimadzu and Hamamatsu, and the universities, 
and was supported by the Japanese government. Of course, Dr. Tamura was the 
leader of the team. Figure  1.3  is the fi rst fruit of this project: a 64-channel time- 
resolved optical CT [ 4 ]. Reference [ 5 ] is the subsequent paper that reported applica-
tions of this optical CT in human subjects. This project proved that NIRS optical 
tomography is a new modality for neuropsychological studies in humans.

   Figure  1.4  shows probably the fi rst wearable NIRS used in a dog; the name of the 
dog is Tanne. This was Dr. Tamura’s favorite photo.

   He had been an active member of the ISOTT since the third offi cial conference 
in Churchill College in Cambridge, UK, in 1977. Since then, he attended the meet-
ing almost every year and enjoyed the familiar and free atmosphere of the confer-
ence. He was a member of the executive committee from 1999 to 2000 and probably 
from 1992 to 1993. He was the Honorary President of ISOTT 2008 held in his home 
town, Sapporo, Japan. 

  Fig. 1.2    Photo by courtesy of Professor Marco Ferrari       
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  Fig. 1.3    A 64-channel time-resolved optical CT made in Japan (Photo by courtesy of Dr. Yoko Hoshi)       

  Fig. 1.4    Probably the fi rst wearable NIRS system used in a dog (named Tanne) (Photo by courtesy 
of Dr. Yoko Hoshi)       
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 (Please go to    http://isott.org/tl_fi les/isott/ISOTT%202008.jpg      and fi nd Dr. Tamura). 
 He loved his hometown Sapporo, Hokkaido, very much and worked in Hokkaido 

University for 33 years. After offi cially retiring from Hokkaido University, he was 
invited as senior visiting professor in Tsinghua University in Beijing, China. He left 
Japan at the age of 65. He was very active also in China in building and organiz-
ing a new lab for biomedical optics with his Chinese and Japanese colleagues 
until his sudden death. He seeded this rapidly growing country with biomedical optics. 
Dr. Tamura contributed to developing a friendship between China and Japan through 
science on oxygen. 

 Since his stay in Dr. Chance’s lab as a postdoc between 1971 and 1974, Dr. 
Tamura and Dr. Chance were bound each other by a close friendship. In 1996, we 
founded a Japanese organization like ISOTT, called Oxygen Dynamics Society 
Japan. Figure  1.5  was taken at the third annual meeting of the Oxygen Dynamics 
Society in Tokyo in 1998 where Dr. Chance was invited as a speaker. The title of his 
talk was “Measurements of energetics and oxygenation by noninvasive methods in 
medicine.” I was deeply impressed that these two people shared the same thoughts 
on the science.

   We lost the great scientist, Dr. Britton Chance, on the 16th of November in the 
year 2010. We lost another great scientist, Dr. Mamoru Tamura, just 1 year later. 

 Who was this man? I think that Dr. Tamura was a man who can dream and 
 convey his dreams to people around him. He sowed the seeds and quietly watched 
the seeds grow.     

  Acknowledgments   I thank many colleagues in ISOTT and Oxygen Dynamics Society Japan 
who talked with me about Dr. Tamura’s life and science. Particularly, I thank Dr. Marco Ferrari, 
Dr. Yoko Hoshi, Dr. Kaoru Sakatani, and Dr. Takafumi Hamaoka for kindly supplying the valuable 
photographs. Also, many thanks to the President of ISOTT 2012, Prof. Sabine van Huffel, for 
g iving me such a precious moment for remembering Dr. Tamura.  

  Fig. 1.5    Dr. Chance and Dr. Tamura at the third annual meeting of Oxygen Dynamics Society 
Japan in Tokyo in 1998       
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    Abstract     Intrarenal tissue hypoxia is an acknowledged common pathway to 
 end- stage renal disease in clinically common conditions associated with  development 
of chronic kidney disease, such as diabetes and hypertension. In diabetic kidneys, 
increased oxygen metabolism mediated by mitochondrial uncoupling results in 
decreased kidney oxygen tension (PO 2 ) and contributes to the development of dia-
betic nephropathy. The present study investigated whether increased intrarenal oxy-
gen metabolism per se can cause intrarenal tissue hypoxia and kidney damage, 
independently of confounding factors such as hyperglycemia and oxidative stress. 
Male Sprague–Dawley rats were untreated or treated with either triiodothyronine 
(T 3 , 10 g/kg bw/day, subcutaneously for 10 days) or the mitochondria uncoupler 
dinitrophenol (DNP, 30 mg/kg bw/day, oral gavage for 14 days), after which in vivo 
kidney function was evaluated in terms of glomerular fi ltration rate (GFR, inulin 
clearance), renal blood fl ow (RBF, Transonic, PAH clearance), cortical PO 2  (Clark- 
type electrodes), kidney oxygen consumption (QO 2 ), and proteinuria. Administration 
of both T 3  and DNP increased kidney QO 2  and decreased PO 2  which resulted in 
proteinuria. However, GFR and RBF were unaltered by either treatment. The pres-
ent study demonstrates that increased kidney metabolism per se can cause intrarenal 
tissue hypoxia which results in proteinuria. Increased kidney QO 2  and concomi-
tantly reduced PO 2  may therefore be a mechanism for the development of chronic 
kidney disease and progression to end-stage renal disease.  

    Chapter 2   
 Increased Kidney Metabolism as a Pathway 
to Kidney Tissue Hypoxia and Damage: 
Effects of Triiodothyronine and Dinitrophenol 
in Normoglycemic Rats 

             Malou     Friederich  -  Persson,          Patrik     Persson    ,     Angelica     Fasching,         Peter     Hansell,     
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2.1         Introduction 

 Increased kidney oxygen consumption (QO 2 ) may result in decreased kidney tissue 
oxygen tension (PO 2 ), ultimately resulting in kidney damage. Importantly, intrare-
nal kidney tissue hypoxia is a proposed pathway to chronic kidney disease and end- 
stage renal disease in conditions such as diabetes and hypertension [ 1 ,  2 ]. To 
increase kidney QO 2 , healthy rats were treated with either dinitrophenol (DNP) or 
triiodothyronine (T 3 ). DNP is a chemical uncoupler of mitochondria [ 3 ]. By decreas-
ing the mitochondria membrane potential, the process of mitochondria uncoupling 
reduces formation of oxidative stress but increases mitochondria QO 2  [ 4 ]. Through 
the nuclear receptor superfamily, T 3  controls gene transcription and results in 
increased QO 2 , mainly via mitochondrial pathways [ 5 ]. By utilizing DNP and T 3 , 
we create two independent models of increased kidney QO 2  to investigate whether 
increased QO 2  per se can cause intrarenal tissue hypoxia and kidney damage.  

2.2     Materials and Methods 

 All animal procedures were carried out according to the National Institutes of Health 
guidelines and approved by the local animal ethics committee. Normoglycemic 
male Sprague–Dawley rats (Charles River, Sulzfeld, Germany) received either no 
treatment, DNP administration (30 mg/kg bw dissolved in 1.5 % methyl cellulose) 
by oral gavage for14 days or T 3  (10 μg/kg bw/day) administered for 10 days by 
surgically implanted osmotic minipumps (Alzet Company, Cupertino, CA, USA). 
The animals receiving T 3  were simultaneously treated with candesartan (1 mg/kg 
bw in drinking water) in order to minimize the infl uence of thyroid hormone- 
induced renin release. 

 Animals were sedated with sodium thiobutabarbital (Inactin, 120 mg/kg bw i.p.) 
and placed on a servo-rectally controlled heating pad to maintain body temperature at 
37 °C. Tracheotomy was performed to facilitate breathing, and polyethylene catheters 
were placed in the carotid artery and femoral vein to allow monitoring of mean arte-
rial pressure (MAP, Statham P23dB, Statham Laboratories, Los Angeles, CA, USA), 
blood sampling, and infusion of saline (5 ml/kg bw/h). The left kidney was exposed 
by a subcostal fl ank incision and immobilized in a plastic cup. The left ureter and 
bladder were catheterized to allow for timed urine sampling and urinary drainage, 
respectively. After surgery, the animal was allowed to recover for 30 min followed 
by a 40-min experimental period at the end of which a blood sample was carefully 
collected from the renal vein in order to calculate arteriovenous differences. 

 Kidney cortex PO 2  was measured using Clark-type oxygen electrodes (Unisense, 
Aarhus, Denmark). Glomerular fi ltration rate (GFR) was measured by clearance of 
 3 H-inulin (185 kBq bolus followed by 185 kBq/kg bw/h; American Radiolabeled 
Chemicals, St Louis, MO, USA). Renal blood fl ow (RBF) was measured by 
Transonic fl ow probe (Transonic Systems Inc., Ithaca, NY, USA) or clearance by 

M. Friederich-Persson et al.



11

 14 C-para-aminohippuric acid (PAH, 185 kBq bolus followed by 185 kBq/kg bw/h; 
American Radiolabeled Chemicals). GFR was calculated as inulin clear-
ance = ([inulin] urine *urine fl ow)/[inulin] plasma  and RBF with PAH clearance corrected 
for PAH extraction and the hematocrit. Total kidney QO 2  (μmol/min) was estimated 
from the arteriovenous difference in O 2  content (O 2 ct = ([hemoglobin]*oxygen satu-
ration*1.34 + PO 2 *0.003)) *total RBF. Tubular Na +  transport (T Na+ , μmol/min) was 
calculated as follows: T Na+  = [P Na+ ]*GFR, where [P Na+ ] is plasma Na +  concentration. 
T Na+  per Q O2  was calculated as T Na+ /Q O2 . 

 Statistical comparisons were performed using one-way analysis of variance with 
Dunnett’s post hoc test.  p  < 0.05 was considered signifi cant and all values are pre-
sented as mean ± SEM.  

2.3     Results 

 A decreased body weight and increased kidney weight was observed in T 3 -treated 
animals compared to controls. GFR, MAP, RBF, Na +− excretion, and urinary fl ow 
rates were unaffected in both treated groups (Table  2.1 ). DNP and T 3  administration 
resulted in increased kidney QO 2  (Fig.  2.1 ) and decreased intrarenal kidney PO 2  
(Fig.  2.2 ) compared to no treatment. Importantly, the reduced PO 2  resulted in 
increased proteinuria in both DNP and T 3 -treated animals (Fig.  2.3 ).

   Table 2.1    Systemic and kidney-specifi c parameters in control animals receiving either no 
treatment, dinitrophenol for 14 days, or triiodothyronine for 10 days   

 Body 
weight (g) 

 Kidney 
weight (g) 

 Mean 
arterial 
pressure 
(mmHg) 

 Urine 
fl ow 
(μl/min) 

 Renal blood 
fl ow (ml/min) 

 Glomerular 
fi ltration rate 
(ml/min) 

 Sodium 
excretion 
(μmol/
min) 

 No treatment  399 ± 10  1.4 ± 0.1  107 ± 2  3.2 ± 0.8  11.1 ± 0.7  1.6 ± 0.2  0.1 ± 0.1 
 Dinitrophenol  399 ± 7  1.4 ± 0.0  108 ± 7  4.1 ± 0.8  11.4 ± 1.1  2.1 ± 0.3  0.2 ± 0.1 
 Triiodothyronine  350 ± 7 *   2.7 ± 0.1 *    97 ± 4  4.4 ± 0.6   8.1 ± 1.3  1.8 ± 0.3  0.2 ± 0.2 

   * Denotes  p  < 0.05 versus control animals  

  Fig. 2.1    Kidney oxygen 
consumption in control 
animals receiving either no 
treatment, dinitrophenol for 
14 days, or triiodothyronine 
for 10 days. * denotes 
 p  < 0.05 versus control       
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2.4           Discussion 

 In the present study, administration of DNP and T 3  to normoglycemic rats increased 
kidney QO 2 , decreased kidney PO 2 , and increased proteinuria, demonstrating that 
increased kidney QO 2  is a pathway to kidney damage. Interestingly, treatment with 
DNP in patients has resulted in proteinuria [ 6 ,  7 ] and patients with untreated Grave’s 
disease also develop proteinuria [ 8 ]. It may be argued that DNP is directly nephro-
toxic as it is a known environmental toxin. However, this argument cannot apply to 
T 3  as it is an endogenous hormone. The use of T 3  to establish intrarenal hypoxia 
verifi es that increased kidney QO 2  indeed ultimately results in kidney damage. As 
T 3  is known to affect the renal angiotensin system and cause hypertension [ 9 ], these 
animals were simultaneously treated with candesartan. It is also unlikely that the 
observed kidney damage is a result of ATP shortage rather than limited availability 
of oxygen as the Na +  excretion is unchanged in both DNP and T 3 -treated animals, 

  Fig. 2.2    Kidney oxygen tension in control animals receiving either no treatment, dinitrophenol for 
14 days, or triiodothyronine for 10 days. * denotes  p  < 0.05 versus control       

  Fig. 2.3    Protein excretion in control animals receiving either no treatment, dinitrophenol for 14 days, 
or triiodothyronine for 10 days. * denotes  p  < 0.05 versus control       
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a fi nding supported by others [ 10 ]. We propose that the mechanism to kidney damage 
is decreased kidney PO 2  resulting in intrarenal tissue hypoxia, leading to develop-
ment of proteinuria. 

 In 1998, it was originally proposed by Fine et al., that the limitation of intrarenal 
oxygen availability is the key mechanism initiating kidney damage [ 11 ]. Since then, 
this theory has received considerable support, and intrarenal hypoxia is now an 
acknowledged pathway to chronic kidney disease and end-stage renal disease [ 1 ,  2 , 
 12 – 14 ]. The oxygen level in the kidney is important because an increased RBF will 
increase the workload and, therefore, the kidney QO 2.  This makes increased RBF a 
very ineffi cient way to increase renal PO 2 , and the kidney is therefore vulnerable to 
alterations in either QO 2  or oxygen availability. This is further supported by studies 
reporting that Navajo Indians living at high altitude have increased incidence of 
end-stage renal disease compared to their corresponding control group at sea level 
[ 15 ]. Also, type 2 diabetic patients at high altitude have increased incidence of dia-
betic nephropathy despite similar blood pressure and metabolic parameters [ 16 ]. 

 In the present study, the utilization of two independent models to create intrare-
nal tissue hypoxia both resulted in kidney damage evident as increased urinary 
 protein leakage. This clearly demonstrated the importance of intrarenal PO 2  in 
maintaining normal kidney function.     
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    Abstract     To better understand cellular interactions of the cerebral angiogenesis 
induced by hypoxia, a spatiotemporal dynamics of cortical microvascular restructur-
ing during an exposure to continuous hypoxia was characterized with  in vivo  two-
photon microscopy in mouse cortex. The mice were prepared with a closed cranial 
window over the sensory-motor cortex and housed in 8–9 % oxygen room for 2–4 
weeks. Before beginning the hypoxic exposure, two-photon imaging of cortical 
microvasculature was performed, and the follow-up imaging was conducted weekly 
in the identical locations. We observed that 1–2 weeks after the onset of hypoxic 
exposure, a sprouting of new vessels appeared from the existing capillaries. An aver-
age emergence rate of the new vessel was 15 vessels per unit volume (mm 3 ). The 
highest emergence rate was found in the cortical depths of 100–200 μm, indicating 
no spatial uniformity among the cortical layers. Further, a leakage of fl uorescent dye 
(sulforhodamine 101) injected into the bloodstream was not detected, suggesting 
that the blood–brain barrier (BBB) was maintained. Future studies are needed to 
elucidate the roles of perivascular cells (e.g., pericyte, microglia, and astroglia) in a 
process of this hypoxia-induced angiogenesis, such as sprouting, growth, and merger 
with the existing capillary networks, while maintaining the BBB.  
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3.1         Introduction 

 Vascular structure in the brain is unique and specifi c to the brain. The inside of the 
cerebral microvessel is tightly sealed with endothelial cells, whereas the outside is 
wrapped with astroglial processes [ 1 ,  2 ]. These morphological features form the 
basis of the blood–brain barrier (BBB) which plays a major role in regulating the 
entry of substances into brain tissue in response to tissue demand. 

 Recently, we established an imaging system for repeatedly measuring cerebral 
microvasculature in mouse cortex and investigated the morphological changes 
induced by chronically exposed mild (8–9 % oxygen) and moderate (10–11 % oxy-
gen) continuous hypoxia [ 3 ]. The cortical microvessels were imaged at identical 
locations repeatedly, and hypoxia-provoked changes of their length and diameter 
were characterized using two-photon microscopy. In this study, a drastic increase of 
the capillary diameter was found in the parenchymal cortex but less in the cortical 
surface [ 3 ]. A higher degree of the vascular restructuring was provoked under the 
8–9 % oxygen condition relative to the 10–11 % one. These fi ndings are in good 
agreement with previous reports that demonstrate the increase of microvascular 
density under chronic hypoxia [ 4 – 6 ]. 

 In the present study, to further understand the cellular mechanisms of cerebro-
vascular restructuring induced by hypoxia, we determined spatiotemporal changes 
of microvascular networks, specifi cally focusing on cerebral angiogenesis. Two- 
photon microscopic imaging of cortical microvasculature was conducted at the 
identical locations of anesthetized mouse cortex repeatedly from the beginning of 
exposure to hypoxia (8–9 % oxygen) over 2–4 weeks. A change of microvascular 
networks was identifi ed, and a number of angiogenesis provoked were quantifi ed.  

3.2     Materials and Methods 

3.2.1     Animal Preparation 

 Animal use and experimental protocols were approved by the Institutional Animal 
Care and Use Committee in National Institute of Radiological Sciences and 
University of Electro-Communications in Tokyo. Four male C57BL/6 J mice (8–9 
weeks; Japan SLC, Inc., Shizuoka) were used for the experiments. The animal was 
anesthetized with isofl urane (3–4 % for induction and 2 % for surgery), and crani-
otomy was performed. A diameter of 3.5-mm glass was attached to create a closed 
cranial window over the exposed cortex [ 7 ]. After recovery from surgery, the animal 
was caged in a normal room with a free access to water and food. For a chronic 
hypoxia experiment, the animal was housed in an 8–9 % oxygen room with nitrogen- 
balanced gas under normal pressure of the atmosphere (750–760 mmHg) and room 
temperature (25–26 °C). During this experiment, the animals were kept under 
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hypoxic conditions except for periods of weekly cleaning of the oxygen-restricted 
room (2–3 h) and imaging experiments (about 3 h). On each imaging date, the 
 animal was moved on a microscopic stage and exposed to atmosphere.  

3.2.2     Imaging Experiment 

 The animal was anesthetized with isofl urane (3–4 % for induction and 1.0–1.2 % for 
imaging sessions in room air), and the animal’s head was fi xed on a stage of the 
microscope with a homemade attachment device. To visualize cortical microvascu-
lature, sulforhodamine 101 (MP Biomedicals, Irvine, CA) dissolved in saline 
(10 mM) was injected intraperitoneally (8 μL/g body weight) to the animal, and the 
imaging with two-photon microscopy (TCS-SP5 MP, Leica Microsystems GmbH, 
Wetzlar, Germany) was performed on the cortex through a cranial window [ 8 ]. An 
excitation wavelength was 900 nm, while an emission signal was measured through 
a band-pass fi lter (610/75 nm). A single image was 1,024 by 1,024 pixels, and in- 
plane pixel size was 0.46 μm and acquired up to a depth of 0.3–0.8 mm from the 
cortical surface with a z-step size of 5 μm. Four to fi ve locations were selected, 
avoiding the area with relatively large pial vessels ( > 100 μm in diameter). On the 
day beginning the exposure to hypoxia (day 0), pre-hypoxia control image was 
obtained, and follow-up imaging at identical locations was performed weekly. 

 All images were analyzed offl ine with LAS AF software (Leica Microsystems 
GmbH, Wetzlar, Germany), and a number of newly developed vessels were counted. 
A diameter of the new vessel was manually measured at the maximum cross sec-
tion. To defi ne an emergence rate of newly developed vessels per unit volume, the 
ratio of a total number of new vessels divided by the scanned volume over each 
100-μm depth was measured.   

3.3     Results and Discussion 

 Two-photon imaging of cortical microvasculature was typically achieved over 
depths of up to 800 μm from the cortical surface in mouse cortex [ 8 ]. In the present 
experiment, we observed that a depth detectability of the microvasculature varied 
depending on a location and time of the scan. To normalize this variation, a total 
volume scanned in each experiment was calculated in each animal by multiplying 
the area scanned by the maximum depth where the capillary structure was visually 
recognizable in the image. Figure  3.1  represents the depth-dependent changes of the 
scanned area at days 7 (Fig.  3.1a ) and 14 (Fig.  3.1b ) after exposure to hypoxia. 
A whole scanned area averaged from four animals was 0.88 ± 0.10 mm 2  over depths 
of 0–150 μm at both days 7 and 14. In the deep cortical layers, however, a total of 
scanned areas (0.2–0.4 mm 2 ) decreased due to a lower signal-to-noise ratio.
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   One week after the exposure to hypoxia, parenchymal capillaries showed a 
remarkable increase of the diameter, and some locations had a new vessel forma-
tion. A new vessel that sprouted from existing capillaries was found on day 7 and 
also on day 14. Representative images that compared the same microvasculature at 
pre-hypoxia and day 14 after exposure to hypoxia are shown in Fig.  3.2 . Because the 
image was sequentially taken over depths of 0–800 μm with a step size of 5 μm, 
misalignment that causes a virtually new vessel appearing from a non- scanned slice 

  Fig. 3.1    A depth-dependent variation of total scanned areas with two-photon microscopy in four 
animals (#1–#4) measured at days 7 ( a ) and 14 ( b ) after exposure to hypoxia       

  Fig. 3.2    A representative image of a new vessel development. Images of cortical microvasculature 
showed maximum intensity projection over depths of 20–260 μm from the cortical surface, mea-
sured at the identical location but different dates: pre-hypoxia ( a ) versus 14 days after exposure to 
hypoxia ( b ). Two major penetrating arterioles ( A ,  left middle  and  right bottom  in the image) and 
one vein ( V ,  center top  in the image) were identifi ed, and dilation of capillaries was detected at day 14. 
Among them, a new vessel appeared around one of the arterioles ( arrows )       
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can be ruled out. A mean diameter of the new vessel was 17 ± 7 μm ( n  = 22 vessels). 
This diameter was larger than we expected. In addition, we observed no detectable 
leakage of injected sulforhodamine from the new vessels, indicating that the BBB is 
preserved. In future studies, a role of vascular and perivascular cells, such as endo-
thelium, pericyte, microglia, and astroglia, on maintaining the BBB in a process of 
hypoxia-induced angiogenesis should be determined.

   In addition, a new vessel frequently appeared in the superfi cial cortical layers. The 
highest number of the emergence rate was found at the cortical depths of 100–
200 μm, and the deeper cortex had a lower emergence rate, 8.5, 28.8, 14.6, 10.2, 3.6, 
and 0 vessels per unit volume (mm 3 ) over depths of    0–100, 100–200, 200–300, 300–
400, 400–500, and 500–600 µm, respectively (Fig.  3.3 ). These layer dependences of 
the new vessel development were not agreed with previously known layer specifi city 
of the hypoxia-vulnerable layers which were shown as cortical layers III and V/VI in 
the gerbil cortex [ 9 ]. The fi ndings indicate variable cell populations that are sensitive 
to hypoxia and that produce the factors promoting angiogenesis over cortical layers.

3.4        Conclusions 

 Hypoxia-induced cerebral angiogenesis appeared from existing capillaries at days 
7–14 after the onset of exposure to continuous hypoxia (8–9 % oxygen) in mouse 
cortex. The new vessel had an average diameter of 17 μm and the highest emergence 
rate was found in the cortical depths of 100–200 μm. Further studies are needed to 
elucidate the layer dependences of the hypoxia-induced angiogenesis and the cel-
lular mechanisms, such as a sprouting, growth, and merger of new vessels, while 
maintaining the BBB.     
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  Fig. 3.3    An emergence rate 
of new vessels per unit 
volume was calculated every 
100-μm depth over 600-μm 
depths from the cortical 
surface. The highest 
emergence rate was found at 
depths of 100–200 μm, and 
the deeper layers had fewer 
new vessels       
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Abstract Near-infrared spectroscopy (NIRS)-derived measurement of oxidized 
cytochrome c oxidase concentration ([oxCCO]) has been used as an assessment of 
the adequacy of cerebral oxygen delivery. We report a case in which a reduction in 
conscious level was associated with a reduction in [oxCCO]. Hypoxaemia was 
induced in a 31-year-old, healthy male subject as part of an ongoing clinical study. 
Midway through the hypoxaemic challenge, the subject experienced an unexpected 
vasovagal event with bradycardia, hypotension and reduced cerebral blood flow 
(middle cerebral artery blood flow velocity decrease from 70 to 30 cm s−1) that 
induced a brief reduction in conscious level. An associated decrease in [oxCCO] 
was observed at 35 mm (−1.6 μM) but only minimal change (−0.1 μM) at 20-mm 
source-detector separation. A change in optical scattering was observed, but path 
length remained unchanged. This unexpected physiological event provides an 
unusual example of a severe reduction in cerebral oxygen delivery and is the first 
report correlating change in clinical status with changes in [oxCCO].
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4.1  Introduction

Cytochrome c oxidase is the final electron acceptor in the mitochondrial electron 
transport chain, and its oxidation state, measured by NIRS as [oxCCO], has thus 
been proposed as a marker of the adequacy of cerebral oxygen delivery (DO2) [1]. 
However, prior studies of moderate hypoxia achieved only modest reductions in 
DO2, leaving the relationship between DO2 and ∆[oxCCO] unclear [2]. Furthermore, 
interpretation of [oxCCO] measurements is difficult as there are no adult human 
data regarding its total concentration or resting oxidation state.

We aimed to address some of these concerns with studies using a hybrid NIR 
spectrometer, the pHOS, to measure [oxCCO] and other optical parameters whilst 
modulating DO2 in a cohort of healthy volunteers [3]. We report the case of a vaso-
vagal event that occurred during one such study and explore the insights into cere-
bral physiology gleaned from this unexpected event.

4.2  Methods

A single case was selected from a larger group study. This study was approved by 
the Institutional Research Ethics Committee, and written informed consent was pro-
vided by the subject, a 31-year-old male who had been screened for pre-existing 
medical conditions, was selected as he suffered from vasovagal pre-syncope during 
a challenge that comprised induction of isocapnic hypoxia with a target arterial 
oxygen saturation (SpO2) of 80 % [3].

The pHOS, described in more detail elsewhere [4], combines frequency domain 
(FD) and broadband (BB) components. Changes in chromophore concentration were 
estimated by using the changes in light attenuation as measured by the BB spectrom-
eter, using the UCLn algorithm to resolve for three  chromophores – oxyhaemoglobin 
(HbO2), deoxyhaemoglobin (HHb) and oxCCO – between 780 and 900 nm. A fixed 
differential path length factor (DPF) of 6.26 [5] was used to enable comparison with 
previous studies. The FD component measured the absolute absorption and scatter-
ing coefficients (μa and μs, respectively) at discrete wavelengths 690, 750, 790 and 
850 nm, allowing the estimation of DPF at each of these wavelengths using the dif-
fusion approximation [6]. The pHOS optode was placed over the FP1 point on the 
right side of the forehead.

Other monitoring included beat-to-beat SpO2, continuous non-invasive arterial 
blood pressure, and transcranial Doppler (TCD) ultrasonography was used to mea-
sure middle cerebral artery flow velocity (Vmca), insonating through the right tem-
poral window, ipsilateral to pHOS monitoring. Estimated relative cerebral oxygen 
delivery (ecDO2) was calculated as the product of changes in SpO2 and Vmca (rela-
tive to their initial values) [2]. Synchronization between the pHOS and other 
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monitors was performed by means of a signal voltage output by the frequency 
domain spectrometer for the length of recording; all data were resampled to a sam-
ple period of 3.2 s across the length of recording. Twenty-second data windows 
were selected for the reporting of summary data. Changes in hemoglobin species 
concentration are expressed as total hemoglobin (∆[HbT] = ∆[HbO2] + ∆[HHb]) 
and hemoglobin difference (∆[HbDiff] = ∆[HbO2] − ∆[HHb]). All analysis was car-
ried out in Matlab® 2011b.

4.3  Results

Approximately 600 s after the commencement of recording, during the nadir of 
hypoxia, the subject suffered from sudden-onset bradycardia and hypotension  
(a typical vasovagal episode), resulting in a reduction in ecDO2 to 41.5 % of base-
line values (Table 4.1 and Fig. 4.1). During this time, the subject became briefly 
unresponsive. When this occurred, he was laid flat and the breathing circuit replaced 
with a Mapleson C circuit delivering high-flow oxygen.

Hemoglobin species showed a consistent pattern of change with a decrease in 
both [HbT] and [HbDiff] seen at all source-detector separations (Fig. 4.2). By con-
trast, [oxCCO] showed a source-detector separation-dependent decrease 
(∆[oxCCO] −1.6 μM at 3.5 cm c.f. −0.1 μM at 2.0-cm source-detector separation), 
with larger decreases seen at further source-detector separations (Fig. 4.3). 
Comparison of ∆[oxCCO] (observed at the 3.5-cm detector) with ∆ecDO2 sug-
gests a linear relationship (Fig. 4.4) between the two variables (r2 = 0.81, p < 0.001). 
There appeared to be a roughly 10 % decrease in the μs observed at all four discrete 
wavelengths, but this did not translate into an apparent change in DPF (Fig. 4.5).

Table 4.1 Mean values of systemic and cerebral physiological parameters observed during four 
observed phases

Baseline Hypoxia Hypoxia-ischemia Recovery

ABP (mmHg) 85.4 88.9 32.1 83.5
HR 78.0 117 41.3 101
Vmca (cm s−1) 70.4 73.9 34.1 57.8
SpO2 (%) 100 72.6 86.3 99.4
ecDO2 (%) 99.8 75.8 41.5 81.2
∆[oxCCO] (μM) 3.5 cm 0 −0.74 −1.56 −0.13

3.0 cm 0 −0.38 −0.62 0.008
2.5 cm 0 −0.30 −0.55 0.045
2.0 cm 0 −0.14 −0.16 0.23
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Fig. 4.1 Changes in systemic and physiological parameters. Data averaging periods A baseline, 
B hypoxia, C hypoxia-ischemia, D recovery

Fig. 4.2 Changes in hemoglobin concentrations at four source-detector separations
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Fig. 4.3 Changes in [oxCCO] at four source-detector separations

Fig. 4.4 Relationship between ecDO2 and ∆[oxCCO] at 3.5 cm source-detector separation

Fig. 4.5 Changes in μs and DPF
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4.4  Discussion

We report a reduction in cranial [oxCCO] measured with the pHOS during a  vasovagal 
pre-syncope in a healthy adult volunteer. This reduction was larger in further 
(3.5 cm) than closer (2.0 cm) source-detector separations. The pattern of [oxCCO] 
reduction has been related to neurological outcome following cardiopulmonary 
bypass [7], and asymptomatic reductions in [oxCCO] have been reported during 
moderate hypoxia [2], but this is the first change in [oxCCO] to be correlated to 
changes in conscious level and the largest change to be reported in humans.

Whilst hypoxia is a recognized cause of syncope, the occurrence of bradycardia 
and hypotension indicates a vasovagal etiology [8], in this case, provoked by – as 
the subject reported – the shock of seeing his reduced SpO2 reading. This vasovagal 
response resulted in a profound reduction in cerebral blood flow (observed by both 
NIRS and TCD), and this led to a significant reduction in DO2.

Prior experiments have achieved only modest reductions in DO2, leaving ques-
tions unanswered about the relationship between DO2 and ∆[oxCCO] [2]. In par-
ticular, it was unclear whether the relationship between DO2 and ∆[oxCCO] was 
linear or whether there was a DO2 threshold below which rapid CCO reduction 
occurs. However, our data (Fig. 4.4) suggest a linear relationship between ∆[oxCCO] 
and ∆ecDO2 (r2 = 0.81, p < 0.001). From this, the extrapolated value of ∆[oxCCO] 
of −2.6 μM with zero cerebral oxygen delivery is suggestive of a resting oxidized 
CCO concentration of around 2.6 μM. Although no reduction of this size has been 
reported in humans – understandably as a reduction in DO2 to nothing is impractical 
in humans – these values are consistent with animal anoxia models [9, 10].

Given the distance dependence of the [oxCCO] but not hemoglobin changes, we 
consider spectral crosstalk to be unlikely. Similarly, the modest μs changes that 
were observed appeared consistent in their spectral expression across 690–850 nm 
and thus are unlikely to account for the [oxCCO] changes seen. DPF showed no 
significant qualitative change during the hypoxic or ischaemic phases of the study, 
although the absolute values were larger than those that were previously reported 
[5]; using the measured values of DPF rather than the fixed value of 6.26 would thus 
change the magnitude, but not the qualitative profile of our observed chromophore 
changes.

Whilst we are aware of the limitations of extrapolating from a single case report, 
these data, especially when considered in conjunction with the results of the larger 
cohort of (uncomplicated!) hypoxia and hypercapnia studies [3], further underline 
confidence in the ability to use NIRS to measure [oxCCO] as a marker of cellular 
energy status.
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    Abstract     The partial pressure of oxygen in the brain parenchyma is tightly controlled, 
and normal brain function is delicately sensitive to continuous and controlled oxygen 
delivery. The objective of this study was to determine brain angiogenic adaptive 
changes during chronic normobaric  hyperoxia and hypercapnia  in mice. Four-
month-old C56BL/6 J mice were kept in a normobaric chamber at 50 % O 2  and 2.5 % 
CO 2  for up to 3 weeks. Normoxic littermates were kept adjacent to the chamber and 
maintained on the same schedule. Physiological variables were measured at time 
points throughout the 3 weeks or when the mice were sacrifi ced. Freshly collected or 
fi xed brain specimens were analyzed by Western blot analysis and immunohisto-
chemistry (IHC). We found signifi cant accumulation of hypoxia- inducible factors 1α 
and 2α (HIF-1α and HIF-2α) and increased expression of erythropoietin (EPO), 
cyclooxygenase-2 (COX-2), and angiopoietin-2 (Ang-2) in hyperoxia and hypercap-
nia. Conversely, vascular endothelial growth factor (VEGF), and VEGF receptor-2 
(KDR/Flk-1), peroxisome proliferator-activated receptor gamma coactivator 1-α 
(PGC-1α), and prolyl hydroxylase-2 (PHD-2) expressions were decreased in hyper-
oxia and hypercapnia. Capillary density was signifi cantly diminished by the end of 
the 3rd week of hyperoxia and hypercapnia as compared to control. We conclude that 
HIF-independent mechanisms contribute to brain capillary density modulation that is 
continuously adjusted in accordance with tissue oxygen tension.  
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5.1         Introduction 

 The main long-term mechanism by which the mammalian brain maintains its optimal 
continuous supply of oxygen and nutrients is by vascular remodeling [ 1 – 3 ]. Vascular 
remodeling (angiogenesis or regression) is a complex process that requires coordi-
nated interaction of multiple vascular regulating factors among which HIF, VEGF, 
COX-2, and Ang-2 are crucial [ 2 ,  4 ,  5 ]. We previously showed that chronic hypoxia 
led to angiogenesis [ 3 ,  5 ,  6 ] and chronic hyperoxia led to capillary regression [ 7 ], 
suggesting a modulatory role for oxygen in determining capillary density. In this 
study we analyzed whether the vasodilation and respiratory acidosis effect of inspired 
CO 2  in hypercapnia coupled with hyperoxia have effects on expression of the main 
angiogenic growth factors and their activities on brain vascular remodeling.  

5.2     Experimental Procedures 

5.2.1     Exposure to Chronic Hyperoxia with Hypercapnia 
and Measurement of Blood Gas Content 

 Male 4-month-old C57BL/6 mice used for this study were purchased from Jackson 
Laboratories (Bar Harbor, ME, USA). The experimental protocol was approved by 
the IACUC. Experimental mice were placed in a normobaric chamber (Oxycycler™; 
BioSpherix Ltd., Lacona, NY), and a computer-regulated gas fl ow of 50 % O 2  and 
2.5 % CO 2  (bal. N 2 ) was maintained for up to 3 weeks of exposure. Normoxic lit-
termate control mice were housed in the same room adjacent to the chamber to 
match ambient conditions. Arterial blood pH, O 2 , and CO 2  contents were measured 
by an ABL5 blood gas analyzer (Radiometer Medical, Copenhagen, Denmark) as 
described before [ 7 ].  

5.2.2     Preparation of Whole Cell Lysates and Western 
Blot Analysis 

 Western blotting was done from freshly collected brain samples as described pre-
viously [ 3 ]. Briefl y, samples of the cerebral cortex were homogenized in ice-cold 
RIPA lysis buffer. Homogenates were centrifuged, protein contents in the super-
natants were determined, and proteins were separated by using SDS gel electro-
phoresis and transferred to nitrocellulose membranes (Bio-Rad, Hercules, CA). 
The specifi c primary antibodies used were HIF-1α and HIF-2α (1:500; R&D 
Systems, Minneapolis, MN); VEGF-A, FLK-1, and EPO (1:750; Santa Cruz 
Biotechnology, Santa Cruz, CA); Ang-2 (1:200; Millipore Co., Billerica, MA); 
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COX-2 (1:150, Cayman, Ann Arbor, MI); PGC-1α (1:750; Novus, Littleton, CO); 
β-actin (1:2,000; Santa Cruz, CA); and β-tubulin (1:3,000, Cell Signaling Tech., 
Beverly, MA). The membranes were washed with TBS-T, followed by incubation 
with the appropriate horseradish peroxidase-conjugated secondary antibodies 
(Millipore Co., Billerica, MA). Densitometry of scanned protein bands was mea-
sured and normalized to that of β-actin (optical density ratio) using ImageJ.  

5.2.3     IHC and Determination of the Capillary Density 

 Tissue collection and IHC were done as described previously [ 3 ]. Briefl y, mice were 
perfused transcardially with phosphate-buffered saline (PBS) followed by 4 % para-
formaldehyde (PFA), for in vivo fi xation of the tissues. The brain samples collected 
were embedded in paraffi n, sectioned with a microtome, dried, and dehydrated. 
After antigen retrieval, quenching, and blocking, the sections were incubated with 
goat polyclonal primary antibody against GLUT-1 (1:200; Santa Cruz, CA), washed, 
and covered with biotinylated horse anti-goat secondary antibody (Vector Labs, 
Burlingame, CA). After cover slipping, a photo montage of the parietal cortex was 
created using an Aquos Q-image high-defi nition digital camera connected to a 
Nikon E600 Eclipse microscope with a 20X objective. Adobe Photoshop CS5 and 
ImageJ were used to count positively stained microvessels less than 20 μm in diam-
eter to determine the capillary density (number per mm 2  of brain tissue) in the cor-
tex. Statistical analysis was done as described previously [ 3 ].   

5.3     Results 

5.3.1     HIF-1α and HIF-2α Protein Accumulation 
and VEGF and Flk-1 Expression in the Brain 

 Since HIF-1α and HIF-2α are early responder transcription factors for induction of 
many genes involved in oxidative stress, adaptive responses, and angiogenic remod-
eling [ 8 – 10 ], we have examined the response of these transcription factors during 
hyperoxia and hypercapnia. Immunoblot assay demonstrated robust and signifi cant 
( P  < 0.05) accumulation of both HIF-1α and HIF-2α (fi ve- to sixfold) during the 
time of exposure compared to normoxic control (Fig.  5.1a ). VEGF and its receptor 
(Flk-1) are critical factors during vascular remodeling [ 11 ,  12 ]. Western blot analy-
sis showed diminished VEGF and Flk-1 protein expression throughout the periods 
of exposure. These decreases in VEGF and Flk-1 levels in chronic hyperoxia and 
hypercapnia were statistically signifi cant ( P  < 0.05) relative to their baseline expres-
sion during normoxia (Fig.  5.1b ).
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5.3.2        PGC-1α, EPO, COX-2, and Ang-2 Protein Expression 

 PGC-1α protein level was signifi cantly decreased ( P  < 0.05) in chronic hyperoxia 
and hypercapnia, compared to its relative expression in normoxia. PGC-1α, which 
is known to be an HIF-independent inducer of VEGF [ 13 ,  14 ], showed a similar 
trend of expression as compared with VEGF (Fig.  5.1b ). Conversely, EPO protein 
level was signifi cantly increased ( P  < 0.05) in all time points of chronic hyperoxia 
and hypercapnia (Fig.  5.2a ). It was demonstrated that EPO expression in the brain 

  Fig. 5.1    HIF-1α and HIF-2α accumulation and VEGF and FLK-1 expression in cerebral cortex of 
mice in chronic hyperoxia and hypercapnia. ( a ) and ( b ): Western blot optical density ( OD ) ratio 
normalized to β-actin or β-tubulin in normoxia (0) and 1, 4, 7, 14, and 21 days of hyperoxia and 
hypercapnia * p  < 0.05 compared with normoxic control. Each value represents the mean ± SD from 
fi ve mice per time point       

  Fig. 5.2    Expression of PGC-1α, EPO, COX-2, and Ang-2 in mouse cerebral cortex during chronic 
hyperoxia and hypercapnia. ( a)  and ( b ) Western blot optical density ratio normalized to β-actin. 
* P  < 0.05 compared with normoxic values of each category. Values are mean ± SD.  n  = 5 mice for 
EPO and PGC-1α and 4 mice for COX-2 and Ang-2 per time point       
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was mainly regulated by HIF-2α [ 15 ]. This may explain the similar trend in expres-
sion of HIF-2α (Fig.  5.1a ) and EPO (Fig.  5.2a ). HIF-independent induction of 
Ang-2 by COX-2 was well established [ 2 ,  5 ]. Western blot analysis showed a simi-
lar and strong expression of COX-2 and Ang-2 in hyperoxia and hypercapnia 
(Fig.  5.2b ). Both COX-2 and Ang-2 protein expressions were signifi cantly increased 
( P  < 0.05) throughout the duration of exposure.

5.3.3        Capillary Density in the Cerebral Cortex and Arterial 
Blood Gas Content 

 Cerebral capillaries were identifi ed by GLUT-1 immunostaining, and their density 
was quantifi ed by counting the number of positively stained capillaries per mm 2  
(N/mm 2 ). Mice exposed to chronic hyperoxia and hypercapnia showed a moderate 
decrease in capillary density after the 1st and 2nd weeks, which became statistically 
signifi cant ( P  < 0.05) by the end of the 3rd week of exposure (Fig.  5.3a, b ) as com-
pared to normoxic baseline. The capillary density decreased from 434 ± 9/mm 2  in 
normoxia to 425 ± 11/mm 2  in the 1st week, 408 ± 10/mm 2  in the 2nd week, and 
396 ± 9/mm 2  (about 9 % decrease) in the 3rd week of chronic hyperoxia and hyper-
capnia. We also recorded that the mice placed in hyperoxia and hypercapnia 
showed signifi cant increase ( P  < 0.05) in arterial blood O 2  and CO 2  contents 
(Table  5.1 ) and signifi cant decrease ( P  < 0.05) in arterial pH (respiratory acidosis) 
during exposure compared to normoxic littermates.

  Fig. 5.3    Capillary density in mouse cerebral cortex in normoxic control and hyperoxia and hyper-
capnia. ( a ) GLUT-1-stained sections spanning part of the parietal cortex. ( b ) Capillary density 
(number per mm 2 ). Values are mean ± SE of mean,  n  = 4 mice per time point       
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5.4          Discussion 

 Vascular remodeling in the brain allows restoration of normal oxygen tension in 
the cerebral parenchyma during acclimatization to adverse environments [ 4 ,  11 ,  16 ]. 
It requires coordinated production and signaling interaction of multiple growth fac-
tors involved in angioplasticity [ 2 ]. During capillary regression, the balance between 
VEGF and Ang-2 signaling seems to play an important role [ 5 ]. In this study, we 
have observed progressive vascular regression in chronic hyperoxia and hypercapnia, 
which was consistent with decreased VEGF and increased Ang-2 protein expression. 
Different from our recent report on the effects of 50 % O 2  hyperoxia only [ 7 ], we 
report here a robust increase in HIF-1α and HIF-2α and arterial blood CO 2  content, 
alongside a signifi cant decrease in arterial blood pH in hyperoxia with hypercapnia. 

 Elevated accumulation of HIF-1α and HIF-2α (fi ve- to sixfold compared to 
 normoxia) during hyperoxia and hypercapnia may be due to the combination of 
diminished PHD expression in hyperoxia [ 7 ] and diminished VHL activity in the 
hypercapnic acidic internal milieu [ 17 ]. However, accumulation of HIF-1α and 
HIF-2α failed to induce VEGF or its receptor (FLK-1). The reduction in VEGF 
expression trended similarly to PGC-1α expression, indicating HIF-independent 
transcriptional regulation of PGC-1α on VEGF expression [ 13 ,  14 ]. In relation to 
HIF-1α and HIF-2α accumulation, upregulation of EPO was observed. EPO has an 
HRE-binding domain and its induction is dependent on activation by HIF [ 8 ,  10 ]. 
EPO is known to be an endogenous mediator of neuroprotection in the CNS [ 9 ,  15 ]. 
It may be that the stabilization of HIF-1α and HIF-2α during hyperoxia and hyper-
capnia is essential for the neuroprotective response. 

 We observed a robust increase in the expression of both COX-2 and Ang-2 during 
hyperoxia and hypercapnia. Ang-2 is proangiogenic in the presence of VEGF and acts 
as an anti-angiogenic factor during vascular regression in the reduction or absence of 
VEGF [ 2 ,  5 ]. Hence, increased Ang-2 levels coupled with decreased VEGF may have 
compromised the integrity of some of the neurovascular unit, leading to microvascular 
regression and reduced capillary density during hyperoxia and hypercapnia. In con-
clusion, although more robust HIF-1α and HIF-2α expression in the brain, respiratory 
acidosis, and increased plasma CO 2  content was recorded during hyperoxia with 
hypercapnia, chronic hyperoxia with hypercapnia caused similar progressive capillary 
regression effect as hyperoxia alone [ 7 ] on the mouse cerebral cortex.     

  Acknowledgment     This study was supported by NIH R01 NS38632.  

   Table 5.1    Arterial blood gas parameters during normobaric hyperoxia (50 % O 2 ) and hypercapnia 
(2.5 % CO 2 ). Values are mean ± SD; * P  < 0.05 compared to normoxic value of each category;  n  = 8 
for normoxia and 6 for all hyperoxia and hypercapnia cases   

 Hyperoxia and Hypercapnia (days) 

 Variable  Normoxia  1  4  7  14  21 

  pH   7.35 ± 0.05  7.17 ± 0.08*  7.18 ± 0.08*  7.19 ± 0.09*  7.17 ± 0.06*  7.23 ± 0.04* 
  PO   2    (mmHg)   101 ± 13  327 ± 30*  322 ± 25*  335 ± 17*  327 ± 19*  314 ± 26* 
  PCO   2    (mmHg)   36 ± 3  53 ± 6*  46 ± 6*  47 ± 3*  47 ± 3*  48 ± 4* 
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    Abstract     Autoregulation of blood fl ow to most individual organs is well known. 
The balance of oxygen supply relative to the rate of oxygen consumption ensures 
normal function. There is less reserve as regards oxygen supply than for any other 
necessary metabolite or waste product so oxygen supply is fl ow dependent. Reduced 
rate of supply compromises tissue oxygenation long before any other substance. The 
present report reiterates evidence from earlier studies demonstrating that the rate of 
oxygen delivery (DO 2 ), for most individual tissues, is well sustained at a value bear-
ing a ratio to oxygen consumption (VO 2 ) which is specifi c for the organ concerned. 
For the brain DO 2  is sustained at approximately three times the rate of oxygen con-
sumption and for exercising skeletal muscle (below the anaerobic threshold), a ratio 
close to 1.5. The tissue-specifi c ratios are sustained in the face of alterations in local 
VO 2  and lowered arterial oxygen content (CaO 2 ). Tolerance varies between different 
organs. Hence, the role of the circulation is predominantly one of ensuring an 
 adequate supply of oxygen. The precise values of the individual tissue DO 2 :VO 2  
ratios apply within physiological ranges which require further investigation.  

6.1         Introduction 

 Blood fl ow regulation has been known for many years to be autoregulated for most, 
if not all, organ systems [ 1 ,  2 ]. Cardiac output is a result of the summation of blood 
fl ows through all individual tissues [ 2 ]. The purpose of this chapter is to illustrate 
the evidence that autoregulation sustains an individually appropriate rate of oxygen 
supply (oxygen delivery, DO 2 ) for most tissues.  
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6.2     Evidence for Constancy of the DO 2 :VO 2  Ratio 

 Oxygen delivery (DO 2 ) for the majority of tissues bears a constant and tissue- 
 specifi c ratio to the rate at which that tissue utilises oxygen (VO 2 , its metabolic 
rate). The inverse, oxygen extraction (E = VO 2 /DO 2 ) is, likewise, constant over a 
range of altered local metabolic rate. There is a range, varying between tissues, 
where constancy (of DO 2 /VO 2 ) is sustained in the face of lowered arterial oxygen 
content (CaO 2 ) from either anaemia or hypoxia [ 3 ]. Constancy of the DO 2 :VO 2  
ratio, and hence E, is directly controlled by the tissue requirement for oxygen. 
Cardiac output is the total tissue blood fl ow largely determined by autoregulation of 
appropriate DO 2 . “The heart puts out what it receives” [ 4 ]. A notable exception to 
DO 2  autoregulation is the renal fl ow autoregulation independent of SaO 2  [ 5 ].  

6.3     Examples of Major Organ Constancy 
of the DO 2 :VO 2  Ratio 

6.3.1     Whole Body and Exercising Skeletal Muscle 

 For moderate exercise, cardiac output increases above the resting value in proportion to 
the increase in oxygen consumption. There is a proportional increase in oxygen delivery 
to the active muscle, with a constant DO 2 -to-VO 2  ratio close to 1.5. This has been shown 
by analysis of the results from two exercise papers [ 6 ,  7 ]. Exercise of a small muscle 
group (quadriceps) gave a higher blood fl ow in both anaemia and hypoxia to sustain 
normal DO 2  for the moderate exercise involved (30 W to half maximal). The DO 2 -
to-VO 2  ratio was sustained with reduction in CaO 2  down to 60 % of normal [ 8 ].  

6.3.2     Cerebral Autoregulation of Blood Flow and DO 2  

 Cerebral DO 2  is sustained at around three times VO 2  under hypoxic as well as under 
normal conditions at least down to 90 % saturation. This has been validated by the 
analysis of sea level and high altitude (3,810 m, 12,500 ft) values of Severinghaus 
et al. [ 9 ] by Wolff [ 10 ,  11 ]. Earlier studies show average global values of the 
DO 2 -to- VO 2    ratio of 2.9 (SEM 1.1), and from PET scanning studies of individual 
cerebral tissue areas [ 12 ], the average value was 2.7 (0.1). Blood fl ows in local areas 
of the brain change in proportion to VO 2  thereby sustaining the DO 2 -to-VO 2  ratio [ 13 ].  

6.3.3     Coronary Arterial Oxygen Delivery to the Heart 

 For the heart Martinez et al. [ 14 ] reported blood fl ows, oxygen content and oxygen 
consumption to the right ventricle during air breathing and with three successively 
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lower oxygen levels in the inspirate. The work of the heart showed increased VO 2  from 
extra systemic circulation during hypoxia. Blood fl ow and oxygen delivery therefore 
increased. The DO 2 -to-VO 2  ratio was sustained at 1.6 for all but the most severe 
hypoxia (below 60 % of normal CaO 2 ). The constancy of DO 2 /VO 2  therefore applied 
here during a combination of metabolic rate change and progressive hypoxia [ 3 ].  

6.3.4     General Summary 

 Specifi c oxygen delivery to consumption ratios in major organ systems are sus-
tained very precisely in the face of changing metabolic rates even when oxygen 
content is lowered. Figure  6.1  illustrates the normal proportions of arterial and 
venous oxygen content for major organ systems. If we examine the DO 2 -to-VO 2  
ratio in detail, we can visualise the normal DO 2 -to-VO 2  relationships from arterial 
and venous content values.   

   DO VO CO CaO CO CaO CvO2 2 2 2 2/ / [ ( )]= × −×    

where CO is the cardiac output; CaO 2 , arterial; and CvO 2 , mixed venous oxygen 
content. 

 Since CO cancels out, we simply see that the DO 2 -to-VO 2  ratio is the same as the 
CaO 2 -to-(CaO 2 –CvO 2 ) ratio. 

 The values for the splanchnic organs may differ from the 1/5 to 1/6 illustrated. 
 High oxygen extraction values for both skeletal muscle and heart are sustained at 

CaO 2  levels around as low as 60 % of normal. In contrast, oxygen delivery to the 
brain breaks down when arterial oxygen saturation (SaO 2 ) falls below around 90 % 
of normal [ 15 ]. The well-known property of most organs, to autoregulate blood fl ow 

  Fig. 6.1    Schematic illustrating the differing DO 2 /VO 2  values for individual tissues during normal 
arterial oxygenation (L columns, proportion of full arterial saturation and content; R columns, 
venous).  Light sections  oxygenated,  dark sections  deoxygenated, true state fully mixed. Renal 
status involves autoregulation of plasma fl ow [ 5 ] (After Wolff [ 3 ])       
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[ 1 ,  2 ,  16 ], requires an augmented description since, for most organs, it involves 
autoregulation of DO 2  rather than simply blood fl ow. 

    The gastrointestinal tract blood fl ow normally increases after food intake, track-
ing the sites of increased activity (secretion, absorption and smooth muscle contrac-
tion), thereby sustaining the normal DO 2 :VO 2  ratio [ 17 ]. Normal function, as regards 
gastrointestinal blood fl ow regulation, is known to be highly vulnerable to various 
stresses [ 1 ]. For example, ileal mucosal blood fl ow in dogs subject to controlled 
haemorrhage falls off after trivial losses with no detectable systemic effects [ 18 ]. In 
clinical medicine, gastric tonometry reveals early impairment of mucosal blood 
fl ow in high-risk surgical patients where there is inadequate blood volume and is an 
important guide to the need to restore blood volume to normal [ 19 ,  20 ]. So long as 
autoregulation is within limits, resting global DO 2  remains constant. 

 Renal oxygen extraction is an exception to constancy of the DO 2 :VO 2  ratio since 
low arterial oxygen content (CaO 2 ) does not alter renal blood fl ow. Oxygen extrac-
tion is increased when CaO 2  is low stimulating erythropoietin secretion [ 5 ].   

6.4     Examples of Whole Body Constancy 
of the DO 2 :VO 2  Ratio 

6.4.1     Exposure to 12 % Oxygen Inspirate 

 Eight resting subjects were exposed to 12 % oxygen. The arterial oxygen saturation 
(SaO 2 ) fall varied between subjects. DO 2  (from CO, haemoglobin and SaO 2 ) was the 
same under hypoxic conditions as on air for all subjects [ 21 ].  

6.4.2     Longer-Term (Altitude) Hypoxia 

 A high-altitude study involving eight young subjects started with an initial 5 days at 
3,324 m (10,900 ft). They then made two ascents to around 5,000 m (16,400 ft) over 
a 28-day period. Heart rate and SaO 2  were recorded twice daily. Individual mean SaO 2  
values varied between 81.9 % and 93.2 %. All but one subject (with the highest SaO 2 ) 
showed a highly signifi cant negative correlation between heart rate and SaO 2  compat-
ible with cardiac output compensation for low oxygen content [ 22 ].  

6.4.3     Periodic Breathing with Oscillating Cardiac Output 

 In 1994 constant end-tidal PCO 2  (PetCO 2 ) was noted coupled with vigorous peri-
odic breathing during mild exercise at 5,000 m (16,400 ft). Recent experimental 
observation showed periodic breathing with constant PetCO 2 , in three subjects at 
similar altitude, despite the large swings in ventilation. Hence, the rate of arrival of 
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CO 2  at the lungs varied yet was cleared by the ventilation. The variation in the rate 
of arrival of CO 2  was a result of oscillatory cardiac output, confi rmed in two of the 
subjects. The compensatory changes in blood fl ow appeared close to maintaining 
constant DO 2  [ 23 ].   

6.5     Conclusions 

 The precision of the DO 2 :VO 2  ratio (1/E) is important in that it has wide application. 
Important determinants of blood fl ow in cerebral, gastrointestinal, coronary and 
skeletal muscle tissues become constrained to asking how the matching of DO 2  to 
VO 2  was brought about. Evolution of multicellular organisms will have required a 
circulation particularly regulated for an adequate oxygen supply. 

 It is proposed that full awareness of DO 2 /VO 2  constancy provides a good starting 
point for many studies involving the circulation.     
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    Abstract     In neonatal intensive care units, there is a need for continuous monitoring 
of sick newborns with perinatal hypoxic ischemic brain injury (HIE). We assessed 
the utility of heart rate variability (HRV) in newborns with acute HIE undergoing 
simultaneous continuous EEG (cEEG) and ECG monitoring. HIE was classifi ed 
using clinical criteria as well as visual grading of cEEG. Newborns were divided 
into two groups depending on the severity of the hypoxic injury and outcome. 
Various HRV parameters were compared between these groups, and signifi cantly 
decreased HRV was found in neonates with severe HIE. As HRV is affected by 
many factors, it is diffi cult to attribute this difference solely to HIE. However, this 
study suggests that further investigation of HRV as a monitoring tool for acute 
 neonatal hypoxic injury is warranted.  
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7.1         Introduction 

 Perinatal hypoxic ischemic encephalopathy (HIE) represents one of the major 
causes of morbidity and mortality in newborns. The sequelae in survivors include 
cerebral palsy, sensory and cognitive problems, and epilepsy. Acute hypoxic brain 
injury is dynamic and evolves over time. Both recovery and worsening of the 
encephalopathy can occur. Monitoring of the brain function within 24–72 h postpar-
tum is necessary to assess the evolution of the injury. This helps to guide treatment 
and predict neurodevelopmental outcome. 

 In clinical practice, several monitoring tools are used to assess the severity of 
hypoxic injury. A well-suited bedside tool for noninvasive assessment of brain func-
tion is the continuously recorded electroencephalogram (EEG). However, the exper-
tise required to register and interpret EEG is not available in most neonatal intensive 
care units (NICUs). As an alternative, many NICUs use aEEG (amplitude integrated 
electroencephalogram) as a device to monitor brain function, due to its ease of 
application and interpretation [ 1 ,  2 ]. 

 Apart from the evolution of the background EEG activity [ 1 ], it is also known 
that heart rate variability (HRV) may be affected in HIE. This can be due to direct 
effect of asphyxia on the heart or due to impaired central (cerebral and brain stem) 
regulation of heart rate, or both, and may help in prediction of outcome. 

 An earlier study investigated HRV in term asphyxiated newborns [ 3 ]. In that 
study HRV was examined 7 days postpartum. Therefore, although valuable for esti-
mation of the outcome, that study does not show HRV properties at an early stage 
of the injury (fi rst 3 days postpartum) when treatment interventions are expected to 
be maximally effective. 

 The aim of the present study is to examine the use of HRV obtained by continu-
ous electrocardiogram (ECG) monitoring done simultaneously with continuous 
EEG registrations (cEEG) in patients with HIE as a diagnostic tool. We compare 
heart rate parameters between two groups of neonates, group I with mild HIE and 
group II with moderate to severe HIE, using long-term ECG recordings. Although 
many factors infl uence HRV parameters, our goal is to examine whether the differ-
ences in HRV parameters are suffi ciently discriminative between these two groups 
of newborns. To test these differences, a linear discriminant analysis (LDA) classi-
fi er was used.  

7.2     Dataset 

 All data were recorded at Sophia Children’s Hospital, Erasmus MC (Rotterdam, the 
Netherlands). We studied 19 newborns with HIE and without recorded epileptic 
seizures. They were preselected from a larger set of 119 newborns who underwent 
continuous EEG video monitoring. Sampling frequency of the simultaneously 
recorded ECG signal was 256 Hz. 
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 Continuous 2-h artifact-free ECG recordings were selected. In total, we ana-
lyzed 36 ECG segments recorded within 18–48 h after birth. The number of ana-
lyzed segments ranged from 1 to 4 per patient. The severity of encephalopathy was 
assessed using both clinical grading (Sarnat scores) and grades of background EEG 
activity [ 1 ]. The scoring of the background EEG was performed by an experienced 
clinical neurophysiologist (PJC). Newborns were divided into two groups: group I 
( n  = 10) with mild HIE and good outcome and group II ( n  = 9) with moderate to 
severe HIE and poor outcome. Outcome was classifi ed into good outcome [normal 
or mild disability –    minimal abnormalities at neurological examination or mild 
cerebral palsy; the Gross Motor Functional Classifi cation System (GMFCS 1–2)] 
and poor  outcome [death or Mental Developmental Index (MDI) < 70 or severe 
cerebral palsy (GMFCS 3–5)]. 

 In these datasets we selected 2-h ECG recordings, as this was the longest artifact- 
free period we could fi nd. This duration of ECG recordings was suffi cient to accu-
rately calculate and estimate long-term HRV parameters [ 4 ]. In total, we had 22 
ECG segments from group I with a good outcome and 14 ECG segments from 
group II with a poor outcome.  

7.3     Methods 

 To calculate HRV parameters the fi rst step is to detect R peaks within the QRS com-
plex of the ECG signal. We improved the accuracy of the HRV parameters by 
upsampling the ECG signal to 1,000 Hz and used it for further analysis. The Pan- 
Tompkins algorithm was applied for R peak detection. This way, we obtained a 
tachogram signal, also known as the RR interval. All 2-h ECG segments were visu-
ally inspected to ensure that there were no missed R peaks or false-positive R peak 
detections. In this way, we obtained an NN interval (normal-to-normal beat [ 4 ]). 

 Three groups of HRV parameters were calculated: time, geometry, and frequency 
domain parameters. All these parameters are calculated as proposed in [ 4 ]. As the 
fi rst time domain parameter, mean NN interval is calculated. Variable SDNN is 
based on the standard deviation of NN time series and refl ects the total power of the 
HRV spectra. By increasing the duration of the ECG recordings, the SDNN param-
eter increases as well. Therefore, it is important to compare this parameter using the 
ECG recordings of the same duration. The SDANN parameter refl ects changes in 
NN time series using 5-min epochs. It represents the standard deviation of average 
NN intervals calculated over 5 min of recordings. Additionally, the SDNN index is 
calculated as a mean value of the 5-min standard deviations calculated over 2 h. 

 A commonly used time domain parameter is the RMSSD, the square root of the 
mean squared differences of successive NN intervals. pNN25 is the number of inter-
val differences of successive NN intervals ≥ 25 ms divided by the total number of 
NN intervals and multiplied by 100. Finally, we calculated SDSD, the standard 
deviation of differences between adjacent NN intervals. 
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 Additionally, we calculated standard geometric parameters as proposed in [ 4 ]. 
Triangular index, related to the histogram of the NN intervals and parameters SD1 
and SD2 of the Poincaré plots, was calculated. 

 To calculate frequency parameters, we interpolated NN intervals using a 4-Hz 
sampling frequency. Thus, we obtained an equidistantly sampled signal. We then 
calculated power spectral density using Welch’s periodogram. 

 Three frequency bands were defi ned (VLF, LF, and HF) of which the spectral 
power was expressed in absolute values (in ms 2 ) and in normalized units (n.u.) 
which represent the relative value of each power component in proportion to the 
total power minus the VLF component. The frequency bands were adapted to the 
newborn’s heart rate: 0.01–0.04 Hz, 0.04–0.2 Hz, and 0.2–2 Hz, as proposed in [ 5 ]. 

 The goal of this study is to examine whether HRV parameters from 2-h ECG are 
discriminative enough, i.e., to verify whether the outcome group can be predicted 
accurately using only parameters derived from the ECG signal. For this purpose, the 
leave-one-out method was applied in these experiments. We used ECG segments 
and corresponding HRV parameters from a single patient as an input to an LDA 
classifi er. The classifi er was trained using the HRV parameters obtained from the 
remaining patients. As the output, the classifi er is expected to estimate the appropri-
ate group of the patient, i.e., good or poor outcome. 

 Input features into the LDA classifi er represented a subset of all calculated HRV 
parameters. As we did not know a priori which features would be the most discrimi-
native, we combined features into different subsets to increase the discriminative 
power. The number of features was relatively low, and we were able to create sub-
sets of various sizes and use an exhaustive combinatorial search to determine an 
optimal set of parameters.  

7.4     Results 

 In total, 24 HRV parameters were calculated as proposed in [ 4 ], and they were used 
as input features into the LDA classifi er. The best set of parameters achieved an 
accuracy of 80 % in discriminating the two groups of newborns. The most descrip-
tive parameters were standard deviation of the heart rate signal (SDNN index), low- 
frequency power of the heart rate spectra (LF), and SD2 parameter of the Poincaré 
plot. Normalized values of these parameters are shown in Fig.  7.1 . More impor-
tantly, there was a reduced HRV in the patient group with more severe HIE.

7.5        Discussion 

 In patients with HIE it is important to estimate the degree of hypoxic injury at an 
early stage. The most informative tool is the cEEG, and in this study we wanted to 
examine the use of continuously recorded ECG signal and HRV as a potential 
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additional tool. Advantage of the ECG signal is its well-defi ned morphology and 
straightforward and easy calculation of HRV parameters. A diffi culty can arise in 
interpretation of the HRV parameters. 

 In this study, we tried to make our database as homogenous as possible by 
excluding patients who were treated with antiepileptic drugs. Many patients were 
excluded from the present study because the monitoring started more than 48 h 
postpartum or because the ECG recordings were corrupted by artifacts. Additionally, 
there is an inherent diffi culty in making a new, better controlled study. Start of the 
ECG and EEG recordings is infl uenced by many medical and logistic factors that 
are often diffi cult to control. 

 In addition to hypoxic injury, HRV is infl uenced by many factors such as auto-
nomic nervous system dysfunction, changes in blood pressure, temperature, respira-
tion, and administered medications. Hence, in the present study it is diffi cult to draw 
defi nite conclusions about HIE as the major determinant of the HRV fi ndings. 

 Despite these limitations, our results show that there is a signifi cant relationship 
between the severity of HIE as graded clinically and by cEEG and HRV. 

 In [ 3 ], reduced HRV was also reported in term asphyxiated newborns 7 days after 
birth; in that study the Sarnat score was used to classify the patient groups. In our 
study, we used both the Sarnat score and the evolution of the background EEG to 
better classify encephalopathy. This is important because hypoxic injury usually 
evolves and brain function can recover or deteriorate over time. Additionally, we 
used the brain injury patterns seen on MRI scans done in the fi rst week after birth 
and neurodevelopmental outcome in survivors at follow-up after 2 years. This made 
the classifi cation of patients into two outcome groups more reliable. 

  Fig. 7.1    Subset of HRV parameters that achieved the best discrimination between groups with 
good and poor outcome. All parameters are depicted using normalized values       
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 For future study, more insight into HRV in perinatal HIE can be obtained by 
comparing HRV parameters at specifi c time points, such as 12, 24, 48, and 72 h 
postpartum. In that way maturational effects of the central nervous system as 
encountered in studies done after 1–2 weeks postpartum can be avoided. Such 
investigations would be valuable to confi rm the possibility to use HRV as a tool to 
monitor the evolution of HIE recovery as well as to identify neonates requiring 
additional interventions or neuroprotection. In the case that correlations and dynam-
ics do exist between HRV parameters and parameters derived from the cEEG (e.g., 
duration of inter-burst intervals), they can contribute to improve the assessment and 
monitoring of perinatal hypoxic brain injury. 

 Inclusion of a larger number of neonates with varying degrees of HIE, as well as 
studying HRV evolution over a longer period of time, would help to clarify the 
application of these parameters in the refi nement of the assessment and prediction 
of outcome after perinatal hypoxic injury.     
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    Abstract     Phosphorescence quenching and visible lightguide spectrophotometry 
were used to measure brain cortex oxygen partial pressure and skin oxygen satura-
tion, respectively, during stepwise haemorrhage and re-transfusion in four 4–7-day- 
old anaesthetised piglets. In three cases, the effect of administration of adrenalin 
(epinephrine) was investigated. Brain cortex partial pressure was measured using a 
conventional phosphorescence pO 2  probe (bc loc pO 2 ) and using a self-contained 
phosphorescence microsensor (bc micro pO 2 ). Peripheral tissue oxygen saturation was 
measured on the skin of the abdomen (abS s O 2 ) and the distal right foreleg (fl S s O 2 ) 
using visible lightguide spectrophotometry. Haemorrhage of 65 ml reduced mean 
arterial blood pressure (MABP) from 75.5 ± 11.0 mmHg (mean ± standard devia-
tion) to 42 ± 2.6 mmHg. Mean bc loc pO 2  fell from 30.1 ± 3.1 to 13.1 ± 2.5 mmHg and 
mean bc micro pO 2  fell from 33.8 ± 11.4 to 13.3 ± 9.5 mmHg. abS s O 2  and fl S s O 2  values 
fell from 47.4 ± 8.1 % and 43.6 ± 10.9 %, respectively, to 21.9 ± 5.5 % and 
23.8 ± 14.0 %. Infusion of adrenalin produced a mean transient increase in MABP 
to 137 ± 2.6 mmHg, falling to 75.7 ± 16.3 mmHg within 3 min. bc loc pO 2  also 
increased to 24.1 ± 14.6 mmHg, but there were no signifi cant changes in bc micro pO, 
abS s O 2  or fl S s O 2 . Following reinfusion all parameters returned to values that were 
not statistically different from their pre-haemorrhage values. The dynamic record-
ings of all the oxygenation parameters indicated that they were sensitive indicators 
of the degree of haemorrhage during the experiments.  
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8.1         Introduction 

 Numerous methods have been proposed for monitoring patients in haemorrhagic 
shock and for guiding resuscitation strategies. It is recognised that the monitoring of 
blood pressure does not necessarily detect the early onset of haemorrhage and that 
the measurement of peripheral and/or organ circulatory parameters may be more 
sensitive. Some recent techniques that have been proposed include near-infrared 
spectroscopy [ 1 ], hyperspectral imaging [ 2 ], electron paramagnetic resonance 
(EPR) [ 3 ], tonometry [ 4 ,  5 ] and transcutaneous pO 2  and pCO 2  [ 6 ] for monitoring 
muscle or skin oxygenation. Tonometry has also been proposed for the monitoring 
of pH in the gastrointestinal tract [ 7 ]. 

 Clearly, maintaining the oxygen supply to the brain is a critical objective in any 
resuscitation strategy, and a number of studies have sought to monitor brain cortex 
oxygenation (pO 2  or SO 2 ) using optical or polarographic sensors [ 8 – 10 ]. 

 The great majority of the above techniques are most suited for use in the hospital 
setting, and many are not adaptable for robustness or portability. However, portable, 
uncomplicated methods for assessing the status of trauma patients “in the fi eld” 
enabling targeted treatment before they reach the emergency room could be of great 
value in improving survival rates in such circumstances. 

 In the pilot experiments described here, phosphorescence quenching [ 10 ,  11 ] and 
visible light spectroscopy (VLS) [ 12 ] probes were used to measure brain cortex 
oxygen partial pressure and skin tissue oxygen saturation simultaneously during 
stepwise haemorrhage and subsequent autologous transfusion. Since both of the 
techniques can be readily incorporated into robust, portable and easy-to-use instru-
ments, the aim of these experiments was to assess whether these combined mea-
surements could be used to detect early onset of shock, in advance of changes in 
blood pressure, during haemorrhage.  

8.2     Methods 

 Brain cortex pO 2  was measured using oxygen-dependent phosphorescence quench-
ing. For conventional measurements (bc loc pO 2 ) [ 10 ] Oxyphor G4 was used, which 
has a 250 μs lifetime at zero oxygen and a quenching constant of 220 mmHg −1  s −1 . 
Approximately 15 μl of 100 μM solution in physiological saline was injected through 
the dura onto the brain surface and allowed to diffuse into the interstitial space. 
A self-contained microsensor [ 11 ] was also inserted into the striatum of the brain using 
a 21 gauge needle (which was then withdrawn), and parallel measurements were made 
(bc micro pO 2 ). All bcpO 2  values were recorded continuously at 15-s intervals. 

 Skin SO 2  was measured using two lightguide spectrophotometers (Whitland 
Research RM200) [ 12 ,  13 ]. Two surface optodes were attached to the skin with 
double-sided tape, one to the abdomen (abS s O 2 ) and the other to the back of the trot-
ter of the right foreleg (fl S s O 2 ). abS s O 2  values and, in three experiments only, fl S s O 2  
values were recorded continuously at 2-s intervals. 
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 Four piglets, aged 4–7 days and weighing 2.5–3.6 kg (mean 3.0 kg), were  intubated 
and ventilated at an inspiratory oxygen fraction of 0.3. Isopropane and Fentanyl 
were used for anaesthesia. A 10-mm diameter burr hole was made in the skull to 
enable the insertion of a cortical pO 2  probe. Up to approximately 30 ml/kg blood 
was withdrawn (a haemorrhage equivalent to a loss of approximately 2 l in a human 
adult). In three piglets, on reaching maximum blood loss, adrenalin (0.1 mg/kg) was 
administered. The previously withdrawn blood was then reinfused, following which 
the piglets were euthanized. Arterial blood pressure was monitored continuously 
throughout the experiments and arterial blood gas and acid/base status measured at 
frequent intervals. 

 Results were tested for normal distribution using the Kolmogorov-Smirnov test 
and differences were subsequently compared using the Student  t -test for paired val-
ues. A value of  p  < 0.05 was considered to be statistically signifi cant.  

8.3     Results 

 Figure  8.1  shows the changes in MABP, bc loc pO 2 , bc micro pO 2 , abS s O 2  and fl S s O 2  in a 
typical experiment. The mean results at various stages of haemorrhage are shown in 
Table  8.1 . It can be seen that haemorrhage of 65 ml (achieved in all four piglets) 
produced a reduction in MABP from 75.5 ± 11.0 mmHg (mean ± standard deviation) 
to 42 ± 2.6 mmHg. The change in mean bc loc pO 2  was from 30.1 ± 3.1 to 
13.1 ± 2.5 mmHg and mean bc micro pO 2  fell from 33.8 ± 11.4 to 13.3 ± 9.5 mmHg. 

  Fig. 8.1    Changes in MABP, bc loc pO 2 , bc micro pO 2 , abS s O 2  and fl S s O 2  during haemorrhage, adrenalin 
infusion and reinfusion of drawn blood in one experiment       
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abS s O 2  and fl S s O 2  values fell from 47.4 ± 8.1 % and 43.6 ± 10.9 %, respectively, to 
21.9 ± 8.5 % and 23.8 ± 19.8 %. All changes, with the exception of mean bc micro pO 2 , 
were statistically signifi cant ( p  < 0.05). Figure  8.2  shows the changes in the MABP, 
bc loc pO 2 , bc micro pO 2 , abS s O 2  and fl S s O 2  in relation to blood loss per kg body weight.

   Table 8.1    Mean MABP, bcpO 2 , abS s O 2  and fl S s O 2  values during haemorrhage. Absence of an 
S.D. value indicates that only one experiment involved 90 and 100 ml haemorrhage   

 Haemorrhage 
(ml) 

 Mean MABP 
(mmHg) ± S.D. 

 Mean bc loc− pO 2  
(mmHg) ± S.D. 

 Mean 
bc micro− pO 2  
(mmHg) ± S.D. 

 Mean abS s O 2  
(%) ± S.D. 

 Mean fl S s O 2  
(%) ± S.D. 

  0   75.5 ± 1.0  30.1 ± 3.1  33.8 ± 11.4  47.4 ± 8.1  43.6 ± 10.9 
  20   68.0 ± 3.9  28.2 ± 4.6  30.8 ± 7.9  39.4 ± 10.7  37.7 ± 10.1 
  30   63.3 ± 15.7  24.7 ± 4.0  25.8 ± 4.3  30.9 ± 9.0  35.0 ± 12.5 
  40   60.7 ± 19.7  23.6 ± 6.4  26.1 ± 5.9  31.2 ± 10.6  32.5 ± 14.1 
  50   49.0 ± 3.5  17.1 ± 4.2  24.5 ± 7.3  23.3 ± 11.1  29.1 ± 18.0 
  55   45.0 ± 4.4  15.9 ± 2.2  18.9 ± 4.5  24.1 ± 10.1  26.2 ± 21.8 
  60   44.0 ± 2.6  17.4 ± 3.4  20.3 ± 15.5  19.3 ± 5.3  18.3 ± 11.9 
  65   42.0 ± 2.6  13.1 ± 2.5  13.3 ± 9.5  21.9 ± 8.5  23.3 ± 19.8 
  70   43.0 ± 0.0  16.0 ± 3.3  18.4 ± 18.1  15.4 ± 4.9  14.9 ± 11.2 
  80   38.5 ± 4.9  12.8 ± 6.6  22.9 ± 9.4  19.8 ± 3.5  25.5 ± 10.8 
  90   39.0 ± –  17.4 ± –  26.7 ± –  15.9 ± –  14.3 ± – 
  100   39.0 ± –  14.1 ± –  25.2 ± –  13.9 ± –    5.7 ± – 

  Fig. 8.2    Mean MABP, bc loc pO 2 , bc micro pO 2 , abS s O 2  and fl S s O 2  during haemorrhage in all experi-
ments. The  large data points  indicate statistically signifi cant differences ( p  < 0.05) from pre- 
haemorrhage values       
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     The results of adrenalin infusion are shown in Fig.  8.3 . It can be seen that there was 
a mean transient increase in MABP to 137 ± 2.6 mmHg ( p  < 0.005), falling to 
75.7 ± 16.3 mmHg ( p  < .05) within 3 min and bc loc pO 2  increased to 20.2 ± 6.0 mmHg 
( p  < 0.05). bc micro pO 2  also increased after 3 min together with a further increase in 
bc loc pO 2 ; however, there were initial decreases in both abS s O 2  and fl S s O 2  followed by 
a return of abS s O 2  to its pre-adrenalin value but a continued fall in fl S s O 2 . None of the 
latter changes were statistically signifi cant. The changes in MABP, bc loc pO 2 , bc mi-

cro pO 2 , ab s SO 2  and fl  s SO 2  during reinfusion are shown in Fig.  8.4 . It can be seen that 
only abS s O 2  displayed signifi cant differences from pre-haemorrhage values during the 
intermediate stages of reinfusion. On completion of reinfusion the mean MABP was 
99 ± 26.8 mmHg, bc loc pO 2  was 32.4 ± 13.1 mmHg, bc micro pO 2  was 48.6 ± 11.5 mmHg, 
abS s O 2  was 42.1 ± 10.1 % and fl S s O 2  was 34.6 ± 15.7 %. None of the differences 
between these values and those prior to haemorrhage were signifi cant.

8.4         Discussion 

 Clearly this was a pilot series of experiments setting out to determine whether it was 
feasible and practical to monitor both brain and peripheral oxygenation during 
haemorrhage using techniques that could readily be developed into robust, portable 

  Fig. 8.3    Mean MABP, bc loc pO 2 , bc micro pO 2 , abS s O 2  and fl S s O 2  3 min before, immediately after and 
3 min after administration of adrenalin in all experiments. The  large data points  indicate statisti-
cally signifi cant differences ( p  < 0.05) from pre-adrenalin values. Note that MAPD values have 
been divided by a factor of 10 to enable comparison with the oxygenation parameters       
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and easy-to-use instruments. It was observed in individual experiments that changes 
in all tissue oxygenation parameters were evident long before any signifi cant fall in 
blood pressure – although this is not clear in the summary data presented here which 
are steady-state plots relating to blood volume loss, not time. The parameter dis-
playing the most consistent signifi cant changes during haemorrhage was abS s O 2  
followed by bc loc pO 2  and then MABP. bc micro pO 2  and fl S s O 2  showed the least consis-
tent changes, but that may be due to the low number of recordings (for technical 
reasons neither were recorded during the fi rst experiment). Once signifi cant hypo-
tension occurred, changes in peripheral (skin) oxygenation refl ected the extent of 
centralization in order to preserve brain oxygenation. This was particularly evident 
(anecdotally, as the changes were not signifi cant) after infusion of adrenalin when 
fl S s O 2  decreased, whereas bc loc pO 2 , bc micro pO 2  and abS s O 2  all increased. During rein-
fusion of autologous blood, only abS s O 2  remained signifi cantly below pre- 
haemorrhage values until full replacement was complete.  

8.5     Conclusions 

 The simultaneous monitoring of brain and skin oxygenation complement each other 
in providing immediate information regarding haemodynamic status during the 
onset of haemorrhagic shock. 

  Fig. 8.4    Mean MABP, bc loc pO 2 , bc micro pO 2 , abS s O 2  and fl S s O 2  during reinfusion in all experiments. 
The  large data points  indicate statistically signifi cant differences ( p  < 0.05) from pre-haemorrhage 
values       
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 The equipment is uncomplicated to use and could be readily adapted for use in 
emergency situations at scenes of traumatic incidents.     
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    Abstract     Distal movements of the limbs are predominantly controlled by the 
 contralateral hemisphere. However, functional neuroimaging studies do not 
unequivocally demonstrate a lateralization of the cerebral activation during hand 
movements. While some studies show a predominant activation of the contralateral 
hemisphere, other studies provide evidence for a symmetrically distributed bihemi-
spheric activation. However, the divergent results may also be due to methodologi-
cal shortcomings. Therefore, the present study using functional near-infrared 
spectroscopy examines cerebral activation in both hemispheres during motor actions 
of the right and left hands. Twenty participants performed a fl exion/extension task 
with the right- or left-hand thumb. Cerebral oxygenation changes were recorded 
from 48 channels over the primary motor, pre-motor, supplementary motor, primary 
somatosensory cortex, subcentral area, and the supramarginal gyrus of each hemi-
sphere. A consistent increase of cerebral oxygenation was found for oxygenated and 
for total hemoglobin in the hemisphere contralateral to the moving hand, regardless 
of the laterality. These fi ndings are in line with previous data from localization [1–3] 
and brain imaging studies [4–6]. The present data support the proposition that there 
is no hemispheric specialization for simple distal motor tasks. Both hemispheres are 
equally activated during movement of the contralateral upper limb.  

9.1         Introduction 

 The principal anatomic organization of the human motor system is characterized by 
its contralateral control of distal movements [ 1 – 3 ]. Thus, the anatomical organiza-
tion of the neural pathways suggests that in functional neuroimaging, simple motor 
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tasks should be accompanied by a stronger activation of the contralateral  hemisphere 
than of the ipsilateral hemisphere. However, functional neuroimaging studies using 
near-infrared spectroscopy (NIRS) do not unequivocally demonstrate a lateraliza-
tion of the cerebral activation during simple motor tasks [ 7 – 11 ]. While some studies 
show a predominant activation of the contralateral hemisphere [ 7 ,  9 ], other studies 
provide evidence for bihemispheric distributed activation patterns [ 8 ,  10 ,  11 ]. Two 
studies concluded that the left hemisphere is specialized during motor actions by 
left lateralized hemodynamic responses [ 8 ,  10 ], whereas Wriessnegger et al. (2008) 
reported opposite results of right hemispheric lateralized activations [ 11 ]. However, 
the divergent results may also be due to methodological shortcomings. Variables 
that have been shown to lead to stronger left hemispheric brain activation patterns 
are complexity [ 12 – 15 ] and sequential motor execution [ 6 ,  16 ] mostly observed 
during fi nger opposition tasks. Stronger bilateral responses were observed after 
proximal motor actions compared to distal execution [ 17 ]. Further, the often bilat-
eral organization of neuronal receptive fi elds in the somatosensory area [ 18 ,  19 ] is 
also a possible factor diminishing laterality by the sensory stimulus during fi nger-
to-thumb opposition tasks [ 20 ]. In this regard we examine the question if there 
exists a hemispheric specialization of simple distal motor execution by using NIRS 
with an improved design excluding potential factors leading to different patterns of 
cerebral activation in the two hemispheres such as complexity [ 12 – 15 ], sequential-
ity [ 6 ,  16 ], proximity [ 17 ], and sensory stimulation [ 20 ]. Therefore, we hypothesize 
that simple distal motor execution leads to increased cerebral oxygenation in motor-
related cortices of the contralateral hemisphere for either hand.  

9.2     Methods 

9.2.1     Sample 

 Twenty participants (ten females, ten males; mean age 25 years; range 19–33) took 
part in the study after written informed consent was obtained. None of the partici-
pants had a known history of any neurological or psychiatric disorder. The study 
was approved by the local Ethics Committee of the German Sports University 
Cologne.  

9.2.2     Procedures 

 A randomized block design was developed using Presentation software consisting 
of two conditions: (i) seven repetitive self-paced fl exion/extension movements with the 
right-hand thumb (motor rh) and (ii) seven fl exion/extension movements with 
the left-hand thumb (motor lh). Each block lasted 20 s. The time interval between 
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the blocks was 10 s. Participants were instructed to not move any other parts of the 
body than their right- or left-hand thumbs. During the experiment, the investigator 
verifi ed that the participants did not move other parts of the body.  

9.2.3     Optical Imaging 

 Cerebral oxygenation changes were recorded using a near-infrared optical tomo-
graphic imaging device (DYNOT Imaging System, NIRx; wavelengths 760 nm, 
830 nm; sampling rate 1.81 Hz). Methodology and underlying physiology are 
explained in detail elsewhere [ 21 ,  22 ]. A total of 32 optodes were placed in two 4 × 4 
grids above each hemisphere resulting in 48 channels of measurement. The DYNOT 
system allows every optode to emit and detect optical changes. Optodes were placed 
with an interoptode distance of 2.5 cm around C3 and C4 according to the 10–20 
system [ 23 ] symmetrically above each hemisphere. Coordinates of optode positions 
were collected for spatial registration of NIRS channels into the standard brain from 
the Montreal Neurological Institute (MNI space) according to Singh et al. (2005) 
[ 24 ] using a 3-D digitizing system (zebris 3D Measuring Systems, zebris Medical 
GmbH). Optodes covered identical regions above both hemispheres including pri-
mary motor, pre-motor, supplementary motor cortex, primary somatosensory cor-
tex, subcentral area, and the supramarginal gyrus. Optodes were mounted with a 
customized plastic hard shell system on the participant’s head to gain placement 
stability and to avoid movement artifacts.  

9.2.4     Data Analysis 

 Data were analyzed using NIRS-SPM software [ 25 ,  26 ]; 48 channels were con-
verted to hemoglobin concentration changes according to Cope et al. [ 21 ]. Because 
fNIRS data can be affected by movement artifacts, each channel of individual par-
ticipants was visually inspected, and movement artifacts were corrected using the 
artifact correction toolbox of the NIRS analysis package [ 27 ]. Data were baseline 
corrected to 10 s before stimulus onset and low-pass fi ltered according to the precol-
oring method [ 28 ]. Unknown global trends were removed by the wavelet-minimum 
description length detrending algorithm [ 26 ]. To assess the vascular response, the 
stimulation was modeled as a boxcar function convolved with a canonical hemody-
namic response function. Data were then fed into a general linear model estimation 
to obtain beta values for each condition and each species of hemoglobin (oxy 
(HbO 2 )-, deoxy (Hb)-, and total (HbT) hemoglobin). Statistical signifi cance of the 
intra-condition differences of HbO 2 , Hb, and HbT was analyzed using two- sided, 
one-sample t-tests. To restrict alpha infl ation due to multiple statistical compari-
sons, signifi cant results are reported that exceed a conservative threshold of  p  < 0.01. 
To investigate which of the two hemispheres is more involved in the task, 
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we calculated analyzes of variance (ANOVAs) with repeated measurements with 
within-subjects variables ( hemisphere, condition ) using SPSS (IBM SPSS Statistics, 
Version 20). Multiple post hoc pairwise comparisons were corrected using 
Bonferroni corrections.   

9.3     Results 

 Flexion/extension with the right-hand thumb resulted in signifi cant ΔHbO 2  increases 
in 14 channels (t(19) > 2.09,  p  < 0.01) located over the left hemisphere and in six 
channels over the right hemisphere. Flexion/extension with the left-hand thumb 
resulted in signifi cant ΔHbO 2  increases in 11 channels over the left hemisphere and 
12 channels over the right hemisphere. The 2 × 2 ANOVA on ΔHbO 2  values showed 
a signifi cant interaction effect of  hemisphere*condition  (F(1, 433) = 27.379, 
 p  < 0.001). Post hoc pairwise comparisons (Fig.  9.1 ) revealed that during motor rh, 
increased ΔHbO 2  occurred in the left hemisphere with a signifi cant difference from 
ΔHbO 2  of the right hemisphere ( p  < 0.01). Corresponding higher oxygenation 
occurred in the right hemisphere with a signifi cant difference from the left hemi-
sphere during motor lh ( p  < 0.01). Post hoc pairwise comparisons further showed 
higher oxygenation in the left hemisphere during motor rh with a signifi cant differ-
ence from motor lh ( p  < 0.01), whereas signifi cantly higher oxygenation in the right 

  Fig. 9.1    ΔHbO 2  of the right and left hemisphere during fl exion/extension with the right-hand 
thumb (motor rh) and left-hand thumb (motor lh) (** p  < 0.01)       
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hemisphere occurs during motor lh than during motor rh ( p  < 0.01). ΔHbT showed 
similar results to ΔHbO 2  with eight signifi cant channels above the left hemisphere 
and six signifi cant channels above the right hemisphere during motor rh. During 
motor lh, ΔHbT was signifi cantly increased in ten channels above the left hemisphere 
and in 11 channels above the right hemisphere. The 2 × 2 ANOVA on the ΔHbT val-
ues also showed a signifi cant interaction effect of  hemisphere*condition  (F(1, 
432) = 5.617,  p  < 0.05). For ΔHb there were no signifi cant decreases for either hand.

9.4        Discussion 

 Flexion/extension of the thumb of either hand induced greater increases in ΔHbO 2  
and ΔHbT in the contralateral hemisphere, differing signifi cantly from oxygenation 
changes in the ipsilateral hemisphere. These fi ndings are in line with data from 
previous brain imaging studies [ 4 – 6 ,  16 ,  17 ]. We observed no hemispheric special-
ization for simple distal motor actions based on equal results for the right- and left- 
hand thumb movements. Previous studies using NIRS investigating hemispheric 
differences of hand movements showed divergent results using either fi nger tapping 
or opposition tasks [ 7 – 11 ]. Possible variables that might have caused different pat-
terns of cerebral activation in the two hemispheres as complexity, sequentiality, 
proximity, and sensory stimulation have been excluded in this study. Although the 
results of this study provide comprehensible results for ΔHbO 2  and ΔHbT, it has to 
be mentioned that no signifi cant changes for ΔHb have been detected. Therefore, 
activation patterns in this study are based on ΔHbO 2  and ΔHbT. ΔHbT has been 
shown to correlate to regional cerebral blood fl ow as monitored by positron emis-
sion tomography [ 29 ].  Conclusion:  We conclude that there is no hemispheric spe-
cialization regarding the execution of simple distal motor action. Both hemispheres 
are equally activated during movement of the contralateral upper limb.     
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    Abstract      Background:  Psychological distress is a risk factor of stroke in humans 
and worsens the behavioral and neurological outcomes. In rats, acute stress expo-
sure preceding ischemic events attenuates learning and memory. The retrosplenial 
cortex (RS) plays an important role in these functions, and global brain ischemia 
(GBI) or acute stress exposure can induce a decrease in expression of the immature 
neuronal marker, doublecortin (DCX), in the RS. However, little is known about the 
DCX expression in the RS after stress exposure prior to GBI.  Methods:  Eighteen 
male Sprague–Dawley rats were used. Acute stress exposure was applied as the 
forced swim paradigm and GBI was induced by bilateral common carotid arterial 
occlusion for 10 min. The rats were divided into three groups: GBI model precon-
ditioned by stress ( n  = 6, Group P), GBI model preconditioned by non-stress ( n  = 6, 
Group G), and controls ( n  = 6, Group C). We performed immunohistochemistry to 
observe and analyze the DCX-expressing cells and Fluoro-Jade B (FJB) staining to 
detect cell death in the RS after GBI in each group.  Results:  The total number of 
DCX-expressing cells was 1,032, 1,219, and 1,904 in Group P, Group G, and Group C, 
respectively. The mean number of DCX-expressing cells per unit area was signifi -
cantly lower in Group P and Group G than in Group C ( P  < 0.001). Moreover, the 
number was signifi cantly lower in Group P than in Group G ( P  < 0.05). In each 
group, no FJB positive cells were observed.  Conclusion:  DCX plays an important 
role in various cytoskeletal changes. Preconditioning by acute stress exposure 
accelerated the decrease in DCX expression in the RS after GBI.  
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10.1         Introduction 

 Psychological distress is a risk factor for stroke in humans [ 1 ], and acute stress 
exposure prior to brain ischemia worsens the behavioral and neurological outcomes 
in rats [ 2 ]. Acute stress preconditioning attenuates learning and memory function 
especially in ischemic rats [ 2 ]. However, little is known about the cellular mecha-
nisms involved between acute stress and brain ischemia. 

 The retrosplenial cortex (RS), the dorsal cingulate cortex, plays an important role 
in these functions. The RS is associated with memory and visual spatial functions in 
rats [ 3 ,  4 ] and primates [ 5 ]. Memory [ 6 ,  7 ] and learning [ 8 ,  9 ] represent a complex 
process based on functional and structural changes at the molecular, synaptic, neu-
ronal, and circuitry levels. 

 Doublecortin (DCX)-expressing cells play a key role in the plasticity of the 
brain. DCX is involved in various cytoskeletal changes [ 10 ,  11 ]. DCX-expressing 
cells exist within the cerebral neocortex and allocortex of the adult brain and are 
apparently associated with a structural plasticity [ 12 – 14 ]. 

 Global brain ischemia (GBI) induces a decrease in DCX expression in the rat RS, 
though the mechanisms between GBI and the decreased DCX were not elucidated 
[ 15 ]. Moreover, acute stress exposure induces a similar decrease in the rat RS [ 16 ]. 
These fi ndings suggest a decrease in plasticity potential in the RS after GBI or acute 
stress exposure. 

 We propose that preconditioning by acute stress can accelerate the decrease in 
DCX-expressing cells after GBI, and the resultant fi ndings may help to elucidate 
cellular mechanisms involved between acute stress and brain ischemia.  

10.2     Materials and Methods 

10.2.1     Stress Preconditioning and GBI Model 

 Eighteen male Sprague–Dawley rats (body weight, 250–300 g) were used in the 
present study. Acute stress exposure was applied as the forced swim paradigm (day 
1, 15 min; day 2, 5 min) and the rats with immobile behavior were employed [ 17 ]. 
Transient GBI was induced by bilateral common carotid arterial occlusion for 
10 min (day 3) [ 18 ]. The rats were divided into three groups: stress exposure pre-
ceding GBI ( n  = 6, Group P), non-stress exposure preceding GBI ( n  = 6, Group G), 
and controls ( n  = 6, Group C). The animals were purchased from Charles River 
Laboratories (Saitama, Japan) and bred at the Animal Housing Facility of Nihon 
University. The colony was maintained at 22–23 °C on a 12-h light/dark cycle 
(lights on at 08:00). 

 At 7 days after GBI, the rats were transcardially perfusion fi xed with lactated 
Ringer’s solution, followed by perfusion of 4 % paraformaldehyde. Coronal serial 
brain sections were cut in the frontal plane on a vibratome (50 μm). We identifi ed 
the RS by referring to the rat atlas of Paxinos and Watson [ 19 ]. 
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 All experimental procedures were conducted in accordance with the Guidelines 
for the Care and Use of Mammals in Neuroscience and Behavioral Research 
(National Research Council, National Academy Press, Washington, DC, 2003) and 
approved by the Animal Care and Use Committee of Nihon University.  

10.2.2     Immunohistochemistry and FJB Staining 

 We performed immunostaining and fl uorescence immunostaining with DCX to 
observe the cells with a plasticity potential. The primary antibodies used in this 
study were polyclonal goat anti-DCX antibodies (dilution 1:1000, Santa Cruz 
Biotechnology (California, USA)). We counted the right and left hemispheres sepa-
rately on two serial sections, for a total of four regions per animal, to examine the 
differences in expression related to acute stress preconditioning. 

 We performed Fluoro-Jade B (FJB) staining to investigate the cause of any decrease 
in DCX-expressing cells. The FJB staining procedure was as reported previously [ 20 ].  

10.2.3     Measurement and Analysis 

 A Biozero (BZ-8000; Keyence, Osaka, Japan) and a BZ Analyzer (Keyence) were 
used to prepare the microphotographs, and a VH Analyzer (Keyence) was used to 
count the numbers of immunostain-positive cells. We used Neurolucida (Version 3; 
MicroBrightField, USA) to analyze the area and cell counts without double count-
ing of positive cells and then estimated the cell counts per unit area in the control 
and GBI model with/without acute stress preconditioning. The statistics software 
SPSS Statistics 17.0 (Japan IBM, Tokyo, Japan) was used for data analysis. We 
performed a one-way ANOVA followed by Tukey’s tests, and  P  < 0.05 was consid-
ered as statistically signifi cant.   

10.3     Results 

10.3.1     Number of DCX-Expressing Cells 

 Immunohistochemically DCX-expressing cells in coronal sections were observed 
in the RS of each case (Fig.  10.1a ). Their shape gave the appearance of non- 
pyramidal cells, they had multiple neurites, and their diameter was 10–25 μm, indi-
cating that they were interneurons. DCX-expressing cells were observed in the 
subgranular zone (SGZ) within the hippocampal dentate gyrus of each case, indicat-
ing the occurrence of neurogenesis in the SGZ (Fig.  10.1b ).

   The total number of DCX-expressing cells was 1,032, 1,219, and 1,904 cells in 
Group P, Group G, and Group C, respectively. The mean number of DCX-expressing 
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cells per unit area (mean ± SD) was 27 ± 7.57 cells/mm 2  in Group P, 37 ± 9.68 cells/
mm 2  in Group G, and 68 ± 18.16 cells/mm 2  in Group C. The mean number of DCX- 
expressing neurons was signifi cantly lower in Group P and Group G than in Group 
C (ANOVA followed by Tukey-type test,  P  < 0.001). Moreover, the mean number 
was signifi cantly lower in Group P than in Group G (ANOVA followed by Tukey- 
type test,  P  < 0.05) (Fig.  10.2 ).

  Fig. 10.1    ( a ) Doublecortin (DCX)-expressing cells in the retrosplenial cortex ( RS ) (diaminobenzi-
dine reaction; scale bar, 50 μm; bregma posterior, 3.30 mm). This image was obtained from the RS 
of a global brain ischemia ( GBI ) model rat after acute stress exposure (Group P; layer, III). Similarly, 
DCX-expressing cells were present in the RS of the GBI model without acute stress exposure and 
controls, respectively. ( b ) DCX-expressing cells in the subgranular zone ( SGZ ) of the hippocampal 
dentate gyrus (diaminobenzidine reaction; scale bar, 50 μm). This image was obtained from the 
hippocampus of Group P. The cells demonstrate neurogenesis in the SGZ of the hippocampus       

  Fig. 10.2    In the global brain ischemia ( GBI ) model, regardless of the preceding acute stress expo-
sure, signifi cantly less doublecortin ( DCX ) expression was observed in the retrosplenial cortex 
( RS ) than in the controls (Group C) per unit area ( n  = 24 samples/subregion, right and left hemi-
spheres of two sections from each rat). Acute stress exposure preceding GBI (Group P) revealed a 
signifi cantly greater decrease in DCX expression in the RS as compared to the normal condition 
preceding GBI (Group G)       
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10.3.2        FJB Staining 

 FJB staining is employed for the identifi cation of neuronal cell death to elucidate 
the mechanism of decreased DCX. As regards the RS, there were no positive cells 
in Group P, Group G, or Group C, while FJB positive neurons were present in the 
hippocampal CA1 in Group P and Group G. This result for the RS did not appear to 
be appropriate for the observed decreased number of DCX-expressing cells.   

10.4     Discussion and Conclusion 

 Preconditioning by acute stress exposure could accelerate the decreased levels of 
DCX expression in the RS after GBI. The present data showed that the DCX- 
expressing cells in the RS were signifi cantly decreased after GBI regardless of pre-
conditioning by acute stress exposure in comparison with the controls, as reported 
previously [ 15 ]. Furthermore, acute stress preconditioning through forced swim 
accelerated the decrease in DCX expression in the RS after GBI as compared to 
normal preconditioning. 

 DCX is a microtubule-binding protein and contributes to various cytoskeletal 
changes involved in the extension of axons and dendrites and new synapse forma-
tion in mature neurons [ 10 ,  11 ]. The present results indicate that acute stress precon-
ditioning before GBI accelerated the decrease in plasticity potential after GBI in the 
RS, though it was not clear whether the actual plasticity decreased in the present 
study. 

 DCX-expressing cells in the cortex of adult animals are GABAergic interneu-
rons [ 13 ]. The DCX-expressing cells in the present study appeared to be GABAergic 
interneurons based on their diameter, confi guration with bipolar or multipolar for-
mation, and distribution as reported for the RS [ 16 ]. It is inferred therefore that 
interneurons with a plastic potential in the RS may be infl uenced by acute stress 
preconditioning. 

 No FJB positive cells after GBI were observed regardless of acute stress pre-
conditioning, indicating that cells did not fall into cell death after GBI in the 
present study. Taken together, the decreased DCX expression in the interneurons 
and fi ndings of FJB staining imply that GABAergic interneurons with a plastic 
potential may undergo a decrease in their plastic potential without neuronal cell 
death [ 21 ]. 

 Preconditioning by acute stress exposure accelerated the decrease in DCX 
expression in the RS after GBI. However, the molecular mechanisms between GBI, 
stress exposure, and the decreased DCX were not elucidated. As described above, 
the RS plays an important role in memory and space learning which requires 
 complex plastic processes. Alterations in the RS may be associated with more atten-
uated learning and memory due to acute stress exposure preceding GBI and indicate 
the involvement of a cellular mechanism between stress exposure and GBI.     
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    Abstract     This study investigated whether manipulation of motor cortex excitability 
by transcranial direct current stimulation (tDCS) modulates neuromuscular fatigue 
and functional near-infrared spectroscopy (fNIRS)-derived prefrontal cortex (PFC) 
activation. Fifteen healthy men (27.7 ± 8.4 years) underwent anodal (2 mA, 10 min) 
and sham (2 mA, fi rst 30 s only) tDCS delivered to the scalp over the right motor 
cortex. Subjects initially performed a baseline sustained submaximal (30 % maxi-
mal voluntary isometric contraction, MVC) isometric contraction task (SSIT) of the 
left elbow fl exors until task failure, which was followed 50 min later by either an 
anodal or sham treatment condition, then a subsequent posttreatment SSIT. 
Endurance time (ET), torque integral (TI), and fNIRS-derived contralateral PFC 
oxygenated (O 2 Hb) and deoxygenated (HHb) hemoglobin concentration changes 
were determined at task failure. Results indicated that during the baseline and post-
treatment SSIT, there were no signifi cant differences in TI and ET, and increases in 
fNIRS-derived PFC activation at task failure were observed similarly regardless of 
the tDCS conditions. This suggests that the PFC neuronal activation to maintain 
muscle force production was not modulated by anodal tDCS.  
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11.1         Introduction 

 Transcranial direct current stimulation (tDCS) is a noninvasive and minimally 
 discomforting electrical brain stimulation technique that is used to modulate cortical 
excitability and behavioral responses [ 1 ,  2 ]. tDCS has been used for the treatment 
of a variety of neurological or neuropsychiatric disorders. tDCS applies low- 
intensity (1 ~ 2 mA) controlled direct currents to the scalp overlying a target region 
of the brain via surface electrodes. The tDCS effects on cortical excitability are 
dependent on current polarity, intensity, and duration of the stimulation, such that 
anodal stimulation over the motor cortex increases corticospinal excitability, 
whereas cathodal stimulation decreases corticospinal excitability [ 2 ]. 

 Neuromuscular fatigue is represented by a decrease in the ability of muscle fi bers 
to generate force, which can be attributed to both central and peripheral mecha-
nisms. Peripheral fatigue is characterized by changes at or distal to the neuromuscu-
lar junction, whereas central fatigue refers to a progressive reduction in voluntary 
neuronal activation of muscle during exercise. Central fatigue can be further dif-
ferentiated into changes in the activity of spinal motoneurons (spinal fatigue) due to 
intrinsic cellular properties (e.g., discharge rates) and to reduced motor cortical neu-
ronal drive (supraspinal fatigue), and both these central fatigue levels can be modu-
lated by afferent inputs [ 3 ]. 

 Cogiamanian et al. [ 4 ] were the fi rst to investigate whether manipulation of 
motor cortex excitability by anodal tDCS (1.5 mA, 10 min) modulates neuromuscu-
lar fatigue in healthy subjects during a subsequent sustained submaximal isometric 
contraction task (SSIT) at 35 % of maximal voluntary contraction (MVC) of the 
elbow fl exors until task failure. Their results indicated that anodal tDCS improved 
endurance time (ET) during posttreatment SSIT by ~ 20 % compared to sham tDCS 
(i.e., baseline SSIT compared to posttreatment SSIT), suggesting a decrease in 
residual neuromuscular fatigue that was modulated by anodal tDCS via central 
(supraspinal) neuroplastic mechanisms. 

 Previous neuroimaging studies have reported that, during neuromuscular 
fatigue of unilateral small muscle group exercise, the prefrontal cortex (PFC) 
increases neuronal activation to reinforce muscle force for the continuation of 
the performance [ 5 – 9 ]. This increase in cortical neuronal activation during neu-
romuscular fatigue is implied by an enhanced cortical oxygenation and blood 
fl ow by means of a neurovascular coupling mechanism [ 10 ]. Noninvasive func-
tional near-infrared spectroscopy (fNIRS) neuroimaging measures several physi-
ological parameters related to cortical oxygenation and blood fl ow and includes 
measurements of concentration changes in oxygenated (O 2 Hb) and deoxygen-
ated (HHb) hemoglobin. Therefore, the aim of this study was to investigate the 
fNIRS-derived PFC activation responses of anodal tDCS modulation of motor 
cortex excitability during a subsequent SSIT of the elbow fl exors until task 
failure.  
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11.2     Methods 

11.2.1     Subjects 

 Fifteen healthy men (mean ± SD age, height, and weight: 27.7 ± 8.4 years, 
176.4 ± 7.4 cm, 72.7 ± 8.7 kg, respectively) participated in the study. All subjects 
had no known health problems (e.g., metabolic or neuromuscular disorders) or any 
upper extremity muscle or joint injuries. The study conformed to the recommenda-
tions of the local Human Research Ethics Committee in accordance with the 
Declaration of Helsinki.  

11.2.2     Experimental Setup 

 An Eldith tDCS system (Neuroconn, Ilmenau, Germany) was used to deliver con-
stant direct currents (2 mA) through a pair of 0.3-cm-thick square (24 cm 2 ) sponge 
electrodes soaked in saline solution (140 mM NaCL). The anode electrode was 
placed on the scalp overlying the right motor cortical representation of the left arm, 
and the cathode was placed over the right shoulder based on the electrode setup 
method described by Cogiamanian et al. [ 4 ]. 

 Subjects were seated on a preacher arm curl bench, securing the shoulder angle 
at 45 ° fl exion with a supinated forearm position and an elbow joint angle of 90 °. 
The elbow joint was aligned with the axis of rotation of an isokinetic dynamometer 
(Cybex6000, Lumex Inc., Ronkonkoma, USA). Torque signals were collected onto 
a data acquisition system (PowerLab, ADInstruments, Bella Vista, Australia) at a 
sampling rate of 200 Hz, and real-time visual feedback of torque signals was dis-
played on the computer monitor. 

 A NIRO-200 oximeter (Hamamatsu Photonics K.K., Hamamatsu, Japan) was 
used to measure PFC O 2 Hb and HHb concentration changes using the modifi ed 
Beer-Lambert Law. The probe unit has two silicon photodiodes as photodetectors 
on one side and three laser-emitting diodes (775, 810, and 850 nm) on the other 
side separated from each other by a distance of 4 cm. A probe unit was fi rmly 
attached over the skin of the forehead (in a region corresponding to Fp2 according 
to the 10–20 International EEG system) contralateral to the left exercising arm 
with a double-sided adhesive tape. The probe unit, in turn, was covered with a 
black band. The NIRO-200 provides estimates of concentration changes (from an 
arbitrary baseline of zero) in O 2 Hb and HHb at a sampling rate of 6 Hz. The quan-
tifi cation of O 2 Hb and HHb concentration changes, expressed in ΔμM, was 
obtained by including an age-dependent constant differential path length factor 
(5.13 + 0.07 × age 0.81 ) [ 11 ].  
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11.2.3     Protocol 

 Subjects underwent anodal or sham tDCS treatment conditions separated by 1–2 
weeks and the order of intervention was randomized among the participants. 
Subjects initially performed three 3-s MVCs with a 45-s rest between contractions, 
and MVC was determined by taking the mean peak torque of the three MVC trials. 
Following a 3-min rest, subjects performed a baseline SSIT of the left elbow fl exors 
at 30%MVC until task failure, which was followed 50 min later by either anodal or 
sham treatment conditions. The sham intervention was identical to the tDCS inter-
vention, except that the current was programmed to return to zero for the remaining 
time period after 30 s of stimulation. A posttreatment SSIT was performed ~ 10 min 
following the treatment conditions.  

11.2.4     Statistical Analysis 

 ET at task failure was determined by the time point in which participants were 
unable to maintain greater than 90 % of the target torque output for more than 2 s, 
in spite of continual verbal encouragement. Torque integral (TI) was determined as 
the area under the torque curves until task failure. PFC O 2 Hb and HHb concentra-
tion changes were determined at task failure (average of 5 s around this time point). 
ET, TI, and PFC O 2 Hb and HHb changes during the baseline and posttreatment 
SSIT were compared between the anodal and sham tDCS sessions by a two-way 
repeated measures ANOVA. An individual paired Student’s  t -test was used to deter-
mine if PFC O 2 Hb and HHb changes were different from pre-exercise levels for 
both anodal and sham tDCS conditions. Signifi cance was set at  P  ≤ 0.05. Data are 
presented as mean ± SD.   

11.3     Results 

 Figure  11.1  shows typical changes in torque and fNIRS-derived PFC activation (i.e., 
increase in O 2 Hb and decrease in HHb) during an SSIT until task failure. Group 
results indicated that during the baseline SSIT, there were no signifi cant differences 
between anodal or sham tDCS conditions for ET, TI, or PFC O 2 Hb and HHb 
changes. Similarly, during the posttreatment SSIT, there was no signifi cant differ-
ence between the anodal and sham tDCS conditions for ET (333 ± 119 s vs. 
353 ± 146 s, respectively) and TI (5,907 ± 2,557 vs. 6,020 ± 2,597 Nm · s −1 , respec-
tively). Although right PFC O 2 Hb increased and HHb decreased signifi cantly 
(P < 0.05) relative to pre-exercise levels during the posttreatment SSIT for both 
anodal (11.3 ± 4.0 and −0.9 ± 2.2 μM, respectively) and sham (10.1 ± 4.2 and 
−1.1 ± 1.8 μM, respectively) tDCS conditions, there was no signifi cant difference 
between the conditions.
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11.4        Discussion 

 To the best of our knowledge, this is the fi rst study to determine PFC activation 
 during a tDCS-modulated neuromuscular fatigue task. The present study found no 
signifi cant effects of anodal tDCS on ET, TI, and fNIRS-derived PFC activation 
during a subsequent SSIT of the elbow fl exors. It is important to note that there was 
no signifi cant difference in ET results within and between anodal and sham tDCS 
conditions (i.e., baseline and posttreatment SSIT), which is in contrast to 
Cogiamanian et al. [ 4 ] who reported an ~ 40 % reduction in ET in sham tDCS and a 
smaller reduction of ~ 20 % with anodal tDCS during posttreatment SSIT compared 
to baseline SSIT. Thus, in the present study, it can be suggested that no residual 
neuromuscular fatigue was induced by the baseline SSIT on the subsequent post-
treatment SSIT. 

 One reason for the lack of difference between anodal and sham tDCS conditions 
for the dependent variables could be due to a nonsignifi cant effect of our tDCS 

  Fig. 11.1    Typical single- 
subject recordings of the 
changes in torque and 
fNIRS-derived PFC 
activation (i.e., increase in 
O 2 Hb and decrease in HHb) 
during a 30 % MVC SSIT of 
the elbow fl exors until task 
failure ( second dashed line ) 
following 10-min anodal 
tDCS condition. Endurance 
time at task failure was 
determined by the time point 
in which participants were 
unable to maintain greater 
than 90 % of the target torque 
output for more than 2 s       
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electrode setup to induce changes in cortical excitability. In the present study, no 
assessment of corticospinal excitability changes was included such as motor-evoked 
potential (MEP) changes upon transcranial magnetic stimulation (TMS). However, 
in a subsequent study that utilized TMS (unpublished), no signifi cant changes in 
MEP were observed after a similar tDCS electrode setup and protocol to that of the 
present study. Thus, in the present study, it appears that no signifi cant differences in 
PFC activation during the posttreatment SSIT between anodal and sham tDCS con-
ditions could indicate no modulation of cortical excitability by anodal tDCS and no 
effect on central (supraspinal) fatigue mechanisms and PFC activation. In future 
studies, it would be important to use a tDCS electrode setup that has consistently 
been shown to increase motor cortex excitability (e.g., anode over the motor cortex 
and cathode over the contralateral frontopolar cortex) [ 2 ]. 

 Another possibility for our fi ndings could be that our relatively strict determina-
tion of task failure during the 30 % MVC SSIT protocol (i.e., > 90 % of target torque 
for > 2 s) may not have allowed fatigue to develop to a level that necessitated tDCS 
modulation. tDCS is known to alter fi ring rates of motor cortical neurons due to a 
shift of resting membrane potentials, such that it is assumed that anodal tDCS can 
increase motor unit recruitment due to the depolarization of resting membrane 
potentials of motor cortex neurons and corticospinal excitability [ 2 ]. Rupp and 
Perrey [ 9 ] reported that fNIRS-derived PFC activation increased (i.e., O 2 Hb increase 
and HHb decrease) from pre-exercise levels to exhaustion (ET = ~ 460 s) during a 
unilateral SSIT at 40 % MVC of the ankle extensors. They concluded that centrally 
mediated decrease in neuronal activation, as refl ected by fNIRS-derived PFC activa-
tion measurements, was likely not implicated in neuromuscular fatigue during an 
SSIT of a small muscle group. In the present study, it could be suggested that maxi-
mal voluntary neuronal activation was possible at task failure during our SSIT pro-
tocol, such that anodal tDCS was unlikely to further increase voluntary activation, 
suggesting a ceiling effect at corticospinal levels. This then would also explain the 
similar fNIRS-derived PFC activation levels at task failure between anodal and 
sham tDCS conditions.  

11.5     Conclusion 

 In conclusion, this study showed that the 10-min anodal tDCS treatment at 2 mA did 
not affect neuromuscular fatigue and fNIRS-derived PFC activation compared to a 
sham tDCS treatment. This could be due in part to our tDCS electrode setup to 
induce an increase in motor cortex excitability, a ceiling effect of tDCS to modulate 
motor cortex excitability and/or to an absence of supraspinal fatigue mechanisms 
during the SSIT.     
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    Abstract     The aim of the present study was (i) to investigate the effect of inner 
speech on cerebral hemodynamics and oxygenation, and (ii) to analyze if these 
changes could be the result of alternations of the arterial carbon dioxide pressure 
(PaCO 2 ). To this end, in seven adult volunteers, we measured changes of cerebral 
absolute [O 2 Hb], [HHb], [tHb] concentrations and tissue oxygen saturation (StO 2 ) 
(over the left and right anterior prefrontal cortex (PFC)), as well as changes in end- 
tidal CO 2  (P ET CO 2 ), a reliable and accurate estimate of PaCO 2 . Each subject per-
formed three different tasks (inner recitation of hexameter (IRH) or prose (IRP) 
verses) and a control task (mental arithmetic (MA)) on different days according to 
a randomized crossover design. Statistical analysis was applied to the differences 
between pre-baseline, two tasks, and four post-baseline periods. The two brain 
hemispheres and three tasks were tested separately. During the tasks, we found (i) 
P ET CO 2  decreased signifi cantly ( p  < 0.05) during the IRH ( ~ 3 mmHg) and MA 
( ~ 0.5 mmHg) task. (ii) [O 2 Hb] and StO 2  decreased signifi cantly during IRH 
( ~ 1.5 μM; ~ 2 %), IRP ( ~ 1 μM; ~ 1.5 %), and MA ( ~ 1 μM; ~ 1.5 %) tasks. During 
the post-baseline period, [O 2 Hb] and [tHb] of the left PFC decreased signifi cantly 
after the IRP and MA task ( ~ 1 μM and ~ 2 μM, respectively). In conclusion, the 
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study showed that inner speech affects PaCO 2 , probably due to changes in  respiration. 
Although a decrease in PaCO 2  is causing cerebral vasoconstriction and could poten-
tially explain the decreases of [O 2 Hb] and StO 2  during inner speech, the changes in 
PaCO 2  were signifi cantly different between the three tasks (no change in PaCO 2  for 
MA) but led to very similar changes in [O 2 Hb] and StO 2 . Thus, the cerebral changes 
cannot solely be explained by PaCO 2 .  

12.1         Introduction 

 In previous studies, we showed that guided rhythmic speech exercises in the context 
of arts speech therapy (AST) cause changes in heart rate variability [ 1 ,  2 ], cardiore-
spiratory interactions [ 3 ], as well as hemodynamics and oxygenation in the brain 
and muscle [ 4 – 6 ]. In particular, we demonstrated that during speech exercises, a 
decrease in cerebral hemodynamics and oxygenation occurred. We hypothesized 
that this effect might be the result of a decrease in the partial pressure of carbon 
dioxide in the arterial blood (PaCO 2 ) during speaking [ 5 ,  6 ]. This hypothesis was 
confi rmed in a subsequent study [ 4 ]: we found signifi cant changes in end-tidal CO 2  
(P ET CO 2 ), a reliable and accurate estimate of PaCO 2  [ 7 ], during all recitation tasks 
and even during the control task (mental arithmetic). We concluded that changes in 
breathing (hyperventilation) during the tasks are mainly to account for the measured 
changes in hemodynamics and oxygenation mediated by hypocapnia. To further 
investigate the effect of PaCO 2  variations on hemodynamics and oxygenation and in 
order to avoid a CO 2  reaction, the aim of the present study was to investigate the 
impact of inner speech tasks on these parameters.  

12.2     Material and Methods 

 Seven healthy subjects (four men, three women, mean age 34.6 ± 9.3 years) partici-
pated in this study. The study was carried out as a controlled and randomized cross-
over trial. The design of the study was in accordance with the Declaration of 
Helsinki; the approval was obtained from the Ethical Committee of the Canton of 
Zurich. The participants were German/Swiss German native speakers who had no 
previous knowledge of AST and were asked not to eat and consume any stimulants 
(such as caffeine or other ingredients in energy drinks) for at least 2 h before the 
start of the measurements. Each subject was measured while performing three dif-
ferent tasks, i.e., inner recitation (i.e., reciting without voicing aloud) of hexameter 
(IRH) or prose (IRP) verses and a control task (mental arithmetic (MA)). Each task 
was performed on a separate day to avoid potential carry-over effects, and each 
measurement lasted 38 min (8 min pre-baseline, 5 min task, 5 min recovery, 5 min 
task, and 15 min recovery). During the measurements, the subjects sat opposite a 
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speech therapist who recited the respective text verse by verse or asked the subjects 
to perform the MA task. The subject repeated the texts with inner speech. 

 The following physiological parameters were measured: (i) heart rate (device: 
Medilog AR12 Plus, Schiller AG, Baar, Switzerland; sampling rate, 4,096 Hz, 16 bit); 
(ii) absolute concentrations of oxyhemoglobin ([O 2 Hb]), deoxyhemoglobin [HHb], 
total hemoglobin ([tHb]), and tissue oxygen saturation (StO 2 ) (device: OxiplexTS, 
ISS Inc., Champaign, USA; sampling rate, 50 Hz); and (iii)  Pet CO 2  (device: Nellcor 
N1000 gas analyzer, Nellcor. Inc, Hayward, USA; sampling rate, 50 Hz; measure-
ment range, 0–60 mmHg). The NIRS sensors were placed on the left and right side 
of the forehead over the left and right anterior prefrontal cortex (PFC) and the 
 Pet CO 2  probe directly below the right nostril of the subject. The placement of the 
sensors is illustrated in Fig.  12.1c .

   Movement artifacts in [O 2 Hb], [HHb], [tHb], and StO 2  signals were removed 
using the method presented in [ 8 ]. Thereby, care was taken to ensure that no artifi -
cial new trends were introduced to the signals. Measurements with too many arti-
facts were excluded from further analysis. The  Pet CO 2  signal was calculated by 
using the raw CO 2  waveform signal, detecting the local maxima of every respiratory 
cycle and determining the envelope over these local maxima. Each time series was 
segmented into intervals with a length of 3 min each (see Fig.  12.2 ). For further 
analysis, all signals were downsampled to 5 Hz and the NIRS-derived signals were 
low-pass fi ltered using a moving average fi lter (window length, 10 s).

   The measured changes of [O 2 Hb], [HHb], [tHb], StO 2 , and  Pet CO 2  were then 
tested on their statistical signifi cance by calculating the median values for each 
segment, normalizing every median value by subtracting the median value from 
the fi rst interval (to remove the intra-individual variance of the starting values) and 
applying the Wilcoxon signed-rank test to test for the null hypothesis that the 
median values for each interval have a distribution with a zero median. Whether 
the changes in the left and right PFC are statistically different or not was tested 
with a Wilcoxon rank sum test. This test was also used to test for group differ-
ences. All calculations were performed using Matlab (MathWorks, Natick, 
Massachusetts, USA).  

12.3     Results 

 Figure  12.1a, b  shows the measured changes in [O 2 Hb], [HHb], [tHb] ,  StO 2 , and 
 Pet CO 2  for the right and left PFC and the three different tasks.  During the tasks  
(i.e.,  intervals 2 and/or 4 ), StO 2  and [O 2 Hb] decreased signifi cantly ( p  < 0.05) in the 
right PFC during IRH ( ~ 1.5 μM; ~ 1.5 %), IRP ( ~ 1 μM; ~ 1.5 %), and MA 
( ~ 1 μM; ~ 1.5 %) tasks. The left PFC showed a less consistent pattern of decreases: 
while StO 2  and [O 2 Hb] decreased in all three tasks, the decreases were only signifi -
cant for StO 2  during IRP ( ~ 2 %) and for [O 2 Hb] during IRP ( ~ 1.5 μM) as well as 
IRH ( ~ 1.5 μM). A signifi cant increase of [HHb] took place in the right PFC during 
MA ( ~ 0.5 μM) and IRP ( ~ 0.2 μM). [tHb] decreased signifi cantly in the right PFC 
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  Fig. 12.1    Changes in StO 2 , [O 2 Hb], [HHb], [tHb] (subfi gures  a ), and P ET CO 2  (subfi gures  b ) over 
the course of the experiments. Each interval refers to a time span of 3 min. The  shaded areas  indi-
cate the periods when the tasks were performed. All data were shown as median values ( black 
circles ) ± median absolute deviation ( MAD ). Signifi cant changes are marked with an  asterisk : 
 p  < 0.05 (*). Subfi gure  c  illustrates the placement of the NIRS probes and the CO 2  sensor on the 
head of the subject       
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during IRP ( ~ 0.5 μM) and in the left PFC during MA ( ~ 1.5 μM) as well as IRP 
( ~ 1 μM).  During the post-baseline period  (i.e.,  intervals no 5–7 ), [O 2 Hb] and [tHb] 
of the left PFC decreased signifi cantly after the IRP and MA task (both ~ 2 μM). 
P ET CO 2  decreased signifi cantly during IRH ( ~ 3 mmHg) and MA ( ~ 0.5 mmHg). 
The differences in [O 2 Hb], [HHb], [tHb], and StO 2  changes between the right and 
left PFC were not statistically signifi cant. The comparison of the [O 2 Hb], [HHb], 
[tHb], StO 2 , and  Pet CO 2  changes with respect to the three different tasks showed 
that the changes in  Pet CO 2  during the IRH task differed signifi cantly from changes 
during IPR and MA.  

12.4     Discussion 

 As already indicated in [ 4 ], in order to explain the results obtained from speech 
studies, one should be aware that the measured changes of NIRS-derived hemody-
namic and oxygenation signals are the result of at least two major physiological 
effects. One the one hand, increased neuronal activity leads to an increase in the 
cerebral metabolic rate of O 2  (CMRO 2 ) which is accompanied by an increase of the 
cerebral blood fl ow (CBF) and thus volume (CBV) (neurovascular coupling) [ 9 ]. 
   This effect in characteristic changes of the NIRS-derived signals: [O 2 Hb] ↑, [HHb] 
↓, [tHb] ↑, and StO 2  ↑. On the other hand, changes in PaCO 2  have a strong effect on 
cerebral hemodynamics and oxygenation, i.e., an increase of the frequency and/or 
volume of breathing (hyperventilation) causes a decrease in PaCO 2  (hypercapnia) 
which leads to a reduction in CBF by cerebral vasoconstriction [ 10 ]. This effect is 
also associated with characteristic changes of the NIRS-derived signals: [O 2 Hb] ↓, 
[HHb] ↑, [tHb] ↓, and StO 2  ↓. The measured changes of the NIRS-derived signals 
are a combination of both these effects. 

 The observed signifi cant decrease of P ET CO 2  as well as StO 2 , [O 2 Hb], and [tHb] 
during all three tasks indicates that the neurovascular coupling seems to be over-
ruled by a hyperventilation-induced hypocapnia which causes a cerebral vasocon-
striction. However, it is not clear why the changes in P ET CO 2  were signifi cantly 
different between the three tasks (no change in P ET CO 2  for MA) but led to very simi-
lar changes in [O 2 Hb] and StO 2 . This is unexpected since PaCO 2  and CBF are almost 
linearly correlated in the normal physiological range [ 11 ]. Thus, the hemodynamic 

  Fig. 12.2    Experimental paradigm       
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and oxygenation changes cannot solely be explained by PaCO 2 . Differences in brain 
activity related to the specifi c type of task might also explain the results obtained. It 
is known that at least two factors are infl uencing mainly the activity of the PFC: 
stress [ 12 ,  13 ] and specifi c types of cognitive activity (particularly memory retrieval 
and multitasking) [ 14 ]. Since the three different types of task in our experiment 
could be associated with different amounts of evoked stress as well as memory 
retrieval and multitasking, the ratio of neurovascular coupling/CO 2 -mediated effects 
might differ which would explain the variability of the obtained data. 

 For further research, it would be interesting to investigate (i) what role silent 
articulation during the inner speech tasks plays on cerebral hemodynamic and oxy-
genation changes and (ii) how the effects depend on population-characterizing 
parameters (i.e., age, gender, type of personality). Additionally, (iii) one should 
consider to place the NIRS optode over the left inferior frontal gyrus since it was 
shown that this region is associated with inner speech [ 15 ]. 

 In conclusion, the study showed that inner speech effects cerebral hemodynam-
ics and oxygenation primarily by changes in PaCO 2  caused by variations in respira-
tion and secondarily by increased neuronal activity of the PFC.     
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Abstract Frontal lobe activation caused by tasks such as videogames can be 
 investigated using multichannel near-infrared spectroscopy (fNIRS), sometimes 
called optical topography. The aims of this study are to investigate the effects of 
video gaming (fighting and puzzle games) in the brain and the systemic physiology 
and to determine whether systemic responses during the gaming task are associated 
with the measurement of localised cerebral haemodynamic changes as measured by 
fNIRS. We used a continuous-wave 8-channel fNIRS system to measure the changes 
in concentration of oxy-haemoglobin (HbO2) and deoxy-haemoglobin (HHb) and 
changes in total haemoglobin (ΔtHb = ΔHbO2 + ΔHHb) over the frontal lobe in 30 
healthy volunteers. The Portapres system was used to measure mean blood pressure 
(MBP) and heart rate (HR), and a laser Doppler was employed to measure the 
changes in scalp blood flow (or flux). Even though we observed significant changes 
in systemic variables during gaming, in particular in scalp flow, we also managed to 
see localised activation patterns over the frontal polar (FP1) region. However, in 
some channels over the frontal lobe, we also observed significant correlations 
between the HbO2 and systemic variables.

13.1  Introduction

Multichannel functional near-infrared spectroscopy (fNIRS), or optical topography 
(OT), is often employed to detect brain functional activation. fNIRS measures 
the changes in brain tissue concentrations of oxy-haemoglobin (HbO2) and 
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deoxy- haemoglobin (HHb) that occur secondary to the brain electrical activity 
changes due to the activation task. The fNIRS haemodynamic changes should occur 
at specific locations that overlay the cortical activated areas and should be closely 
coupled to the task-related timing periods. This assumes that the functional haemo-
dynamic task-related changes are occurring on top of an unchanged global systemic 
and brain resting state. However, in certain functional experiments, these assump-
tions are not accurate and can lead to false positives in fNIRS [1]. We have previ-
ously used fNIRS to monitor the frontal and prefrontal cortex during anagram-solving 
tasks and observed significant task-related changes in mean blood pressure (MBP), 
heart rate (HR) and scalp blood flow (flux) that correlated with the fNIRS signals [2, 3]. 
In a recent study using multichannel fNIRS to produce maps of the haemodynamic 
response during anagram solving while simultaneously monitoring the systemic 
physiology, we observed a number of fNIRS channels to be highly correlated with 
activation-related systemic changes leading to false-positive cortical activation 
locations [1]. In our latest study utilising both fNIRS and functional magnetic reso-
nance imaging (fMRI) and angiography during frontal activation tasks, we observed 
a significant correlation between the changes in HbO2 and the systemic activation 
response of the deep scalp veins [4].

Several earlier studies used fNIRS to investigate the effect of videogames over 
the frontal and prefrontal lobe [5, 6]; however, none of these studies investigated the 
systemic changes during this type of activation task. The main aims of this study are 
to determine whether there are significant systemic changes during video gaming 
and if these changes are significantly associated with the fNIRS haemodynamic 
measurements.

13.2  Methods

We used two commercially available videogames for the Game Boy Advance SP 
(Nintendo Corp. Japan), a ‘fighting’ game (Final Fight One, Capcom) and a ‘puz-
zle’ game (Polarium Advance, Nintendo). The former is an arcade game where the 
player can choose a hero and fight against different enemies in order to complete 
specific missions. The latter is a very simple puzzle game, where the player has to 
flip black or white tiles on a square board in order to create horizontal rows of one 
colour and erase all the tiles in a single stroke to clear the board.

We studied two groups of healthy young volunteers, most of whom had some 
previous experience in video gaming. The first group (n = 17, mean age 24 years) 
did the puzzle game and the second group (n = 13, mean age 24 years) did the fight-
ing game. These studies were approved by the Research Ethics Committee of UCL.

In order to become familiar with the experimental environment, the volunteers 
were given the game to practise for about 10 min. Following that, each subject sat 
in front of a desk on which a computer monitor was placed to alert the subjects via 
a visual stimulus when to rest and when to start playing the game. The protocol 
involved a single block of 5 min playing the game continuously (activation period) 
with a 2-min period of rest before and after the activation block.
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A continuous-wave (CW) 8-channel fNIRS system, the Oxymon Mk III (Artinis 
Medical Systems BV, The Netherlands), was used. This system measures the 
changes in light attenuation at two wavelengths, 764 nm and 858 nm, and utilises 
the modified Beer-Lambert law with an age-dependent differential path length fac-
tor (DPF) to resolve the concentration changes in oxy (HbO2)- and deoxy (HHb)-
haemoglobin and calculate the changes in total haemoglobin (tHb) which is the 
summation of ΔHbO2 and ΔHHb. The optode (source-detector fibre) configuration 
used in this study was the 8-channel split, which allows eight channel recordings 
with an inter-optode distance of 40 mm. The optode template was placed on the 
volunteer’s forehead, using the international 10/20 system of electrode placement 
[7], such that (i) FP1 region was covered between light-emitting fibres (Tx2, Tx4a) 
and light-receiving fibre (Rx2), corresponding to channels 7 and 8, and (ii) FP2 
region was covered between light-emitting fibres (Tx2, Tx3b) and light-receiving 
fibre (Rx1), corresponding to channels 5 and 6 (Fig. 13.1).

The Portapres system (Finapres Medical Systems) was employed, with the inflat-
able cuff placed on the index finger of the left hand, in order to measure the mean 
blood pressure (MBP) and the heart rate (HR). The laser Doppler (Moor Instruments) 
was used to measure the scalp blood flow (flux) with the laser probe placed on the 
forehead.

In order to locate the activation channels, the activation period was split in three 
separate epochs each one having a duration of 10 s. The first epoch was immediately 
after the beginning of the stimuli (120–129 s); the second was in the middle of the 
activation period (270–279 s) and the third was at the end of the activation (411–
420 s). For each epoch, we calculate a mean value for all measurements and sub-
tracted that from a 10-s mean calculated at the beginning of the rest period (1–10 s). 
The difference was then compared to zero using a Student’s t-test to assess the sig-
nificance (p ≤ 0.05). We then defined activation as a significant increase in HbO2, a 
significant decrease or no change in HHb and a significant increase in tHb [3]. 
Further, we estimated the correlation between the fNIRS and systemic signals to 
assess the relation of the brain haemodynamic and systemic signals. No correlation 
was defined as 0.25 > r > −0.25.

13.3  Results

Figure 13.1 presents a summary of the percentage of subjects that demonstrated 
activation for each fNIRS channel. For the fighting game: in the first epoch 62 % of 
the subjects show activation over channel 8; in the second epoch, 46 % of the sub-
jects show activation (equally) over both channel 5 and 8, while during the third 
epoch 39 % of the subjects show activation (equally) over both channels 5 and 8. 
For the puzzle game: in the first and second epochs, 65 % and 71 % of the subjects, 
respectively, demonstrated activation over channel 7, while in the third epoch, 65 % 
of the subjects demonstrated activation over channel 5 and only 31 % of the subjects 
show activation over channel 7.
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Analysis of the systemic data showed that synchronous with the cerebral 
haemodynamic changes, significant systemic responses occurred as well. Individual 
analysis showed that during the fighting game, 77 % of the subjects showed a sig-
nificant change in at least one of the systemic variables, with MBP and HR showing 
a consistent increase during the second and third epochs, while flux demonstrated 
an increase during all epochs. During the puzzle game, 88 % of the subjects showed 
at least one significant change in all systemic variables; however, MBP and HR 
varied between subjects and epochs, while flux showed a consistent increase across 
all epochs. Group analysis of the systemic data for the fighting game across subjects 

Fig. 13.1 Group analysis shows the percentage of subjects that demonstrated activation in specific 
channels and epochs

I. Tachtsidis and A. Papaioannou



93

shows a significant positive increase for MBP and HR for the second and third 
epochs and a significant positive increase for the flux signal across all epochs 
(Table 13.1). Group analysis of the systemic data for the puzzle game across sub-
jects shows no significant increases for MBP and HR and a significant positive 
increase for the flux signal across all epochs (Table 13.1).

Correlation analysis revealed significant correlations between the HbO2 signal 
and systemic variables (Table 13.2). For the fighting game task, a significant corre-
lation was seen at 40 % of channels between HbO2 and MBP, 42 % of channels 
between HbO2 and HR and 46 % of channels between HbO2 and flux. For the puzzle 
game task, a significant correlation was seen at 57 % of channels between HbO2 and 
MBP, 41 % of channels between HbO2 and HR and 70 % of channels between HbO2 
and flux (Table 13.2).

13.4  Discussion

We found significant localised changes in HbO2 and HHb measured over the frontal 
lobe during the gaming tasks. In addition, during the fighting game, our group anal-
ysis revealed significant changes in MBP and HR occurring at the middle and later 
periods of the activation block. We observed during both the fighting and puzzle 

Table 13.1 Mean ( ± standard deviation) values for monitored physiological variables during three 
phases of the experiment. Statistically significant values are highlighted *p ≤ 0.05

Puzzle Fighting

1st epoch 2nd epoch 3rd epoch 1st epoch 2nd epoch 3rd epoch

Δ[MBP]
(mmHg)

3.7( ± 9.6) 5.3 ± (12.4) 5.3 ± (11.3) 0.3( ± 7.3) 7.4( ± 14.1)* 11.8( ± 23.5)*

Δ[HR] 
(beats/min)

5.5( ± 19.8) 9.2 ± (22.5) 9.9 ± (25) 2.5( ± 5.9) 4.5( ± 8.1)* 9.9( ± 8.7)*

Δ[Flux] 
(no units)

4.4( ± 5.5)* 7.9 ± (9.2)* 7 ± (9.1)* 7.5( ± 11.3)* 12.5( ± 19)* 11.4( ± 17)*

Table 13.2 Correlation analysis with number representing the percentage of fNIRS channels

MBP/HbO2 MBP/HHb HR/HbO2 HR/HHb Flux/HbO2 Flux/HHb

Puzzle game
r ≥ 0.25 57 26 41 22 70 26
0.25 > r> − 0.25 34 36 47 53 24 41
r ≤ − 0.25 9 38 12 25  6 33

Fighting game
r ≥ 0.25 40 20 42 14 46  9
0.25 > r > − 0.25 42 44 41 52 46 55
r ≤ − 0.25 18 36 17 34  8 36
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games significant changes in the flux signal throughout the activation period. 
Correlation analysis between the HbO2 and HHb with the systemic measurements 
revealed some individual and channel variability with most of the HbO2 measure-
ments correlating positively with flux in both the fighting and the puzzles game. 
There was a variation in the results among the volunteers between the two games. 
More haemodynamic activation patterns were seen during the puzzle game studies 
in the third epoch of the activation block compared to the other epochs, whereas in 
fighting game studies, these patterns were seen in the first period, just after the start 
of the activation block. In addition, during the fighting game studies, the percentage 
of activation patterns gradually decreases over time with the third epoch demon-
strating the lowest percentage of volunteers showing activation.

Previous studies reported that playing videogames significantly increased sys-
tolic and diastolic pressure, heart rate and oxygen consumption in adolescents [8], 
in particular during the fighting game, which is a very dynamic game (the characters 
are moving, jumping and punching) that can possibly cause more areas in the brain 
to be activated (such as the motor cortex). The action involved in such a game can 
also cause emotional reactions in the subject. In a study exploring if playing a game 
that contains violence causes any sympathetic or parasympathetic reactions, the 
investigators concluded that a violent game causes different autonomic responses 
and affects heart rate and heart rate variability, which is a measure of stress reactiv-
ity [9]. In our studies, the high correlation coefficients found between fNIRS chan-
nels and systemic variables give an indication that some changes in fNIRS signals 
are due to changes in systemic variables and not due to haemodynamic changes 
originating from specific regions of the frontal lobe. Therefore, during analysis of 
brain activation during tasks such as video gaming, the contribution of the systemic 
changes should be taken into consideration.
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    Abstract     Near-infrared spectroscopy (NIRS) is widely used to measure human brain 
activation on the basis of cerebral hemodynamic response. However, a limitation of 
NIRS is that systemic changes infl uence the measured signals. The purpose of this study 
was to clarify the relationship between NIRS signals and blood pressure during the 
Valsalva maneuver. Nine healthy volunteers performed a 20-s Valsalva maneuver to 
change their blood pressure. Changes in oxyhemoglobin (O 2 Hb) concentration were 
measured with 34 channels with an inter-optode distance of 30 mm for deep-penetration 
measurements (deepO 2 Hb) and 9 channels with an inter-optode distance of 15 mm for 
shallow-penetration measurements (shallowO 2 Hb). The difference value  (diffO 2 Hb) 
between deepO 2 Hb and shallowO 2 Hb was calculated. Mean arterial pressure (MAP) 
was recorded by volume clamping the fi nger pulse, and skin blood fl ow changes were 
measured at the forehead. Pearson’s correlation coeffi cients between deepO 2 Hb and 
MAP, shallowO 2 Hb and MAP, and diffO 2 Hb and MAP were 0.893 ( P  < 0.01), 0.963 
( P  < 0.01), and 0.831 ( P  < 0.01), respectively. The results suggest that regional and sys-
temic changes in the cardiovascular state strongly infl uence NIRS signals.  
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14.1         Introduction 

 Near-infrared spectroscopy (NIRS) is widely used to reveal brain activation  patterns. 
This technique can noninvasively measure real-time hemodynamic changes related 
to cortical neural activity [ 1 – 3 ]. NIRS is advantageous in that it can measure neural 
activation during dynamic movements and has allowed researchers to visualize cor-
tical activation patterns of human gait [ 4 ], balance control [ 5 ], and locomotor recov-
ery after stroke [ 6 – 8 ]. 

 In order to detect cortical activation, NIRS measures the concentrations of oxy-
hemoglobin and deoxyhemoglobin in tissue based on their differential absorption at 
multiple wavelengths by using the modifi ed Beer-Lambert law [ 3 ]. Near-infrared 
beams are transmitted through the scalp and skull, and measured signals might have 
task-related cardiovascular responses expressed in the perfusion of extracranial lay-
ers [ 9 ]. It was suggested that physiological signals arising from cardiac, respiratory, 
and blood pressure modulations interfere with measurement of the hemodynamic 
response to brain stimulation [ 10 ,  11 ]. For example, visual stimulation causes blood 
pressure fl uctuations that have confounding effects on brain NIRS [ 9 ]. 

 Many techniques were established to resolve this problem. Morren [ 12 ] reported 
the use of independent component analysis to specifi cally detect neuronal tissue 
signal compared with other physiological signals. Kohno et al. [ 13 ] also used inde-
pendent component analysis to remove the skin blood fl ow (SBF) artifact during a 
locomotor task on a treadmill. Saager and Berger [ 14 ] used two-detector paradigms 
in which measurements were made at two different distance detector fi bers from a 
single source fi ber. By clarifying the effects of blood pressure changes on the rela-
tionship between oxyhemoglobin (O 2 Hb) concentration changes measured by two 
different inter-optode distances, we can use further analysis to investigate brain acti-
vation by using NIRS. 

 The purpose of this study was to clarify the relationship between changes in 
O 2 Hb concentration and blood pressure by using two-detector measurement during 
the Valsalva maneuver (VM), which is a blood pressure fl uctuation task.  

14.2     Methods 

 Nine healthy volunteers (mean ± SD; age, 21.4 ± 1.0 years; height, 164.8 ± 10.2 cm; 
weight, 56.0 ± 8.3 kg, fi ve females) participated in this study. All subjects were free 
of any known cardiovascular or respiratory diseases and were not taking any medi-
cations. Each subject received verbal and written explanations of the study objec-
tives, measurement techniques, and risks and benefi ts associated with the 
investigation. The study was approved by the Ethics Committee of Niigata University 
of Health and Welfare (17157-100203) and conformed to the standards set by the 
Declaration of Helsinki. 

 Subjects were seated on a chair in a quiet room and were instructed to perform 
the VM by plugging their nose, closing their mouth, and attempting to expire air for 
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20 s. The task was preceded by an initial resting phase of 30 s in order to measure 
baseline conditions. After VM, a 100-s resting phase was used to ensure that physi-
ological parameters recovered to the initial resting state (Fig.  14.1 ).

   A multichannel NIRS imaging system (OMM-3000; Shimadzu Co., Kyoto, 
Japan) with three wavelengths (780, 805, and 830 nm) was used to take measure-
ments. NIRS optodes were set in a holder at a distance of 30 mm and stabilized by 
a crepe bandage around the head. The NIRS array covered the left temporoparietal 
scalp (Fig.  14.2 ). The Cz position of the international 10–20 system was used to 
ensure consistent optode placement among all subjects. Changes in O 2 Hb concen-
tration were calculated by using the modifi ed Beer-Lambert law on line    at a sam-
pling rate of 190 ms. Thirty-four channels with an inter-optode distance of 30 mm 
were used for deep-penetration measurements (deepO 2 Hb), and 9 channels with an 
inter-optode distance of 15 mm were used for shallow-penetration measurements 

  Fig. 14.1    Changes in pulse pressure, MAP, deep-channel hemoglobin (Hb) concentration, and 
shallow-channel Hb concentration during the 20-s Valsalva maneuver       
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(shallowO 2 Hb) using 12 light source fi bers and 12 detection fi bers. The measured 
values were used to calculate the difference (diffO 2 Hb) between deepO 2 Hb and 
shallowO 2 Hb.

   Beat-to-beat systolic blood pressure, mean arterial pressure (MAP), and heart 
rate were recorded by volume clamping the fi nger pulse with a fi nger photoplethys-
mograph (Finometer; Finapres Medical Systems, Amsterdam, The Netherlands) on 
the left middle fi nger. A height reference sensor was used to remove confounds 
related to arm position. SBF changes were measured at the forehead by using a laser 
Doppler blood fl ow meter (Omegafl ow FLO-CI; Omegawave Inc., Osaka, Japan). 
These analog data were converted into digital data with an A/D converter (PowerLab; 
AD Instruments, Australia) at a 1,000-Hz sampling rate. 

 We calculated diffO 2 Hb from the resting phase average. Then, the diffO 2 Hb val-
ues for deepO 2 Hb and shallowO 2 Hb and the grand average of deepO 2 Hb, shallo-
wO 2 Hb, and diffO 2 Hb were calculated. MAP and SBF data were down sampled 
adapting a sampling rate of NIRS measurement. The relationships between deep-
O 2 Hb, shallowO 2 Hb, diffO 2 Hb, MAP, and SBF during the VM phase were assessed 
with Pearson’s correlation coeffi cients with signifi cance set at  P  < 0.05.  

14.3     Results 

 During the 20-s VM, MAP increased by 20 mmHg 5 s into the task. Then, MAP 
decreased by 25 mmHg. MAP was lowest 12 s after VM began, after which time it 
increased slightly. The changes in deepO 2 Hb, shallowO 2 Hb, and diffO 2 Hb were 
similar to that observed for MAP (Fig.  14.3 ).

   MAP was strongly correlated with shallowO 2 Hb ( r  = 0.963,  P  < 0.01), deepO 2 Hb 
( r  = 0.893,  P  < 0.01), and diffO 2 Hb ( r  = 0.831,  P  < 0.01). SBF was correlated with 
shallowO 2 Hb ( r  = 0.500,  P  < 0.01) and MAP ( r  = 0.550,  P  < 0.01). The highest 
 correlation coeffi cient was found between shallowO 2 Hb and MAP.  

  Fig. 14.2    NIRS optode placement and schematic locations of deepO 2 Hb and shallowO 2 Hb 
channels       
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14.4     Discussion 

 The main fi nding of this study was that O 2 Hb measured by NIRS and MAP are 
strongly correlated and that shallowO 2 Hb and MAP showed the highest correlation 
coeffi cient during VM. 

 The two different inter-optode distances used in this study, 15 and 30 mm, are 
acceptable for measuring shallow and deep penetration, respectively. Saager and 
Berger [ 14 ] employed near detector probes placed 5–15 mm from the source probe 
to measure scalp oxygenation and far detector probes placed 30–40 mm from the 
source probe to measure brain tissue oxygenation. Minati et al. [ 9 ] also used two 
inter-optode distances to divide shallow and deep penetration during a visual stimu-
lation task. Similarly, Saager et al. [ 15 ] utilized two detectors at 5 and 32 mm and 
corrected NIRS based on their signals. Gagnon et al. [ 16 ] placed optodes at 10 and 
30 mm over the left motor region of each subject. 

  Fig. 14.3    Changes in deepO 2 Hb, shallowO 2 Hb, diffO 2 Hb, MAP, and SBF during the 20-s VM       
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 The Pearson’s correlation coeffi cients suggest that blood pressure fl uctuations 
might affect O 2 Hb changes measured by NIRS. Changes in arterial blood pressure 
can be identifi ed as phases I to IV [ 17 ,  18 ]. In our study, MAP changes could also 
be identifi ed in this way. The trend observed for deepO 2 Hb, shallowO 2 Hb, and dif-
fO 2 Hb was quite similar to that noted for MAP changes. Furthermore, we observed 
a strong relationship between MAP and deepO 2 Hb, shallowO 2 Hb, and diffO 2 Hb. 
Minati et al. [ 9 ] established that the correlation coeffi cient between shallowO 2 Hb 
from the superfi cial occipital cortex with an inter-optode distance of 10 mm and 
MAP was 0.6 during visual stimulation. Kirilina et al. [ 18 ] showed that the physi-
ological origin of the systemic artifact in NIRS signals is a task-evoked sympathetic 
arterial vasoconstriction. The VM can elicit more drastic blood pressure changes 
compared to visual stimulation, and SBF may also fl uctuate along with blood pres-
sure changes. DeepO 2 Hb also had a strong relationship with MAP, suggesting that 
blood pressure changes infl uenced the intracranial layer. During VM, middle cere-
bral artery blood velocity changes assessed by transcranial Doppler ultrasound were 
similar to those noted for MAP [ 19 ]. Therefore, O 2 Hb in deep penetration might 
also correlate with MAP. 

 Respiratory-induced elevations in the partial pressures of arterial carbon dioxide 
can alter vasodilatation and increase cerebral blood fl ow [ 20 ]. In a future study, we 
would like to confi rm the relationship between the partial pressures of arterial car-
bon dioxide and O 2 Hb during VM. 

 In conclusion, regional and systemic cardiovascular state changes strongly infl u-
ence NIRS signals. When we employ tasks that induce blood pressure changes, 
monitoring blood pressure is necessary to detect and interpret physiological 
signals.     

  Acknowledgments   This work was supported by a Grant-in-Aid for Exploratory Research from 
the Niigata University of Health and Welfare.  

   References 

    1.    Tamura M, Hoshi Y, Okada F (1997) Localized near-infrared spectroscopy and functional 
 optical imaging of brain activity. Philos Trans R Soc Lond B Biol Sci 352(1354):737–742  

   2.    Obrig H, Wenzel R, Kohl M et al (2000) Near-infrared spectroscopy: does it function in func-
tional activation studies of the adult brain? Int J Psychophysiol 35(2–3):125–142  

     3.    Boas DA, Gaudette T, Strangman G, Cheng X, Marota JJ, Mandeville JB (2001) The accuracy 
of near infrared spectroscopy and imaging during focal changes in cerebral hemodynamics. 
Neuroimage 13(1):76–90  

    4.    Miyai I, Tanabe HC, Sase I et al (2001) Cortical mapping of gait in humans: a near-infrared 
spectroscopic topography study. Neuroimage 14(5):1186–1192  

    5.    Mihara M, Miyai I, Hatakenaka M, Kubota K, Sakoda S (2008) Role of the prefrontal cortex 
in human balance control. Neuroimage 43(2):329–336  

    6.    Miyai I, Yagura H, Oda I et al (2002) Premotor cortex is involved in restoration of gait in 
stroke. Ann Neurol 52(2):188–194  

   7.    Miyai I, Yagura H, Hatakenaka M, Oda I, Konishi I, Kubota K (2003) Longitudinal optical 
imaging study for locomotor recovery after stroke. Stroke 34(12):2866–2870  

A. Tsubaki et al.



103

    8.    Miyai I, Suzuki M, Hatakenaka M, Kubota K (2006) Effect of body weight support on cortical 
activation during gait in patients with stroke. Exp Brain Res 169(1):85–91  

       9.    Minati L, Kress IU, Visani E, Medford N, Critchley HD (2011) Intra- and extra-cranial effects 
of transient blood pressure changes on brain near-infrared spectroscopy (NIRS) measure-
ments. J Neurosci Methods 197(2):283–288  

    10.    Franceschini MA, Fantini S, Thompson JH, Culver JP, Boas DA (2003) Hemodynamic evoked 
response of the sensorimotor cortex measured noninvasively with near-infrared optical imag-
ing. Psychophysiology 40(4):548–560  

    11.    Franceschini MA, Joseph DK, Huppert TJ, Diamond SG, Boas DA (2006) Diffuse optical 
imaging of the whole head. J Biomed Opt 11(5):054007  

    12.    Morren G, Wolf U, Lemmerling P et al (2004) Detection of fast neuronal signals in the motor 
cortex from functional near infrared spectroscopy measurements using independent compo-
nent analysis. Med Biol Eng Comput 42(1):92–99  

    13.    Kohno S, Miyai I, Seiyama A et al (2007) Removal of the skin blood fl ow artifact in functional 
near-infrared spectroscopic imaging data through independent component analysis. J Biomed 
Opt 12(6):062111  

     14.    Saager R, Berger A (2008) Measurement of layer-like hemodynamic trends in scalp and cor-
tex: implications for physiological baseline suppression in functional near-infrared spectros-
copy. J Biomed Opt 13(3):034017  

    15.    Saager RB, Telleri NL, Berger AJ (2011) Two-detector Corrected Near Infrared Spectroscopy 
(C-NIRS) detects hemodynamic activation responses more robustly than single-detector 
NIRS. Neuroimage 55(4):1679–1685  

    16.    Gagnon L, Cooper RJ, Yücel MA, Perdue KL, Greve DN, Boas DA (2012) Short separation 
channel location impacts the performance of short channel regression in NIRS. Neuroimage 
59(3):2518–2528  

    17.    Tiecks FP, Lam AM, Matta BF, Strebel S, Douville C, Newell DW (1995) Effects of the val-
salva maneuver on cerebral circulation in healthy adults. A transcranial Doppler Study. Stroke 
26(8):1386–1392  

     18.    Kirilina E, Jelzow A, Heine A et al (2012) The physiological origin of task-evoked systemic 
artefacts in functional near infrared spectroscopy. Neuroimage 61:70–81  

    19.    Pott F, van Lieshout JJ, Ide K, Madsen P, Secher NH (2000) Middle cerebral artery blood 
velocity during a valsalva maneuver in the standing position. J Appl Physiol 88(5):
1545–1550  

    20.    Ainslie PN, Ogoh S (2010) Regulation of cerebral blood fl ow in mammals during chronic 
hypoxia: a matter of balance. Exp Physiol 95(2):251–262    

14 Effect of Valsalva Maneuver-Induced Hemodynamic Changes on Brain…



105S. Van Huffel et al. (eds.), Oxygen Transport to Tissue XXXV, Advances  
in Experimental Medicine and Biology 789, DOI 10.1007/978-1-4614-7411-1_15,
© Springer Science+Business Media New York 2013

Abstract Hypertensive disorders of pregnancy (HDP) are normally treated to 
avoid maternal complications. In this study we aimed to investigate if there was an 
effect of maternal HDP treatment on the cerebral autoregulation of the neonates by 
analysing measurements of mean arterial blood pressure (MABP) and rScO2 by 
means of correlation, coherence, and transfer function analysis. We found that 
these infants presented higher values of transfer function gain, which indicates 
impaired cerebral autoregulation, with a decreasing trend towards normality. We 
hypothesised that this trend was due to a vasodilation effect of the maternal use of 
labetalol due to accumulation, which disappeared by the third day after birth. 
Therefore, we investigated the values of pulse pressure in order to find evidence for 
a vasodilatory effect. We found that lower values of pulse pressure were present in 
these infants when compared with a control population, which, together with 
increased transfer function gain values, suggests an effect of the drug on the cere-
bral autoregulation.
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15.1  Introduction

Hypertension is the most common medical disorder encountered during pregnancy 
and is estimated to occur in about 6–8 % of pregnancies [1]. Hypertensive disorders 
of pregnancy (HDP) should be treated in order to prevent maternal complications 
and improve fetal maturity by permitting prolongation of pregnancy and minimising 
fetal exposure to possible adverse effects of antihypertensive treatment. There are 
several advantages and disadvantages of HDP treatment [1]. In pregnancy longer 
than 34 weeks, induction of labour in the occurrence of hypertension and pre- 
eclampsia is generally considered the best treatment to improve maternal and neo-
natal outcome. However, there is considerable morbidity in late preterms explained 
by the mode of delivery and gestational age [2]. Labetalol is a selective α-1- (peripheral 
vasodilation) and non-selective β-receptor agonist (preventing reflex tachycardia 
and maintaining cardiac output), which is often used in HDP treatment. Due to its 
lipophilic properties, it easily passes the placental barrier, which is in essence a lipid 
membrane. Hypotension, bradycardia and hypoglycaemia are possible neonatal 
side effects but may also occur in (preterm) infants regardless of labetalol exposure. 
Labetalol’s half-life in adults is approximately 6 h but accumulation occurs. 
However, half-life after maternal use in a preterm baby with clinical signs of 
β-blockage was 24 h [3]. Conflicting evidence exists for specific neonatal side 
effects described after the use of labetalol for maternal hypertension. Nevertheless 
oral and intravenous labetalol is used as a first- or second-line treatment in HDP due 
to its highly effective antihypertensive properties and because it has a better profile 
than hydralazine and other β-blockers [4, 5]. Scarce information on neonatal cere-
bral haemodynamics in gestational hypertension and pre-eclampsia is available. 
However, not much is known about the true influence of maternal use of labetalol on 
the neonatal haemodynamic parameters (bradycardia, hypotension) in the brain, 
mainly since cerebral fetal circulation is subject to changes due to brain sparing in 
severe pre-eclampsia. We aimed to investigate labetalol-induced effects on neonatal 
cerebral autoregulation mechanisms during the first 3 days of life.

15.2  Methods

15.2.1  Data

The study was performed in 56 infants from the Wilhelmina’s Children’s Hospital 
Utrecht (the Netherlands), with a gestational age of 29 (24.7–31.9) weeks and a 
birth weight of 960 (540–1,585) grams. In all infants peripheral oxygen saturation 
(SaO2) was measured continuously by pulse oximetry and mean arterial blood pres-
sure (MABP) by an indwelling arterial catheter. With NIRS, regional oxygen satu-
ration (rScO2) was continuously and noninvasively recorded using the INVOS4100 
(Somanetics). MABP, SaO2 and NIRS signals were simultaneously measured dur-
ing the first 3 days of life. From the 56 infants, 16 correspond to control subjects, 
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and 40 correspond to the group of mothers who were treated for HDP. From the 
HDP group, 21 neonates correspond to mothers treated with labetalol (HDP + Lab), 
and 19 correspond to mothers with other treatment (HDP-Lab). The subjects from 
the three groups were matched for gestational age, birth weight and gender.

15.2.2  Signal Analysis

Artefacts shorter than 30 s were removed and corrected by interpolation using 
robust least-squares support vector machines for function estimation [6]. Artefacts 
longer than 30 s were truncated. Remaining artefacts, if any, were removed manu-
ally. Hence, a single continuous measurement was replaced by a set of continuous 
artefact-free segments. The resulting signals were filtered with a mean average filter 
and then downsampled to 1 Hz in order to obtain a common sampling frequency.

15.2.3  Mathematical Tools

Cerebral autoregulation was assessed by means of correlation, coherence and 
 transfer function analysis between MABP and rScO2. The correlation, coherence 
and transfer function scores were calculated using a time-sliding window of length 
15 min and overlapping time of 1 min. Coherence and transfer function analysis 
were performed using the Welch method for the calculation of the respective cross-
power and auto-power spectral densities. This method involves a further segmenta-
tion of the signals into 5-min epochs with an overlapping of 4.5 min. The average of 
the coefficients in the frequency ranges 0.003–0.02 Hz (very low frequency range: 
VLF), 0.02–0.05 Hz (low frequency range: LF) and 0.05–0.1 Hz (high frequency 
range: HF) was calculated [7] for further analysis. The transfer function was calcu-
lated with the following formula:
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where G fio ( )  represents the input–output cross-power spectrum and G fii ( )  repre-
sents the input auto-power spectrum. In addition, the pulse pressure was calculated 
as the difference between the systolic and diastolic blood pressure measurements. 
Figure 15.1 shows a representative set of measurements for a control subject.

15.2.4  Statistical Analysis

To assess whether the scores and pulse pressure values were different between the 
populations, the non-parametric Kruskal-Wallis test was used due to the lack of 
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normality in the data distributions. The statistical analysis was performed using the 
statistics toolbox from MATLAB. All reported p-values were two-tailed, and a 
nominal p-value < 0.05 was considered as statistically significant.

15.3  Results

When comparing the correlation, coherence and gain values for the three different 
populations, taking the complete measurements for the first 3 days of life per group, 
no statistically significant differences between the scores were found. However, 
when the analysis was performed in a day-by-day basis, the HDP + Lab presented 
higher values of gain during the first day of life, in the VLF and LF bands, when 
compared with the gain values for the Control and the HDP-Lab groups (p < 0.05). 
In addition, the gain values during the first day of life, in the VLF and LF bands, for 
the HDP + Lab population were higher than the values in the second and third days 
(p < 0.05). This behaviour indicates a progression towards normality. Figure 15.2 
shows the gain for a representative subject from the HDP + Lab group. Correlation, 
coherence and phase were still not statistically significant.

Pulse pressure values were lower for the HDP + Lab group when compared with 
the other groups. In addition, for the three populations the pulse pressure values 
were lower during the first day of life and presented an increased profile in the sec-
ond and third days. Figure 15.3 shows the median values of pulse pressure for the 

Fig. 15.1 Measurements of rScO2, MABP and pulse pressure for one of the subjects during the 
first day of life
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Fig. 15.2 Gain values for a representative subject from the HDP + Lab group. Gain values during 
the first, the second and third days are shown together with the values from a control subject for 
comparison

Fig. 15.3 Median values of pulse pressure for the three different groups, Control, HDP + Lab and 
HDP-Lab, during the first 3 days of life
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three different populations and its evolution during the first 3 days of life. In 
Table 15.1 the median values of pulse pressure and its range of variation  (minimum–
maximum values) are indicated.

15.4  Discussion and Conclusion

In this study we found that the maternal use of labetalol induces high values of the 
transfer function gain between MABP and rScO2. These high values are concomi-
tants with low values of pulse pressure. In [8] low values of pulse pressure indicate 
the presence of vasodilation due to the use of drugs for hypertension treatment. 
However, labetalol is a non-selective β-antagonist; its action also reduces cardiac 
contractility which is reflected as a reduction in pulse pressure. When comparing 
pulse pressure values from the HDP + Lab and HDP-Lab groups, a stronger reduc-
tion is observed in the HDP + Lab group; this may be caused by a combination of 
vasodilation and reduction in cardiac contractility. We hypothesised that vasodila-
tion was present in this group due to the concomitant reduction in pulse pressure 
and increase in transfer function gain values. Vasodilation reduces the effect of the 
myogenic mechanism responsible for cerebral autoregulation, which increases the 
transfer function gain. This vasodilation may be produced by the accumulation of 
labetalol due to its maternal use [9]. Interestingly, a trend towards normality can be 
seen in the gain and pulse pressure values. The gain values return to normality by 
the end of the third day, while the pulse pressure values were still lower than normal 
by then. This may be due to a decrease in labetalol. This vasodilatory effect might 
also be caused by brain sparing. In [10] higher mean values in cerebral blood flow 
velocity were reported in children with evidence of brain sparing. However, no dif-
ferences were found in the amount of neonates that presented brain sparing between 
the HDP + Lab and HDP-Lab groups.

Correlation, coherence and transfer function phase did not present differences 
between the studied populations. This may be due to the fact that impaired cerebral 
autoregulation is reflected not only by a coupled dynamics between MABP and 
cerebral blood flow but also by the strength of this relation. This strength is assessed 
by the gain of the transfer function but not by the correlation and coherence scores. 
Moreover, in a recent study carried out in our group [11], we found that among the 
aforementioned methods, transfer function analysis is the most robust method 
for cerebral autoregulation assessment. This result is in agreement with the results 
provided by [12].

Table 15.1 Pulse pressure values for the different populations during the first 3 days of life (all 
values are given in mmHg)

Day 1 Day 2 Day 3

Control 16.08 (5.97–27.54) 21.50 (10.25–28.47) 23.07 (15.73–32.64)
HDP + Lab 12.94 (9.32–20.17) 16.10 (8.24–25.11) 17.47 (7.67–27.11)
HDP-Lab 16.76 (9.05–23.18) 17.45 (9.87–27.34) 19.76 (10.04–27.87)

A. Caicedo et al.
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In conclusion, there is evidence indicating that labetalol induces changes in the 
cerebral autoregulation mechanism of the neonates possibly due to its accumula-
tion. This accumulation of labetalol might produce vasodilation, which leads to 
high values of gain, impairing the myogenic mechanism of cerebral autoregulation. 
Further studies are necessary to evaluate whether this phenomenon also has an 
effect on the later neurological outcome of the patients.
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    Abstract     How does the oxygen metabolism change during sleep? We aimed to 
measure the change in brain tissue oxygen saturation (StO 2 ) before and after sleep 
with near-infrared spectroscopy (NIRS) using an in-house developed sensor. 
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According to the synaptic homeostasis hypothesis [ 1 ], synaptic downscaling during 
sleep would result in reduced energy consumption. Thus, this reduced energy 
demands should be refl ected in the oxygen metabolism and StO 2 . Thirteen nights of 
7 male subjects (age 11–16 years, one subject contributed only one night, all others 
two) were included in the analysis. We performed NIRS measurements throughout 
the entire night. The NIRS sensor was placed close to electrode position Fp1 (inter-
national 10/20 system), over the left frontal cortex. Absolute StO 2  and total haemo-
globin (tHb) were calculated from the NIRS measurements using a self-calibrating 
method [ 2 ]. StO 2  and tHb during the awake period prior to sleep and after awaken-
ing were compared. The subjects were instructed to lie in bed in the same position 
before and after sleep. Values of the two nights were averaged for each subject. 
Furthermore, a linear regression line was fi t through the all-night StO 2  recordings. 
We found an increase in StO 2  by 4.32 ± 1.76 % (mean ± SD, paired  t -test  p  < 0.001, 
 n  = 7) in the morning compared to evening, while tHb did not change (1.02 ± 6.81 μM 
 p  = 0.704,  n  = 7). Since the tHb remained at a similar level after sleep, this increase 
in StO 2  indicates that in the morning more oxygenated blood and less deoxygenated 
blood was present in the brain compared to the evening. The slope of the regression 
line was 0.37 ± 0.13 % h −1  leading to a similar increase of StO 2  in the course of 
sleep. This may be interpreted as a reduced oxygen consumption or energy metabo-
lism after sleep.  

16.1        Introduction 

 How does the oxygen metabolism change in the course of sleep? While different 
studies investigated specifi c events during sleep, e.g., sleep apnoea [ 3 ], differences 
between sleep stages [ 4 ] or wakefulness and sleep [ 5 ], the temporal evolution of the 
oxygen metabolism in the course of sleep is not clear. According to the synaptic 
homeostasis hypothesis [ 1 ], a popular hypothesis about the function of sleep, oxy-
gen demand should be reduced during sleep, and hence brain metabolism should be 
decreased. A PET study [ 6 ] showed that global cerebral blood fl ow (CBF) after 
sleep was reduced compared to measurement before sleep onset. In an ultrasound 
Doppler study in six healthy young males, blood fl ow velocity in the middle  cerebral 
artery decreased by 6.6 % between pre- and post-sleep measurements [ 7 ]. Global 
CBF measured with PET could be a marker for oxygen consumption [ 8 ], and in that 
sense the reduced global CBF may indicate a reduced energy consumption. 
However, this relation is not yet established and in order to obtain absolute CBF 
values, arterial blood sampling is required. This makes PET rather impractical for 
sleep studies, in particular in children, which will also not be able to sleep in one 
position throughout the entire night. Near-infrared spectroscopy (NIRS) provides a 
non-invasive way to indirectly measure the oxygen metabolism which is related to 
the cerebral tissue oxygen saturation via the link of cytochrome C oxidase [ 9 ]. 
Because of its non-invasive nature and the small size of the sensor, the subjects are 
free to move during sleep and the discomfort is reduced to a minimum. Hence, 
NIRS may be an interesting tool to investigate the oxygen metabolism in sleep. The 
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aim of the current study was to investigate sleep-related changes in StO 2  by compar-
ing StO 2  before and after sleep. The synaptic homeostasis hypothesis [ 1 ] proposes a 
reduced energy consumption after sleep compared to before sleep, which should be 
refl ected in StO 2 .  

16.2     Methods 

16.2.1     Subjects 

 Data of seven healthy subjects (age 11–16 years, mean 13.6 years, all male) were 
recorded and analysed. Each subject spent two nights in the sleep laboratory at the 
Children’s Hospital Zurich, separated by 3 weeks. Time in bed was approximately 
8.5 h. Before the recordings in the sleep laboratory, the subjects had to keep a regu-
lar sleep–wake rhythm for at least three nights. The subjects had to fi ll in a sleep 
questionnaire and wore an activity monitor at the wrist of the nondominant arm. 
This allowed us to check compliance with the instructions of keeping a regular 
sleep–wake rhythm. The last three days before the night, they were not allowed to 
consume caffeine-containing products. The study was approved by the ethical com-
mittee of the Canton of Zurich, and informed consent was obtained from the legal 
representatives.  

16.2.2     Protocol 

 The near-infrared spectroscopy (NIRS) sensor was placed at the left forehead, close 
to the position of electrode Fp1, international 10/20 system [ 10 ]. Additionally to the 
NIRS measurement, high-density EEG recordings (128 electrode EEG net, 
Electrical Geodesics, Inc.) were performed during the night. EEG data are not pre-
sented here. In addition to the continuous measurements during the night, we mea-
sured 2 min prior to light out and 2 min after awakening. We instructed the subject 
to lie on his back, looking at the ceiling, and not to move. With an accelerometer 
(ADXL330, Analog Devices) built into the sensor, we were able to exclude errors 
resulting from wrong head positions or head movements.  

16.2.3     NIRS Measurement 

 NIRS measurements were performed with an in-house built NIRS device, the 
 OxyPrem , which is similar to previous wireless sensors [ 11 ]. It measures light atten-
uation at 760, 805 and 870 nm, at distances 1.5 and 2.5 cm. With this sensor we were 
able to calculate StO 2  for two different regions using the multi-distance method [ 2 ]. 

16 Brain Tissue Oxygen Saturation Increases During the Night in Adolescents
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Region one is covering an area of approximately 3 cm 2  and was closer to electrode 
F3 (just below the hairline for most subjects). Region two was covering the same 
area close to electrode Fp1. Only data of region one are reported.  

16.2.4     Post Processing 

 To calculate StO 2  we use the simplifi ed diffusion constant and did not account for 
water in tissue, as described in assumption A4 in [ 12 ]. This approach is based on the 
diffusion equation for a semi-infi nite medium and a point source and implies the 
assumption  r(3μ   a   μ   s   ′)> > 1 . Here  r  denotes the distance between source and detector; 
 μ   a   and  μ   s   ′  are the absorption and the reduced scattering coeffi cients, respectively. 

 For the scattering coeffi cients of the brain, we used the values published by 
Matcher et al. [ 13 ] and thus were able to obtain total (tHb), oxygenated (O 2 Hb) and 
deoxygenated haemoglobin (HHb). The relative change in tHb may be an indicator 
for the change in blood volume. The relation between StO 2  and tHb is given by 
StO 2  = O 2 Hb/tHB and tHb = O 2 Hb + HHb. To exclude errors in StO 2  resulting from 
unintended movement of the subject, the accelerometer data were checked. By 
visual inspection, only those parts were included in the analysis with values around 
−0.3 and −0.7 g in the y- and z-axis of the accelerometer, respectively. In this posi-
tion the subject was lying on the back. The constant  g  represents the earth’s gravity 
(≈9.81 ms −2 ). The included parts per measurement were averaged to obtain one 
value in StO 2  and tHb for statistical analysis. To estimate the change of StO 2  over 
the night, we calculated a linear regression and investigated the slope (%/h; see 
Fig.  16.2 ). Sleep stages were visually scored according to standard criteria.  

16.2.5     Statistics 

 For statistical analysis we averaged the two nights per subject, leading to seven 
evening–morning StO 2  and tHb pairs. These were compared by paired  t -tests. All 
processing was performed by MATLAB® (R2009b and R2011b, the Mathworks®, 
Natick, Massachusetts, USA).   

16.3     Results 

 We found a signifi cant increase in StO 2  of 4.32 ± 1.76 % (mean ± SD,  p  < 0.001, 
 n  = 7) in the morning compared to the evening. Mean StO 2  prior to sleep was 
69.43 ± 2.02 % and 73.76 ± 2.36 % after awakening. The mean change in tHb was 
1.02 ± 6.81 μM ( p  = 0.704,  n  = 7), which was not signifi cant. Individual data are 
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shown in Fig.  16.1 . Furthermore, the O 2 Hb increased by 4.27 ± 4.46 μM ( p  < 0.05, 
 n  = 7) and HHb decreased by 3.25 ± 3.01 μM ( p  < 0.05,  n  = 7).

   The mean linear increase over the night was 0.37 ± 0.13 % h −1  (Figs.  16.1  and 
 16.2 ). The percentage increase indicates an absolute rather than a relative increase 
with respect to the baseline value.

16.4        Discussions and Conclusion 

 In adolescent subjects we observed an increase in StO 2  in wakefulness post-sleep 
compared to wakefulness pre-sleep. This increase was confi rmed when fi tting a 
regression line through all-night StO 2  measurements. Since tHb did not change 
overnight, this increase in StO 2  may indicate that in the morning more oxygenated 
and less deoxygenated blood was present in the brain compared to the evening. The 
oxygen metabolic rate can be expressed as a function of CBF, arterial oxygen satu-
ration (SaO 2 ) and cerebral tissue oxygen saturation [ 14 ], and therefore our fi nding 
might be interpreted as a reduced oxygen consumption and thus energy 

  Fig. 16.1    ( a ) Brain tissue oxygen saturation (StO 2 ) increased in the morning after sleep (post- 
sleep), compared to the evening before sleep (pre-sleep). The values of the two nights were aver-
aged except for subject (+) which only contributed with one night. ( b ) Change of total haemoglobin 
(tHb) from evening to morning. On average no change was observed. ( c ) Slope (b) of the linear 
regression for StO 2  for the whole night (see Fig.  16.2 ). A positive slope was observed in all sub-
jects and all nights. The  different symbols  indicate the seven subjects       
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metabolism (linked by the oxidative phosphorylation, [ 15 ], Chap. 19) after sleep. 
This interpretation requires SaO 2  and the CBF to be constant. Since tHb overall 
remains constant, the cerebral blood volume (CBV) remains constant and hence does 
the CBF, which is related to the CBV [ 16 ]. Since we did not measure the SaO 2 , we 
cannot be sure whether this assumption holds; however, the subjects were healthy 
and no sleep apnoeas were observed during the night, which makes the assumption 
more plausible. A reduced energy metabolism would be in line with the synaptic 
homeostasis hypothesis [ 1 ], which states that synaptic downscaling during the 
night would lead to a reduced energy demand of the brain.    Alternatively, the 
increased StO 2  could be linked to circadian effects (independent of sleep), e.g., 
cortisol rhythm which exerts its wake-promoting effect in the early morning hours 
[ 17 ]. As can be seen in Fig.  16.2 , the assumed linear trend describes the StO 2  
increase during sleep fairly accurate regarding the whole-night changes. But on a 
shorter timescale, fl uctuations were evident. At this point we speculate that these 
fl uctuations are movement induced on the one hand and related to changes in sleep 
on the other. 

 In summary, in adolescents we found an increase in cerebral tissue oxygen satu-
ration in the course of sleep, which may represent a reduced oxygen consumption 
of the brain and therefore a lower energy metabolism. Thus, our data are in line with 
the synaptic homeostasis hypothesis [ 1 ].     
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  Fig. 16.2     Top : Visually scored sleep stages for one night of subject (*) ( W  waking,  R  REM sleep, 
 1–3  non-REM sleep stages N1–N3).  Bottom : Corresponding time course of StO 2 . A linear regres-
sion line was fi tted through the data. The slope (b) of the increase during the night is indicated at 
the  top of the panel . Please note that the b value here is given for the individual night, while the b 
values in Fig.  16.1  are averaged over two nights       
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    Abstract     (Background) The 2010 CPR Guidelines recommend that extracorporeal 
cardiopulmonary resuscitation (ECPR) using an emergency cardiopulmonary 
bypass (CPB) should be considered for patients with cardiac arrest. However, it is 
not yet clear whether this therapy can improve cerebral circulation and oxygenation 
in these patients. To clarify this issue, we evaluated changes of cerebral blood oxy-
genation (CBO) during ECPR using near-infrared spectroscopy (NIRS). (Methods) 
We employed NIRS to measure CBO in the bilateral frontal lobe in patients trans-
ported to the emergency room (ER) after out-of-hospital cardiac arrest between 
November 2009 and June 2011. (Results) Fifteen patients met the above criteria. 
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The tissue oxygenation index (TOI) on arrival at the ER was 36.5 %. This increased 
to 67.8 % during ECPR ( P  < 0.001). The one patient whose TOI subsequently 
decreased had a favorable neurological outcome. (Conclusion) Increase of TOI dur-
ing ECPR might refl ect an improvement in cerebral blood fl ow, while decrease of 
TOI after ECPR might refl ect oxygen utilization by the brain tissue as a result of 
neuronal cell survival. NIRS may be useful for monitoring cerebral hemodynamics 
and oxygen metabolism during CPR.  

17.1         Introduction 

 Cardiac arrest is a major public health problem worldwide. Despite decades of 
efforts to promote cardiopulmonary resuscitation (CPR) science and education, the 
survival rate for out-of-hospital cardiac arrest remains low [ 1 – 3 ]. In Japan, the SOS- 
KANTO study showed that a favorable neurological outcome at 30 days was 
extremely rare in patients with out-of-hospital cardiac arrest who arrived at the 
emergency hospital in cardiac arrest [ 3 – 6 ]. The 2010 CPR Guidelines indicated that 
organized post-cardiac arrest care with an emphasis on multidisciplinary programs 
that focus on optimizing hemodynamic, neurologic, and metabolic function (includ-
ing therapeutic hypothermia (TH)) may improve survival to hospital discharge 
among victims who achieve return of spontaneous circulation (ROSC) following 
cardiac arrest either in- or out-of-hospital [ 2 ]. TH is one intervention that has been 
shown to improve outcome for comatose adult victims of witnessed out-of-hospital 
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cardiac arrest when the presenting rhythm was ventricular fi brillation (VF) [ 7 ,  8 ]. 
The 2010 CPR Guidelines recommended that comatose adult patients with ROSC 
after out-of-hospital VF cardiac arrest should be cooled to 32–34 °C for 12–24 h 
(Class I) [ 2 ] and that extracorporeal CPR (ECPR) using an emergency cardiopulmo-
nary bypass (CPB) should be considered for patients with inhospital cardiac arrest 
when the duration of the no-fl ow arrest was brief, and the condition leading to the 
cardiac arrest was reversible or amenable to heart transplantation or revasculariza-
tion (Class IIb) [ 2 ]. Since 1996, we have performed ECPR using emergency CPB 
with TH, followed by percutaneous coronary intervention (PCI) if necessary, on 
patients who arrive at the emergency room (ER) in cardiac arrest [ 9 ,  10 ]. Our pre-
liminary study indicated that early attainment of a core temperature of 34 °C during 
cardiac arrest had neurological benefi ts for patients with out-of-hospital cardiac 
arrest who underwent CPB and PCI [ 10 ]. However, it is not yet clear whether this 
therapy can improve cerebral circulation and oxygenation in these patients. To clar-
ify this issue, we evaluated changes of cerebral blood oxygenation (CBO) during 
ECPR using near-infrared spectroscopy (NIRS). NIRS, an optical technique, is an 
attractive tool for this purpose because it allows noninvasive, continuous measure-
ments of CBO changes with high time resolution and is easy to use [ 11 ,  12 ].  

17.2     Methods 

17.2.1     Patients 

 Between November 2009 and June 2011, we employed NIRS (NIRO-200NX, 
Hamamatsu Photonics, Japan) to measure CBO in the bilateral frontal lobe in 
patients transported to the ER after out-of-hospital cardiac arrest. The patients were 
included in a prospective observational study. They were enrolled in this study when 
they met the following criteria: aged 18–74 years, cardiac arrest witnessed by 
bystanders, presumed cardiac etiology of cardiac arrest according to the Utstein 
style guidelines [ 13 ], defi brillation using automated external defi brillator by 
bystander and/or emergency medical personnel, and persistent cardiac arrest on 
arrival at the ER [ 10 ]. Exclusion criteria were a tympanic-membrane temperature 
below 30 °C on arrival at the ER, successful ROSC within 10 min of arrival at the 
ER with conventional ALS; non-cardiac etiology of cardiac arrest; or pregnancy. 
Patients were also excluded if their families refused to give informed consent for 
participation in this study [ 10 ].  

17.2.2     Procedures 

 Our treatment protocol of extracorporeal CPR for induction of hypothermia with 
PCI is shown in Fig.  17.1  [ 10 ]. On arrival at the ER, the attending physicians 
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assessed as soon as possible whether a patient was eligible for this study after 
 conventional ALS, including rapid intravenous infusion of 2 L of lactated Ringer’s 
solution at 4 °C and the administration of 40 international units (IU) of vasopressin, 
and employed NIRS to measure CBO in the bilateral frontal lobe in patients. CPB 
plus intra-aortic balloon pumping was initiated when ROSC could not be achieved 
within 10 min of arrival. After implementation of CPB plus intra-aortic balloon 
pumping, emergency coronary angiography was performed during cardiac arrest in 
cases of suspected acute coronary syndrome (ACS). Subsequently, coronary reper-
fusion therapy using PCI during extracorporeal CPR was performed immediately.

17.2.3        Statistical Analysis 

 All analyses were performed using the SPSS software package (version 16.0 J 
SPSS, Chicago, IL, USA). Continuous variables are expressed as mean ± SD. 
Differences in the mean levels of tissue oxygenation index (TOI) between arrival 
at the ER, administration of 40 IU of vasopressin, and implementation of CPB 
were tested by Mann–Whitney  U  test for unpaired values with two-tailed  P  values 
of <0.05.   

  Fig. 17.1    Protocol of extracorporeal cardiopulmonary resuscitation ( CPR ) for induction of hypo-
thermia with percutaneous coronary intervention ( PCI ). On arrival of the patient at the emergency 
room ( ER ), extracorporeal CPR using emergency cardiopulmonary bypass plus intra-aortic bal-
loon pumping was immediately performed. Subsequently, emergency coronary angiography with 
PCI was performed in cases of suspected acute coronary syndrome       

 

T. Yagi et al.



125

17.3     Results 

 During the study period, 15 patients met the above criteria. Characteristics of these 
patients are presented in Table  17.1 . The mean age was 57.0 ± 12.6 years. The pro-
portion of male patients was 93.3 %. The mean time interval from collapse to the 
implementation of CPB was 51.6 ± 16.6 min, and the mean time interval from arrival 
at the ER to implementation of CPB was 17.9 ± 7.7 min. The proportion of patients 
due to ACS was 66.6 %.

   The TOI on arrival at the ER was 36.5 ± 7.0 % (Fig.  17.2 ). This increased to 
42.3 ± 6.9 % following administration of 40 IU of vasopressin ( P  < 0.001) and to 
67.8 ± 7.9 % following implementation of CPB ( P  < 0.001). Moreover, oxyhemoglo-
bin (Oxy-Hb) increased by 14.1 ± 6.3 μM, and deoxyhemoglobin (Deoxy-Hb) 
decreased by 16.8 ± 8.4 μM. After the implementation of CPB, the one patient 
whose TOI subsequently decreased had a favorable neurological outcome at 30 days 
after cardiac arrest (Fig.  17.3 ).

17.4         Discussion 

 This study shows that ECPR with TH can improve cerebral circulation and oxygen-
ation in these patients. In cardiac arrest patients, clinically relevant recovery depends 
strongly on the restoration of cerebral function, which in turn depends on two major 

  Table 17.1    Baseline 
characteristics of the study 
populations  

 Characteristics  Patients ( n  = 15) 

 Age (years)  57.0 ± 12.6 
 Male sex (no. (%))  14 (93.3) 
 Prehospital treatment (no. (%)) 

 Defi brillations  14 (93.3) 
 Administration of intravenous epinephrine  7 (46.7) 

 Initial cardiac rhythm 
 VF/pulseless VT  14 (93.3) 
 PEA  1 (6.7) 
 Asystole  0 

 Time interval (min) 
 From collapse to implementation of CPB  51.6 ± 16.6 

 From arrival at the ER to implementation 
of CPB 

 17.9 ± 7.7 

 Cause of cardiac arrest 
 Acute coronary syndrome  10 (66.6) 
 Cardiomyopathy  2 (13.3) 
 Others  3 (20.0) 

   VF/pulseless VT  ventricular fi brillation/pulseless ventricular 
tachycardia,  PEA  pulseless electrical activity,  CPB  cardiopul-
monary bypass,  ER  emergency room  
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  Fig. 17.2    The value of tissue oxygenation index ( TOI ) on arrival at the emergency room ( ER ) was 
36.5 ± 7.0 %. This increased to 42.3 ± 6.9 % following administration of 40 IY of vasopressin 
( P  < 0.001) and to 67.8 ± 7.9 % following implementation of cardiopulmonary bypass (CPB) 
( P  < 0.001)       
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  Fig. 17.3    After the implementation of cardiopulmonary bypass ( CPB ), the one patient whose tis-
sue oxygenation index ( TOI ) subsequently decreased had a favorable neurological outcome at 30 
days after cardiac arrest       
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factors, i.e., prevention or alleviation of global ischemia during the “no-fl ow time” and 
“low-fl ow (CPR) time” and minimization of post-reperfusion injury of the brain [ 14 ]. 
We speculated that the TOI on arrival at the ER may refl ect the degree of global 
 ischemia that persisted during the prehospital period. Increase of TOI by the imple-
mentation of CPB might refl ect an improvement in cerebral blood fl ow, while decrease 
of TOI after the implementation of CPB might refl ect oxygen utilization of the brain 
tissue as a result of neuronal cell survival. However, it should be noted that changes of 
TOI could be caused by other factors such as cerebral metabolic rate of oxygen 
(CMRO 2 ), arteriovenous (AV) volume ratio, and systemic oxygen  saturation. Further 
studies are necessary to clarify these issues. 

17.4.1     Study Limitations 

 There are several limitations to our study. First, it was not a multicenter study for 
resuscitation after out-of-hospital cardiac arrest. Second, our fi ndings should be 
considered preliminary because of small sample size: there were only 15 patients in 
the present study, and there was only one patient with a favorable neurological out-
come at 30 days after cardiac arrest.   

17.5     Conclusions 

 We suggest that NIRS may be useful for monitoring cerebral hemodynamics and 
oxygen metabolism during ECPR.     
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Abstract The assessment of muscle oxygenation by non-invasive near-infrared 
spectroscopy generally assumes a homogeneous medium, and this is flawed for 
large adipose tissue layers underneath the skin. Here we summarize the influence of 
the adipose tissue thickness on the oxygenation data, show that the adipose layer can 
be measured by NIRS and indicate a possible correction algorithm. Spectroscopic 
evidence suggests the usefulness of this algorithm, however, not in all subjects.

18.1  Introduction

One of the main applications of near-infrared spectroscopy (NIRS) in tissue optics is 
the measurement of muscle oxygenation which is especially valuable for exercise 
physiology [1, 2]. As most commercial NIRS monitors or lab set-ups are based on a 
limited number of light sources and detectors, the underlying assumptions are homo-
geneous optical properties (absorption, scattering) of the medium. This assumption 
certainly does not hold when there is lipid tissue covering the muscle. This adipose 
lipid tissue thickness (ATT) extends from < 1 mm up to values > 15 mm, depending 
on subject and muscle.

Our experimental set-up consists of a broadband spectroscopy system that records 
six reflectance spectra at a mean distance of 35 mm from the light source. Light 
delivering fibres were positioned on the site of different muscles of healthy subjects.

The collection of spectra in the range from around 600 to 1,000 nm allows a 
detailed analysis of both the spectral lipid signal and haemoglobin concentrations of 
its oxygenated and deoxygenated forms (oxyHb, deoxyHb) [3, 4]. Here we show, 
first, the dependence of these haemoglobin parameters on the lipid thickness when 
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analysing the data according to the spatially resolved approach, where the slope of 
attenuation A with respect to source-detector distance ρ is converted into spectra of 
the tissue absorption μa,

 
µ λ

µ λ
λ
ρ ρa

s  

A( ) = ( ) ( ) ∂ ( )
∂

−




′

1 1

3
10

2
2

· · ln ,
 

(18.1)

assuming values of the transport scattering coefficient μs′. μa spectra are then con-
verted to haemoglobin concentrations and subsequently to oxygen saturation 
SO2 = oxyHb/(oxyHb + deoxyHb) [5, 6].

Second, it is demonstrated that ATT can be measured by NIRS and, third, a cor-
rection term for Eq. 18.1 is proposed and tested.

18.2  Influence of Adipose Tissue Thickness  
on Oxygenation Data

In 20 healthy subjects at rest, haemoglobin parameters were obtained according to 
Eq. 18.1 from five muscle groups, and the values are plotted in Fig. 18.1 as a func-
tion of ATT. For most muscle groups there is a clear decrease in the total haemoglo-
bin concentrations and an increase in SO2 with increasing ATT for all sites. This 
trend is different in quality as expressed by the correlation coefficient and in the 
slope for the different muscle groups. The correlation of total haemoglobin tHb and 
ATT is strongest for values derived from vastus lateralis and vastus medialis (r = 0.93 
and 0.79, respectively) while weaker for the forearm, possibly explained by a 
smaller muscle thickness. Similarly, the correlation of SO2 and ATTUS is best for the 
large muscle groups of the thigh and lowest for the forearm.

18.3  Measurement of Adipose Tissue Thickness by NIRS

Tissue attenuation spectra contain information of the lipid due to its absorption peak 
close to 920 nm. We tested the correlation of this optical lipid signal with a mea-
surement of the ATT by ultrasound, by magnetic resonance imaging and by a 
mechanical caliper [3]. In Fig. 18.2 this is shown for a total of 240 data points from 
six body sites of 20 subjects (both left and right hemispheres), where the amplitude 
of the optical lipid signal (OLS) is plotted versus ultrasound derived ATT data. 
When fitting an exponential curve of the form OLS = p1· (1 − exp(−p2·ATT)), the fit 
parameters p1 = 7.961·10−3OD⋅nm−2 and p2 = 0.0966 mm−1 were obtained, and ana-
lysing the deviation (residuum) of the experimental data as shown in Fig. 18.2, the 
error of the optically derived ATT can be estimated as ± 0.76 mm. This error con-
tains not only uncertainties in the optical data but of the ultrasound measurements 
as well.
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18.4  Correction Algorithm Including ATT

All steps of the conventional SRS algorithm for a calculation of muscle oxygenation 
are summarized on the left side of Fig. 18.3. Key is Eq. 18.1 to derive the absorption 
coefficient μa, and this is used, e.g. in the commercial NIRS monitor Hamamatsu 
NIRO-300 (Hamamatsu Photonics, Japan) for three wavelengths. This equation, 
derived from the diffusion theory for the transport of light in tissue, represents a 
simple non-linear relationship between ∂A/∂ρ and μa. Here we propose to replace 

Fig. 18.1 Concentration of total haemoglobin tHb = oxyHb + deoxyHb (left) and oxygen satura-
tion SO2 (right) as a function of the ultrasound-measured adipose tissue thickness ATTUS (n = 40 
for each site). Values are separately plotted for the different muscle groups, with the correlation 
coefficient r and the slope m stated
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Fig. 18.2 Correlation of optical lipid signal derived from attenuation spectra at 920 nm for 240 
measurements (6 muscle sites, 20 subjects, left and right). The line represents an exponential fit 
giving a mean absolute residuum of 0.76 mm. Inset: histogram of residuum

Fig. 18.3 Proposed algorithm for the inclusion of the lipid layer (ATT) in the SRS approach: the 
analytical equation for a homogenous medium (left) is bypassed by Monte Carlo-derived relation-
ships of ∂A/∂ρ versus μa
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this analytical function by similar functions derived from Monte Carlo simulations 
[7] for layered media, where the lipid is represented by one layer covering a second 
layer, representing muscle. In these simulations both layers can be attributed with 
different absorption and scattering properties and the ∂A/∂ρ values can be derived 
as a function of all these properties. Look-up tables were generated for a number of 
ATT values and a variety of muscle and lipid absorption coefficients, and the experi-
mental data of ∂A/∂ρ were converted into absorption coefficients. In this way the 
assumption of a homogeneous medium is not needed and the ATT included; how-
ever, assumptions of the absorption and scattering properties of the lipid layer have 
to be included.

There are a limited number of objective measures to judge an algorithm, mainly 
based on physiological interpretation of the calculated haemoglobin values. The 
broadband SRS approach used here, however, allows the quality of the model 
assumptions to be assessed by the spectroscopic residuum, by recalculating the 
spectrum from the fitted haemoglobin concentrations. This is shown in Fig. 18.4 
where an experimental ΔA/Δρ spectrum collected on the site of vastus lateralis of a 
subject is shown. When no correction term for ATT is used, the description of the 
experimental spectrum is poor. Inclusion of ATT and correction by the Monte 
Carlo-based model considerably improves the spectral fit. For this subject this 
improvement was obtained for all spectra during a long exercise bout.

When analysing data from nine subjects (ATT up to about 15 mm) during an 
incremental cycling exercise, the results were mixed when judged by the residuum. 
While in some of the data the magnitude of the residuum was considerably reduced, 
there was no significant change in others. Therefore, the residuum cannot be taken 
as convincing spectroscopic evidence for the validity of the model. However, a poor 
fit points at wrong model assumptions or experimental errors, at least in a part of the 
subjects.

While the broadband approach allows the residuum analysis, its set-up is more 
complex than systems with a few wavelengths only. Therefore, data were collected 

Fig. 18.4 Spectrum of ΔA/Δρ measured on the vastus lateralis muscle of a volunteer with an ATT 
of 6.2 mm (ultrasound). When no correction of the ATT was included, the description of residuum 
of the fitted spectrum is much larger than with the inclusion of the Monte Carlo-based correction. 
The mean residuum is reduced by a about a factor of 4 with the correction
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on the site of the calf muscle and the vastus lateralis of 20 subjects with the 
 commercial monitor Hamamatsu NIRO-200NX. This system employs three wave-
lengths only, and therefore, the residuum analysis is limited. Within errors, no 
improvement of the residuum was observed when analysing data with the correction 
algorithm.

18.5  Discussion

In conclusion, we have shown that the adipose tissue thickness has a strong influ-
ence on the oxygenation parameters. In many studies this problem is currently cir-
cumvented and avoided by selecting subjects with a low ATT. This is clearly 
unsatisfactory, especially when interrogating tissue of older subjects or even female 
subjects who tend to have a larger ATT.

It is demonstrated that the thickness of the lipid layer can be derived from the 
same data analysed for haemoglobin. This might be a valuable tool in its own right. 
Here, however, it is treated as just one step for the improvement of muscle haemo-
globin data.

There are many wrong assumptions in the standard SRS algorithm which treats 
the tissue as a homogeneous, infinite half-space. We proposed to improve this model 
by including a two-layer model, with the lower one representing the muscle of 
unknown absorption coefficient. For the upper layer, representing lipid, we assumed 
scattering and absorption properties from the literature. In the residuum analysis, 
however, we found no unbiased argument that this model is truly improved.
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    Abstract     Muscle oxygenation is determined not only by the fl ow and oxygen 
 content of the supplying blood but also by the density of the capillary network, the 
heterogeneity of the distribution of the capillaries and the properties and distribution 
of the muscle fi bres. The distribution of the capillaries is adequately analysed by the 
method of capillary domains, which also allows to link capillaries to individual 
fi bres. Thus, capillarisation can be linked to cell properties like fi bre cross- sectional 
surface area and perimeter, and oxygen consumption of the individual muscle fi bres. 
However, in order to meaningfully characterise tissue properties, such linkage has 
to be done for groups of cells. Since most of the data are not normally distributed 
– domains are lognormally distributed, but how fi bre cross- sectional areas are dis-
tributed is unknown – a dedicated statistical analysis is required, particularly since 
none of the variables is independent.  

19.1         Introduction 

 Tissue oxygen levels can vary considerably over short distances, as shown by direct 
measurements with microelectrodes [ 1 ] and backed up by theory [ 2 ,  3 ]. Several fac-
tors play a role in the transport of oxygen to the tissue, such as blood fl ow and oxy-
gen content of the blood, but some are characteristics of the tissue itself. For instance, 
both capillary density and the heterogeneity of capillary spacing are important [ 4 ,  5 ], 
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while the heterogeneity in capillary blood distribution is of less importance – the 
overall blood supply of course is [ 6 ,  7 ]. Theoretical models have investigated the role 
of various tissue factors on tissue oxygenation [ 4 ]. It is unresolved, however, if local 
heterogeneity in oxygen consumption is important since only limited modelling has 
been possible so far [ 8 ]. There is thus a requirement to develop a method to analyse 
how capillary distribution and its relation to local consumption – for muscle, the situ-
ation of fi bres with differing oxidative capacity – affect local tissue oxygenation. 

 In order to make such an analysis meaningful, it should be done for a suffi ciently 
large piece of tissue. For both capillary distribution and capillary–fi bre relations, the 
method of capillary domains [ 9 ] has in general proven to be well applicable [ 10 ]. 
Since capillary spacing, both in terms of capillary domain areas and intercapillary 
distances, has a lognormal distribution [ 11 ], adequate statistics can be done, only 
leaving open the question in how far domains at the border of a tissue cross section 
should be left out [ 12 ]. 

 Relations between capillaries and fi bres can be determined through the overlaps 
between domains and fi bres in a cross section of tissue [ 13 ,  14 ]. However, correct-
ness of statistics on such results has never adequately been investigated.  

19.2     Methods 

 A frozen cross section of the deep, oxidative part of the rat plantaris muscle was 
selected to illustrate the statistical treatment explained here. The muscle cross sec-
tion was stained for capillaries with alkaline phosphatase, and fi bre types were dis-
tinguished with myosin ATPase after pre-incubation at pH4.55 [ 15 ]. Capillary 
coordinates and fi bre contours were read into a computer fi le using a digitising tab-
let as laid down earlier [ 5 ,  14 – 16 ]. All further processing was done by the computer 
program AnaTis (BaLoH Software,   http://www.baloh.nl    ); the program can handle 
series of tissue slices but for this article a single slab suffi ces. The different stages 
are visualised – combined – in Fig.  19.1 : the upper left part shows only the capillar-
ies, the lower left part also the domains, the upper right part capillaries and fi bres 
and the right bottom part capillaries, fi bres and domains. Here only the oxidative 
fi bres are used; the other fi bres are in a different fi le and can be handled separately.

   Determining the number of capillaries ‘associated with’ a fi bre by the overlap 
method [ 13 ] can be done in two ways. Firstly, all capillaries of which part of the 
domain overlaps the fi bre can be counted; this gives a whole number 0, 1, 2, 3, … 
for each fi bre. More sophisticatedly, the domain overlap fractions can be summed, 
giving the ‘net’ number of capillaries for that particular fi bre. For instance, if a fi bre 
is overlapped by three capillary domains, the overlaps being only 34 % of the fi rst 
domain area, 33 % with the second and 28 % with the third, the ‘net’ number of 
capillaries is 0.34 + 0.33 + 0.28 = 0.95 (referred to as  f) , while the whole number 
count would be 3 (referred to as  n ). 

 A typical way to show the relationship between capillaries and fi bres of a certain 
type is to plot and fi t the number of capillaries belonging to a fi bre to the fi bre 

L. Hoofd and H. Degens

http://www.baloh.nl/


139

cross- sectional area, mostly by linear regression. That is done here too. Another 
possibility is to plot it against fi bre perimeter length. However, the statistical treat-
ment is the same as will be the consequences investigated below.  

19.3     Results 

 Figure  19.2  shows plots of the whole number count of capillaries ( n ) against fi bre 
cross-sectional area  A  (in the literature,  FCSA ). Each dot represents an individual 
fi bre. For the left panel, lines were calculated in the standard way, where  n  is the 
dependent and  FCSA  the independent variable. The lower line shows the relationship 

  Fig. 19.1    Combined computer plot of tissue cross section showing capillaries ( dots ) domains 
( polygons around dots ) and fi bres ( contours )       
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when all domains were included, the upper line when fi bres  overlapping with border 
domains were excluded and the middle when fi bres overlapping with border 
domains were included for 50 % (analogous to the statistically correct way of 
domain distribution calculation). In AnaTis these lines and the corresponding data 
points have different colours. Apart from the statistical problem concerning which 
line gives the most appropriate representation of the real situation, there is another 
objection against plotting  n  against  FCSA ; a dependent variable should be  continuous, 
while  n  is only given by whole numbers.

   The simplest way to solve this problem is to switch variables in the fi t; in other 
words make  n  independent and  FCSA  dependent. The resulting lines are presented 
in the right panel and are completely different from the former ones, where the 
steepest line appears in the data that exclude fi bres having overlaps with domains at 
the border of the region of interest. For example, for the ‘in between’ lines, the slope 
now is  b  2  = 6.38·10 −3  ± 1.08·10 −3  μm −2  (SE) for  n  as independent variable against 
 b  1  = 1.56·10 −3  ± 0.27·10 −3  μm −2  (SE) for  n  as the dependent variable, a huge differ-
ence. The coeffi cient of correlation ( R ) does not depend on the type of fi t and is 
0.495; it can be proven that both slopes are related by the equation  b  2  =  b  1 / R  2 . 

 The same problem is encountered when forcing the fi tted line through the origin; 
after all, a fi bre with zero surface area should have zero capillaries belonging to it. 
In this case using  n  as dependent variable, the incorrect fi t, yields a slope of 
3.11·10 −3  ± 0.10·10 −3  μm −2  (SE) against 3.45·10 −3  ± 0.11·10 −3  μm −2  (SE) for  A  as 
dependent variable. The difference, however, is much less; also note that the correct 
slope is higher here. 

 One might argue that no such problem exists for the fractional number of capil-
laries  f  ( LCFR ), since this variable is continuous. However,  LCFR  as dependent 
variable against  FCSA  as independent variable ignores the biological and method-
ological variation in  FCSA ; at least, the  FCSA  might be different in neighbouring 
cross sections. For a correct fi t, the ‘intrinsic’ variations of both  LCFR  and  FCSA  

  Fig. 19.2    Number of capillaries  n  against fi bre cross-sectional area  A  applying two different types 
of statistics.  Left panel n  as dependent and  right panel n  as independent variable. For explanation 
see text       
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should be known, but there is no standard way to determine these. This problem was 
circumvented by the Deming method [ 17 ], assuming both variables to have equiva-
lent variation. For the ‘in between’ standard fi t, with  f  as dependent variable, the 
slope is  b  1  = 0.628·10 −3  ± 0.084·10 −3  μm −2  (SE); for the Deming fi t it is 
 b  3  = 1.07·10 −3  ± 0.11·10 −3  μm −2  (SE). The difference is less than in the whole number 
situation but still considerable. Again, the coeffi cient of correlation ( R ) does not 
depend on the type of fi t and is 0.587; here, both slopes are related by the equation 
 b  3  =  b  1 / R . 

 Forcing the lines through the origin yields slopes of 0.807·10 −3  ± 0.028·10 −3  μm −2  
(SE) for the standard approach against 0.856·10 −3  ± 0.029·10 −3  μm −2  (SE) for the 
Deming approach.  

19.4     Conclusions 

 Although the method of capillary domains allows for automated evaluation of dis-
tribution of capillaries and their relationship to other tissue fractions, the statistical 
processing is not so simple. For the capillary distribution, the problem is minor 
since it was proven to be statistically correct to leave out the domains at two of the 
four sides of a rectangular tissue cross section. However, often a cross section is not 
rectangular (see, e.g., the outline Fig.  19.1 ); in AnaTis this problem is solved by 
incorporating the border domains for only 50 %. 

 The same problem is present when correlating fi bres to capillaries. However, so 
far it has not been determined what portion of the fi bres with overlaps with border 
domains should be omitted. A more signifi cant problem, however, is caused by 
straight-line fi ts of capillary numbers and fi bre sizes. To take  n , or the number of 
domains overlapping a fi bre, as dependent variable is statistically incorrect, but is 
often published as such in the literature, as intuitively one expects the number of 
capillaries supplying a fi bre to be dependent on the size and the metabolic type of a 
fi bre [ 14 ,  16 ] and not the other way around. Because of the large differences in out-
come when using the  FCSA  as a dependent variable, results can only be compared 
when the same relationships are plotted, i.e., the same variables as dependent and 
independent. Otherwise, for example, signifi cant differences between results can 
and will be found where there are none and vice versa. In particular, when differ-
ences between groups of animals or muscle or fi bre types are to be detected, doing 
the same statistical analysis is a prerequisite. 

 Although a strict analysis of statistical correctness has not been done here, the 
Deming approach seems to be more adequate for relating fractional numbers of 
capillaries to fi bre area (or perimeter length) because neither of these is an exact 
variable. Analogously, the same holds for fractional number of fi bres against domain 
area which also has been done. If the available statistics program does not support 
the Deming approach, there are ways to solve this problem, for example, by apply-
ing the above-mentioned equation  b  3  =  b  1 / R  (or contact the fi rst author). A complete 
overview of all statistical approaches applied can be found in the manual to AnaTis, 
available at   http://www.baloh.nl    . 
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 Correct statistics is often a matter of interpretation, so no defi nitive judgement is 
presented here about the validity of each approach, except that the standard statistics 
of  n  as dependent variable has to be considered as incorrect. The treatment pre-
sented here should be considered as an aid for a decision about the statistics, as well 
as a classifi cation of the possibilities.     
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    Abstract     To examine the hypothesis that the relationship between minute 
 ventilation (V E ) and deoxygenation from the intercostal space (IC) would be steady 
regardless of exercise protocols, if an increase in O 2  consumption of the accessory 
respiratory muscles with an increase of V E  brings about deoxygenation in IC, we 
measured the relationship between V E  and O 2  saturation in IC (SO 2IC ) during a 
constant- load exercise test (CET), and the relationship was compared with that dur-
ing a ramp incremental exercise test (RIET). Six male subjects performed RIET. On 
a different day, the subjects performed a moderate and heavy CET (CET_MOD and 
CET_HVY, respectively). SO 2IC  decreased from the start of both CET_MOD and 
CET_HVY and changed little from 2 min. Moreover, SO 2IC  was signifi cantly lower 
during CET_HVY than during CET_MOD. In comparison between RIET and 
CET_HVY at the similar V E  level, SO 2IC  was signifi cantly higher during CET_HVY 
than RIET. These results suggest that the decrease in SO 2IC  was caused not only by 
an increase in O 2  consumption in IC with an increase in V E  but also by a decrease in 
O 2  supply.  
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20.1         Introduction 

 During incremental cycling exercise, deoxygenation, measured by near-infrared 
spectroscopy (NIRS), in the working muscle (the vastus lateralis) was attenuated at 
high intensity [ 1 – 4 ], and in previous studies, it was thought to be related to metabo-
lism of the respiratory and accessory respiratory muscles [ 1 ]. Deoxygenation from 
the intercostal space (IC) hyperbolically increased until exhaustion. The deoxygen-
ation was thought to be because the recruitment of the accessory respiratory mus-
cles increased the O 2  consumption. However, since the NIRS data refl ect the balance 
of O 2  supply and consumption [ 5 ,  6 ], deoxygenation was not always induced by an 
increase of O 2  consumption but also by a decrease of O 2  supply. 

 During constant-load exercise, minute ventilation (V E ) increases gradually from 
the start of exercise [ 7 ]. However, little is known about deoxygenation in IC. If 
deoxygenation in IC was led by an increase in O 2  consumption, it could be hypoth-
esized that deoxygenation was controlled by the amplitude of V E , independent of 
exercise protocols. However, if deoxygenation was different between protocols 
despite the same V E , deoxygenation would be infl uenced not only by the change of 
O 2  consumption but also by O 2  supply. 

 The purpose of this study was to examine deoxygenation in IC during constant- 
load exercise and to compare between deoxygenation during constant-load exercise 
with that during incremental exercise at the similar V E  level.  

20.2     Methods 

20.2.1     Subjects 

 Six active male volunteers participated in this study (age, 22 ± 1 years; height, 
170.5 ± 5.7 cm; body mass, 67.3 ± 12.0 kg; mean ± S.D.). Before participation in the 
experiment, all procedures and any potential risks were explained to each subject 
and an informed consent document was signed. This study was approved by the 
local ethics committee, and all work was performed in accordance with the 
Declaration of Helsinki.  

20.2.2     Experiment Design 

 The subjects performed a ramp incremental exercise test (RIET). The protocol fol-
lowed 0-W exercise for 1 min and increased at a ramp rate of 20 W · min −1  to exhaus-
tion. Ventilatory threshold (VT) calculated by a V-slope method [ 8 ] and peak O 2  
uptake (VO 2peak ) were evaluated. On a different day, the subjects performed a mod-
erate (CET_MOD; the intensity was 90 % of VT) and heavy (CET_HVY; the 
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intensity was the middle between VT and VO 2peak ) constant-load exercise test. The 
protocol followed a warm-up exercise (the same intensity as CET_MOD) for 3 min 
and 0-W exercise for 6 min and performed CET_MOD and CET_HVY exercise for 
6 min separated by 0-W exercise for 6 min. The warm-up exercise was performed 
to meet the metabolic balance before CET_MOD and CET_HVY exercise. An elec-
tromagnetically braked cycle ergometer (Strength Ergo 8, Fukuda Denshi, Japan) 
was utilized; the seat and handle height remained constant for each subject, and the 
pedal frequency was maintained at 60 rpm.  

20.2.3     Measurements 

 V E  and O 2  uptake (VO 2 ) were determined breath by breath by a computerized meta-
bolic cart (AE300S, Minato, Japan). Expiratory fl ow measurements were performed 
by a mass fl ow sensor. V E  was normalized by the peak of V E  during RIET 
(%V Epeak − RIET ). O 2  saturation in IC (SO 2IC ) was measured with near-infrared spatially 
resolved spectroscopy (NIRO-200, Hamamatsu photonics, Japan). The optode was 
placed on the interion between the seventh intercostal space and the anterior axillary 
line. The source-detector distance was 4 cm.  

20.2.4     Statistical Analyses 

 All data represented as means ± S.D. Statistical analyses were performed using the 
statistical package SPSS for Windows (version 19.0; SPSS, Chicago, IL). SO 2IC  dur-
ing CET_MOD and CET_HVY were compared by two-way ANOVA, with time 
and intensity as main effects. The Dunnett post hoc test was performed to examine 
time changes, and the paired  t -test was used to compare between CET_MOD and 
CET_HVY (Fig.  20.1 ). SO 2IC  during RIET, CET_MOD, and CET_HVY were com-
pared by the paired  t -test, at the similar %V Epeak − RIET  (Fig.  20.2 ). Values of  P  < 0.05 
were considered signifi cant.

20.3          Results 

 At VO 2peak  during RIET, V E , VO 2 , and SO 2IC  were 126 ± 22 L · min −1 , 
51.7 ± 9.1 mL · kg −1  · min −1 , and 54.6 ± 14.0 %, respectively. 

 V E  increased progressively as exercise time increased and was signifi cantly 
higher during CET_HVY than CET_MOD. In contrast, SO 2IC  decreased from the 
start of both CET_MOD and CET_HVY and changed little from 2 to 6 min 
(Fig.  20.1 ). The amplitude of SO 2IC  was signifi cantly higher during CET_HVY than 
CET_MOD. The fi nal values of V E , %V Epeak − RIET , VO 2 , and SO 2IC  were 
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59.1 ± 4.6 L · min −1 , 46.1 ± 6.9 %, 32.3 ± 6.1 mL · kg −1  · min −1 , and 68.9 ± 7.3 % during 
CET_MOD and 103 ± 19 L · min −1 , 79.3 ± 11.5 %, 47.9 ± 6.9 mL · kg −1  · min −1 , and 
61.3 ± 10.2 % during CET_HVY, respectively. 

 In comparison with the similar %V Epeak − RIET  between RIET (48.3 ± 3.3 %) and 
CET_MOD at the peak of %V Epeak − RIET  (48.4 ± 3.2 %), SO 2IC  tend to be higher dur-
ing CET_MOD than RIET, but not signifi cant (Fig.  20.2a ). On the other hand, in 
comparison between RIET (81.0 ± 12.2 %) and CET_MOD at the peak of 
%V Epeak − RIET  (81.0 ± 11.7 %), SO 2IC  was signifi cantly higher during CET_HVY than 
RIET (Fig.  20.2b ).  

  Fig. 20.1    SO 2IC  kinetics 
during CET_MOD and 
CET_HVY. * versus 6 min, 
# versus MOD,  P  < 0.05       

  Fig. 20.2    SO 2IC  at the similar 
%VE peak − RIET  during RIET and 
CET_MOD ( a ) and during 
RIET and CET_HVY ( b ). * 
RIET versus CET_HVY       
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20.4     Discussion 

 We examined SO 2IC  kinetics during constant-load exercise and compared SO 2IC  at 
similar %V Epeak − RIET  between RIET and CET. The main fi ndings of this study are 
that SO 2IC  was little changed over 2 min during both CET_MOD and CET_HVY 
and that the level of SO 2IC  was different between RIET and CET_HVY despite simi-
lar %V Epeak − RIET . These fi ndings suggest that the decrease of SO 2IC  is not induced by 
increased O 2  consumption of the accessory respiratory muscles under the measure-
ment area. In this study, neither blood fl ow nor O 2  supply in IC was measured, but a 
decrease in them would mainly result in a decrease in SO 2IC . 

 O 2  saturation is thought to represent the balance between O 2  supply and con-
sumption. We believe that O 2  consumption in the respiratory and accessory respira-
tory muscles was increased because a rise of V E  led to high work of breathing [ 9 ]. 
However, it would be unlikely that the increase in O 2  consumption caused deoxy-
genation in these muscles, at least the intercostal muscles. Rather, we assume that 
SO 2IC  was more related to O 2  supply changes, which could be effected by sympa-
thetic nerve activity-induced vasoconstriction, which was seen in organs and resting 
muscles during high-intensity exercise [ 10 ,  11 ]. Blood fl ow in working muscle was 
relatively maintained or increased by vasodilation effects such as NO [ 12 ], but 
blood fl ow and O 2  supply in resting muscles were decreased [ 11 ]. Although neither 
autonomic nerve activity nor blood fl ow in the resting muscle was measured in this 
study, previous studies have reported that during high-intensity exercise, the resting 
muscle deoxygenation increased gradually [ 13 ], similar to SO 2IC  in this study. 
Hence, in our study where O 2  saturation in IC and the resting muscle were simulta-
neously monitored, these values were similar during both incremental and decre-
mental exercise (unpublished data). Furthermore, an isocapnic hyperpnea at rest did 
not deoxygenate IC [ 14 ]. Therefore, it was unclear why SO 2IC  showed different 
kinetics between protocols, but it was likely that the change was more related to the 
O 2  supply than to the O 2  consumption. 

 In summary, the present study demonstrated that SO 2IC  during CET_HVY did 
not change despite V E  increasing and that SO 2IC  during CET_HVY was different 
from that during RIET in the same V E . These results imply that a decrease in SO 2IC  
is caused by a decrease of the O 2  supply, rather than an increase of the O 2  
consumption.     
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    Abstract     This study aimed to compare changes in skeletal muscle, prefrontal 
(PFC), and motor (MC) cortex hemodynamics during prolonged (i.e., 4-h) fatiguing 
whole-body exercise using multichannel near-infrared spectroscopy (NIRS). Ten 
subjects completed three successive 80-min cycling bouts at 45 % of their maximal 
power output. After the 4-h cycling, maximal voluntary contraction force of the leg 
was decreased by ~25 %. Muscle exhibited reproductive deoxygenation patterns 
during each of the three bouts, whereas intra-bout cerebral hemodynamics were 
 different throughout the protocol. Results demonstrate that specifi c responses to 
fatiguing exercise are found between tissues but also between cortical sites involved 
in cycling, as shown by concomitant PFC hyperoxygenation and MC deoxygen-
ation in the fi rst 80 min of exercise. Further insights are needed to understand the 
consequences of these changes regarding the integrative control of motor output 
while fatigue develops over several hours.  
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21.1         Introduction 

 Neuromuscular fatigue has been characterized by a decrease in the ability to  produce 
a maximal voluntary contraction force (MVC) or an inability to maintain a certain 
level of force, potentially originating from multiple sites between the motor plan-
ning and the motor production [ 1 ]. In the last decade, studies focusing on oxygen 
transport to tissue with noninvasive techniques have enhanced our understanding of 
fatigue etiology both at the muscle and brain levels [ 2 ,  3 ]. 

 During progressive maximal cycling, leg muscle tissue saturation index may 
decrease up to −20 % but often present a plateau in the last part of exercise [ 4 ] sug-
gesting that metabolic changes in the muscle may not be the ultimate signal leading 
to exhaustion. Although cerebral oxygenation is increased during submaximal 
cycling tasks, critical reductions in prefrontal cortex (PFC) oxygenation occur at the 
end of short (i.e., < 20 min) maximal exertion [ 5 ,  6 ]. PFC is known to project to 
premotor areas and to be responsible for goal-direct behavior, movement planning, 
pacing strategies, as well as decision-making [ 7 ]. Hence, PFC perturbations may 
contribute to exercise performance limitation by impairing executive functions 
(e.g., decision to stop exercising) and central motor drive indirectly, potentially 
because of an imbalance between reduction in regional cerebral blood fl ow and 
increased cerebral metabolic rate and O 2  uptake. Only one study [ 4 ] addressed the 
question of whether PFC and MC oxygenation profi les are consistent during whole- 
body high-intensity exercise. The authors found signifi cant discrepancies between 
those sites at exhaustion suggesting that O 2  delivery and/or activation pattern may 
slightly differ. 

 Tissue-specifi c (de)oxygenation perturbations that may occur when fatigue 
develops over several hours of exercise have never been described. The aim of this 
study was to compare pattern and magnitude of changes in skeletal muscle, PFC, 
and MC hemodynamics using multichannel near-infrared spectroscopy (NIRS) dur-
ing prolonged (i.e., 4-h) fatiguing whole-body exercise.  

21.2     Methods 

21.2.1     Population and Protocol 

 Ten healthy trained males gave their written informed consent to participate in the 
study. Their average (± SD) age, weight, and height were 37 ± 7 year, 73 ± 7 kg, and 
180 ± 5 cm, respectively. Subjects performed a 4-h cycling exercise in laboratory at 
45 % of their maximal aerobic power output (153 ± 23 W) at a constant pedaling 
frequency (~80 rpm). Exercise was split in three consecutive 80-min bouts (B1, B2, 
and B3) separated by 25-min periods of neuromuscular function testing including 
MVC of the leg extensors on a dedicated ergometer to assess fatigue kinetic. 
Subjects were instructed to drink no alcoholic or caffeinated beverages and to avoid 
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any physical activity for at least 24 h before testing. The study procedures complied 
with the Declaration of Helsinki for human experimentation and were approved by 
the local ethics committee.  

21.2.2     Instrumentation 

 Oxy[HbO 2 ]-, deoxy[HHb]-, and total[THb]- hemoglobin concentration changes 
were estimated during exercise over multiple sites using a multichannel continuous 
wavelengths (780 and 850 nm) NIRS device (Oxymon III, Artinis, the Netherlands). 
Theoretical and performance details of NIRS have been previously described [ 8 ,  9 ]. 
Quadriceps muscle oxygenation profi les were assessed from the right  vastus latera-
lis  using a 4-cm interoptodes distance. Probe holder was secured to the skin using 
double-sided tape and covered with a black sweatband to shield the optodes from 
ambient light. PFC oxygenation was assessed between Fp1 and F3 locations accord-
ing to the international 10–20 EEG system with 3.5-cm interoptodes distance. The 
probe holder was secured to the skin with double-sided tape and maintained with 
Velcro headbands. MC hemoglobin concentrations were expressed from the average 
of a 4-channel square setting (3-cm interoptodes distance) fi xed with headbands 
between Cz and C3 locations. 

 End-tidal CO 2  (EtCO 2 ) was measured continuously using a respiratory gas moni-
tor connected to the subject via a face mask (Ohmeda RGM, GE Healthcare, Little 
Chalfont, UK). 

 Subjects fi lled a visual    analogue scale of perceived exertion (VAS, ranging from 
0 = “no diffi culty at all” to 100 mm = “I have to stop immediately”) at the end of each 
bout to assess subjective fatigue development during the protocol.  

21.2.3     Processing and Statistical Analyses 

 NIRS parameters were recorded at 25 Hz, fi ltered with a 2-s width moving Gaussian 
smoothing algorithm and average over 3-min periods at 20, 40, 60, and 80 min in 
each bout. Tissues hemodynamics were expressed as relative changes from a stabi-
lized baseline (BL) preceding each exercise bout to assess inter- and intra-bout 
kinetics throughout the protocol. Single ANOVA with repeated measures was per-
formed to compare MVC and VAS values across the protocol and two-way 
(bout × time epoch) ANOVA with repeated measures was performed for EtCO 2  and 
each NIRS dependent variable. Post hoc Fisher’s LSD tests were applied when 
appropriate to determine a difference between two mean values. Relationships 
between changes in tissue oxygenation parameters, between sites and with EtCO 2  
variations, were determined by Pearson’s product correlations. Values are presented 
as means ± SD in the text and means ± SE in Fig.  21.1 . An alpha level of 0.05 was 
used as the cutoff for signifi cance.
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21.3         Results 

21.3.1     Exercise-Induced Fatigue and EtCO 2  Changes 

 MVC was reduced after B1 and further decreased after B2 and B3 (−11 %, −19 %, 
and −25 % compared to pre-exercise, respectively,  P  < 0.001). VAS of perceived 
exertion increased to 30 ± 16 after B1 and further to 52 ± 22 and 67 ± 25 mm after B2 
and B3, respectively ( P  < 0.001). EtCO 2  increased signifi cantly in each bout between 
BL and +20 min (+7.1 ± 1.6 mmHg on average) before decreasing until the end of 
the bouts. Besides, a progressive hypocapnia was seen throughout the protocol as 
mean bout EtCO 2  decreased from 37.4 ± 0.7 mmHg in B1 to 33.3 ± 0.7 and 
29.5 ± 0.6 mmHg in B2 and B3, respectively ( P  < 0.001).  

  Fig. 21.1    Changes in oxy-([HbO 2 ]), deoxy-([HHb]), and total hemoglobin ([THb]) from BL 
 during each of the fi rst (B1), second (B2), and third (B3) exercise bouts. Results are shown for the 
 vastus lateralis  muscle ( left panels ), for the prefrontal cortex (PFC,  middle panels ), and for the 
motor cortex (MC,  right panels ). Values are mean ± SE. Signifi cant main effect of time: £ versus 
BL, ££ versus +20 min. Signifi cant main effect of bout: † B2 versus B1, ‡ B3 versus B1. Signifi cant 
main interaction effect: * versus BL, ** versus +20 min       
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21.3.2     Exercise-Induced Tissue Oxygenation Profi les 

21.3.2.1     Muscle 

 Muscle did not show any signifi cant bout effect during the protocol, whatever the 
chromophore (Fig.  21.1a–c ). Reproductive typical bout kinetics consisted of a pro-
gressive increase in Δ[HHb] and a decrease in Δ[HbO 2 ], reaching a plateau after 
~20 min, without any signifi cant change in Δ[THb] throughout the 80 min.  

21.3.2.2     Prefrontal Cortex 

 As shown in Fig.  21.1e, f , Δ[HbO 2 ] and Δ[THb] signifi cantly increased during B1 
reaching a plateau after ~40 min. No signifi cant main effect of bout was observed 
throughout the protocol for those chromophores. Δ[HHb] was progressively 
increased during B1 (Fig.  21.1d ,  P  < 0.05) from 20 to 80 min and showed a signifi -
cant main effect of bout throughout the protocol, Δ[HHb] increase during B2 and 
B3 being signifi cantly reduced compared to B1 ( P  < 0.05).  

21.3.2.3     Motor Cortex 

 During B1, MC Δ[HbO 2 ] was signifi cantly reduced from 20 to 80 min compared to 
BL (Fig.  21.1h ), while Δ[HHb] increased simultaneously (Fig.  21.1g ). Δ[THb] was 
unchanged in B1 compared to BL (Fig.  21.1i ). Δ[HbO 2 ], Δ[HHb], and Δ[THb] 
showed signifi cant main effect of bout over time as B2 and B3 were different from 
B1 ( P  < 0.05). Both Δ[HbO 2 ] and Δ[THb] increased from 20 to 80 min in B2 and 
from 20 to 60 min in B3, while Δ[HHb] did not present any change from BL during 
B2 and B3. Cerebral and muscle hemodynamics were not correlated during exer-
cise. MC Δ[THb] were not correlated to EtCO 2,  while CPF Δ[THb] was correlated 
to EtCO 2  changes only at +20 min in B2 ( R   2   = 0.48,  P  < 0.05) and +20 min in B3 
( R  2  = 0.45,  P  < 0.05).    

21.4     Discussion 

 MVC and VAS of perceived exertion kinetics indicated increasing levels of objec-
tive and subjective neuromuscular fatigue across the 4-h exercise, respectively. 
Despite progressive fatigue and a tendency towards lower muscle Δ[THb], 
 intra- bout muscle deoxygenation kinetics were reproducible when comparing the 
three successive bouts. This suggests that the balance between O 2  delivery and O 2  
consumption over the repetitive long-duration submaximal exercises was well 
preserved. 
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 In response to repetitive prolonged submaximal exercise, we observed large 
increases in PFC Δ[THb] (+11.2 ± 5.8 μMol on average) and Δ[O 2 Hb] 
(+9.6 ± 4.7 μMol on average) compared to what has been described previously in 
shorter (i.e., 10–20-min) maximal exercises [ 3 – 6 ]. Also, the three- to fourfold 
increase in Δ[O 2 Hb] compared to the Δ[HHb] in PFC argues in favor of an effi -
cient neurovascular coupling throughout the three fatiguing exercise bouts, with no 
sign of potential mismatch between O 2  utilization and availability for the cortical 
region. 

 Very different responses were observed in the MC, in particular during the fi rst 
80 min where Δ[THb] did not change and Δ[O 2 Hb] signifi cantly decreased in 
response to exercise. This is the fi rst time that such a different tissue oxygenation 
pattern between PFC and MC is described during whole-body fatiguing (but non- 
exhausting) exercise. Our results confi rm the relatively specifi c O 2  delivery and acti-
vation pattern of motor-related cortical areas, which has been suggested by others 
during short maximal exercise [ 4 ]. Accordingly, using only PFC location to specu-
late on potential cerebral limitation of motor performance should be done with cau-
tion. Otherwise, differential cortical sensitivity to exercise/fatigue may lead to 
misinterpretations. 

21.4.1     Limitations 

    To better assess intra-bout kinetics we chose to express data in relation to the respec-
tive bout baseline. Unfortunately, it excludes any interpretation on the continuous 
time course in tissue oxygenation during the 4-h exercise. Besides, even if exercise- 
induced EtCO 2  changes were not correlated with MC oxygenation kinetics and only 
poorly correlated with PFC profi les, it remains diffi cult from the NIRS signal to 
determine how far exercise-induced systemic changes (e.g., in arterial CO 2 , cardiac 
output) may interfere with the underlying activation-related hemodynamic changes 
[ 6 ]. Our data also raise the question of the exact somatotopic correspondence and 
function of the investigated areas. 

 To conclude, our results demonstrate that specifi c responses to fatiguing exercise 
are found between tissues and between cortical sites implicated in cycling, as shown 
by concomitant PFC hyperoxygenation and MC deoxygenation in the fi rst 80 min 
of exercise. Hence, the pattern and magnitude of hemodynamics perturbations are 
distinct between muscle, prefrontal, and motor regions throughout a prolonged 
intermittent exercise. Further insights are needed to understand the consequences of 
these changes, regarding the integrative control of motor output while fatigue devel-
ops over several hours.      
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    Abstract     We compared muscle oxygen saturation (SmO 2 ) responses in several leg 
muscles and within a single muscle during ramp cycling exercise between elderly 
men ( n  = 8; age, 65 ± 3 years; ELD) and young men ( n  = 10; age, 23 ± 3 years; YNG). 
SmO 2  was monitored at the distal site of the vastus lateralis (VLd), proximal site of 
the vastus lateralis (VLp), rectus femoris (RF), vastus medialis (VM), biceps femo-
ris (BF), gastrocnemius lateralis (GL), gastrocnemius medialis (GM), and tibialis 
anterior (TA) by near-infrared spatial resolved spectroscopy. During submaximal 
exercise, signifi cantly lower SmO 2  at a given absolute work rate was observed in 
VLd, RF, BF, GL, and TA but not in VLp, VM, and GM in ELD than in YNG. In 
contrast, at all measurement sites, SmO 2  at peak exercise was not signifi cantly dif-
ferent between groups. These results indicate that the effects of aging on SmO 2  
responses are heterogeneous between leg muscles and also within a single muscle. 
The lower SmO 2  in older men may have been caused by reduced muscle blood fl ow 
or altered blood fl ow distribution.  

22.1         Introduction 

 Near-infrared spectroscopy (NIRS) has been widely used in measuring muscle 
 oxygenation. Muscle oxygen saturation (SmO 2 ), which is measured by NIRS, is an 
indicator of the balance between local O 2  delivery and O 2  consumption. SmO 2  in the 
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vastus lateralis (VL) muscle has been founded to decrease during incremental 
cycling [ 1 ], and the decline of SmO 2  was likely attributed to higher O 2  consumption 
than O 2  delivery. 

 Aging may reduce O 2  delivery to activating muscle during rest and exercise. 
A previous study reported that muscle deoxygenation in VL measured by NIRS was 
enhanced in older compared to younger subjects during cycling exercise due to 
reduced oxygen supply to activating muscle [ 2 ]. However, it has been reported that 
the O 2  balance is distributed heterogeneously between leg muscles and also within a 
single skeletal muscle [ 1 ,  3 ]. As aging also alters distribution of blood fl ow between 
muscles [ 4 ], infl uence of aging on SmO 2  responses are heterogeneous between mus-
cles and within a single muscle. The purpose of this study was to compare SmO 2  
responses between elderly and young subjects in several leg muscles and within a 
single muscle during cycling exercise.  

22.2     Methods 

22.2.1     Subjects 

 Eight elderly men (ELD; age, 65 ± 3 years; height, 166.4 ± 5.4 cm; weight 
66.4 ± 5.0 kg; mean ± SD) and ten young men (YNG; age, 23 ± 3 years; height, 
174.1 ± 7.3 cm; weight, 66.0 ± 7.0 kg; mean ± SD) participated in the study, which 
was approved by the Tokyo Medical University Local Research Ethics Committee, 
Japan. In ELD, one subject was taking a calcium channel blocker, one subject 
was taking an angiotensin-converting enzyme inhibitor, and one subject was tak-
ing a statin and angiotensin II receptor antagonist. All volunteers were informed 
of the purpose and nature of the study, after which their written informed consent 
was given.  

22.2.2     Experimental Design 

 The subjects performed 15 W/min (ELD) or 20 W/min (ELD and YNG) ramp bicy-
cle exercise (after a 3-min warm up at 0 or 10 W) until exhaustion (Strength Ergo 8, 
Fukuda-Denshi, Tokyo, Japan). Pulmonary O 2  uptake (VO 2 ) was monitored continu-
ously during the experiments to determine peak VO 2  with an online metabolic system 
(AE300S, Minato Medical Science, Osaka, Japan). Pedal frequency of 50 rpm (for 
ELD) or 60 rpm (for YNG) was maintained by keeping time with a metronome. 

 Muscle O 2  saturation (SmO 2 ) was monitored at the distal site of the VL (VLd), 
proximal site of the VL (VLp), rectus femoris (RF), vastus medialis (VM), biceps 
femoris (BF), gastrocnemius lateralis (GL), gastrocnemius medialis (GM), and tibi-
alis anterior (TA) in the left leg by multichannel near-infrared spatial resolved 
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spectroscopy (NIR SRS ). VLd was defi ned as 9–13 cm above the patella (30 % of the 
length between the patella and the greater trochanter). VLp was defi ned at a proxi-
mal point of 30 % of the length between the patella and the greater trochanter, from 
the VLd muscle. The SmO 2  values were defi ned as the SmO 2  averaged over the last 
10 s at rest, every 20 W, and exhaustion. 

 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, respectively. In this study, we mea-
sured fat layer thickness at each measurement site in the muscles to correct for the 
light-scattering effects on SmO 2  [ 5 ] using an ultrasound device (LogiQ3, 
GE-Yokokawa Medical Systems, Japan) by placing an ultrasound probe at the same 
sites as the NIR SRS  probes had been placed. Even though an upper limit of fat layer 
thickness was designated as 1 cm to correct for the light-scattering effects in this 
study, fat layer thickness was within ~1 cm at each measurement site in all subjects.  

22.2.3     Statistics 

 All data are given as means ± standard deviation (SD). Differences in SmO 2  during 
rest and peak exercise were compared between groups using unpaired  t  tests. To 
compare changes in SmO 2  during submaximal exercise between groups, a two-way 
repeated measures analysis of variance was used with age and exercise intensity as 
factors. Where appropriate, the Bonferroni post hoc test was performed to deter-
mine specifi c signifi cant differences. Because a subject in ELD could not exercise 
more than 125 W, repeated measures between groups were limited to 20, 40, 60, 80, 
100, and 120 W. For all statistical analyses, signifi cance was accepted at  p  < 0.05.   

22.3     Results 

 The resting SmO 2  in VLd, BF, GL, and TA was signifi cantly lower in ELD than 
YNG ( p  < 0.05), although it was not signifi cantly different between groups at the 
other measurement sites (VLp, RF, VM, BF, and GM). There was a signifi cant 
age × exercise intensity interaction for change in SmO 2  at RF ( p  < 0.05), but not at 
the other measurement sites. Signifi cantly lower SmO 2  at a given absolute work rate 
was observed in VLd, RF, BF, GL, and TA but not in VLp, VM, and GM. 
Consequently, there was a signifi cant age × exercise intensity interaction for change 
in SmO 2  at mean SmO 2  of whole leg muscles (VLd, RF, VM, BF, GL, GM, and TA) 
( p  < 0.05), and mean SmO 2  was lower in ELD than in YNG during submaximal 
exercise ( p  < 0.05) (Fig.  22.1 ). In contrast, at all measurement sites, SmO 2  at peak 
exercise was not signifi cantly different between ELD and YNG. Peak VO 2  (24.4 ± 1.5 
vs. 46.4 ± 7.4 mL/kg/min,  p  < 0.05) and peak workloads (135 ± 8 vs. 250 ± 30 W, 
 p  < 0.05) were signifi cantly lower in ELD than in YNG.
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22.4        Discussion 

 The results of the present study provided two major fi ndings. First, the SmO 2  
responses during rest and submaximal exercise were different between YNG and 
ELD in some muscles and some parts of muscles. Second, SmO 2  at peak exercise 
was not affected by aging at any measurement sites. These results suggest that blood 

  Fig. 22.1    SmO 2  responses in VLd ( a ) VLp ( b ), RF ( c ), VM ( d ), BF ( e ), GL ( f ), GM ( g ), and 
TA ( h ) muscles during ramp cycling exercise. The  solid circles  show SmO 2  in ELD, and the 
 open circles  show SmO 2  in YNG. There was a signifi cant difference between ELD and YNG 
(*,  p  < 0.05). There was a signifi cant age × exercise intensity interaction (#,  p  < 0.05). There was a 
main effect of age (†,  p  < 0.05)       
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fl ow and metabolic demands are heterogeneous between muscles and also within a 
single muscle in ELD as well as YNG, and the spatial distribution of leg SmO 2  dur-
ing submaximal exercise is affected by aging. 

 The infl uences of aging on SmO 2  responses were considerably different between 
muscles during submaximal cycling exercise. Previous studies demonstrated that 
aging blunts the vasodilation responses in skeletal muscle arterioles and the age- 
related impairment differs between skeletal muscles [ 6 ]. Reduction in blood fl ow 
with aging may cause a compensatory increase in O 2  extraction in exercising leg 
muscles [ 7 ]. Therefore, the infl uence of aging on regional differences in SmO 2  
responses may be explained by regional differences in vascular responses. Another 
possible reason for regional differences in effects of aging on SmO 2  response was 
differences in the action of the muscles. For example, SmO 2  response in RF, which 
is one of the knee extensor/hip fl exor muscles, seemed to be decreased during rela-
tively high exercise intensity, although it was relatively maintained until around 
60 % of peak exercise [ 8 ]. Additionally, muscle perfusion and muscle O 2  consump-
tion were presumably affected by differences in muscle fi ber composition [ 9 ]. In 
fact, muscle fi ber composition was heterogeneous between leg muscles [ 10 ] and also 
within a single muscle [ 11 ] in young subjects. Moreover, reduction in muscle fi ber 
area occurred in glycolytic fi bers, but not in oxidative muscle fi bers with aging [ 12 ]. 
Musch et al. reported that reductions in blood fl ow mainly occurred in oxidative 
muscles in older rats during submaximal exercise [ 4 ]. Hence, we can speculate that 
the lower SmO 2  in elderly subjects can be attributed to reduced muscle blood fl ow or 
altered blood fl ow distribution, secondary to attenuation of vasodilation responses 
and/or alteration of muscle fi ber composition. However, further research is needed to 
clarify the mechanism of regional differences in effects of aging on SmO 2  responses. 

 Interestingly, peak SmO 2  was not different in any muscles in the present study. In 
contrast, Costes et al. reported that SmO 2  at peak exercise was lower in older sub-
jects in VL muscle [ 2 ]. The disparity was mainly caused by methods of normalizing 
NIRS signals. In a previous study [ 2 ], a cuff ischemia method was applied to nor-
malize the NIRS signal to the maximal oxygenated value and the maximal deoxy-
genated value. Thus, absolute SmO 2  values at rest and peak exercise cannot be 
measured by cuff ischemia methods, in contrast to methods of correction of fat layer 
thickness effects. From our fi ndings, we presume that O 2  extraction in skeletal mus-
cle may be one of the factors in limiting exercise, regardless of age. 

 In conclusion, the infl uences of aging on SmO 2  responses are heterogeneous 
between leg muscles and also within a single muscle. The lower SmO 2  in elderly 
men may have been caused by reduced muscle blood fl ow or altered blood fl ow 
distribution. Furthermore, regardless of aging, oxygen extraction in skeletal muscle 
may be one of the factors in limiting peak VO 2 , because SmO 2  at peak exercise is 
similar between ELD and YNG.     
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    Abstract     Recently, deoxygenated hemoglobin (HHb) has been used as one of the 
most popular indicators of muscle O 2  extraction during exercise in the fi eld of exer-
cise physiology. However, HHb may not suffi ciently represent muscle O 2  extrac-
tion, as total hemoglobin (tHb) is not stable during exercise. The purpose of this 
study was to measure various muscle oxygenation signals during cycle exercise and 
clarify which is the best indicator of muscle O 2  extraction during exercise using 
NIRS. Ten healthy men performed 6-min cycle exercise at both moderate and heavy 
work rates. Oxygenated hemoglobin (O 2 -Hb), HHb, tHb, and muscle tissue oxygen 
saturation (SmO 2 ) were measured with near-infrared spatial resolved spectroscopy 
from the vastus lateralis muscle. Skin blood fl ow (sBF) was also monitored at a site 
close to the NIRS probe. During moderate exercise, tHb, O 2 -Hb, and SmO 2  dis-
played progressive increases until the end of exercise. In contrast, HHb remained 
stable during moderate work rate. sBF remained stable during moderate exercise but 
showed a progressive decrease at heavy work rate. These results provide evidence 
that HHb may not suffi ciently represent muscle O 2  extraction since tHb is not stable 
during exercise and HHb is insensitive to exercise-induced hyperaemia.  
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23.1         Introduction 

 Several studies have reported that deoxy-hemoglobin concentration (HHb) refl ects 
the dynamic balance between the delivery and utilization of O 2  and thus HHb has 
often been used as an indicator of muscle O 2  extraction during exercise [ 1 ,  2 ]. As 
reported by Quaresima and Ferrari, HHb may represent O 2  extraction when total 
hemoglobin (tHb) is stable [ 3 ]. However, we have reported that tHb progressively 
increased during cycle exercise at constant work rate [ 4 ]. Although the increase of 
tHB may be caused by exercise-induced hyperemia, we cannot exclude the possibil-
ity that tHb changes during exercise may be due to the effects of increased skin 
blood fl ow. The purpose of this study was to determine the effects of skin blood fl ow 
on tHb changes during cycle exercise at constant work rate and clarify which is the 
best indicator of muscle O 2  extraction during exercise using NIRS.  

23.2     Methods 

23.2.1     Subjects 

 Ten healthy men (age, 27 ± 1 year; 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 institutional 
review board of Tokyo Medical University approved the research protocol.  

23.2.2     Experimental Design 

 During the fi rst visit, the subjects performed a ramp-incremental cycling exercise 
test to determine peak pulmonary VO 2  (pVO 2 ), gas exchange threshold (GET), and 
work rates for the constant work rate tests. Over the next two visits, moderate and 
heavy cycling exercise was performed with 7 days between visits. The moderate 
exercise work rate was conducted at 90 % of GET. The heavy exercise work rate 
was estimated to require a VO 2  equal to half of the individual difference (Δ) between 
GET and pVO 2  (i.e., GET + 0.5Δ).  

23.2.3     Measurements 

 Oxygenated hemoglobin (O 2 -Hb), HHb, tHb, and muscle tissue oxygen saturation 
(SmO 2 ) were measured with near-infrared spatial resolved spectroscopy (NIR SRS ) 
(NIRO-200, Hamamatsu, Japan) from the vastus lateralis muscle. The tHb, O 2 -Hb, 
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and HHb responses were evaluated from the minimum values occurring within 
1 min after the onset of main exercise to the maximal values occurring within 
1 min before the cessation of exercise as functional tHb change ( f -[tHb]),  functional 
O 2 - Hb change ( f -[O 2 -Hb]), and functional HHb change, respectively [ 4 ]. A previous 
study reported that fat layer thickness affects SmO 2  [ 5 ]. In contrast, Kek et al. [ 6 ] 
recently reported that SmO 2  can be quantifi ed by the correction of fat layer thick-
ness effects, and the specifi cations of the NIR SRS  were fully described. In this study, 
we measured fat layer thickness at each measurement site in VL muscle to correct 
these effects using an ultrasound device (LogiQ3, GE-Yokokawa, Japan) by placing 
an ultrasound probe on the same sites as the NIR SRS  probes had been placed. 

 Both surface EMG electrodes and the skin blood fl ow (sBF) probe were attached 
close to the NIRS probe and monitored during the experiment (ATBF-LN1, Unique 
Medical, Japan). During all of the tests, pVO 2  and carbon dioxide production 
(VCO 2 ) were assessed breath by breath with an online metabolic system (AE-300 
Minato, Japan).  

23.2.4     Exercise Protocol 

 The incremental exercise protocol preceded by 1-min unloaded exercise was per-
formed in an upright position. The work rate protocol for the ramp test was 20 W/
min and pedal frequency of 60 rpm was maintained by keeping time with a metro-
nome (Strength Ergo 8, Fukuda Denshi, Japan). The constant exercise protocol con-
sisted of 1 min of rest and 1 min of unloaded exercise, followed by two 6-min bouts 
of each exercise. Before each exercise, 3 min of moderate exercise was performed 
as a warm-up, followed by 5-min recovery. The seat height and handlebar position 
on a cycle ergometer were recorded and reproduced on subsequent tests.  

23.2.5     Statistics 

 The changes in recorded variables during the exercise experiments were analyzed 
by two-way ANOVA for repeated measurements.  f -[O 2 -Hb],  f -[tHb], and  f -[HHb] 
were compared among moderate and heavy work rate using Student’s paired  t -test. 
Regression and correlation analyses were performed by the least squared residuals 
method. The level of signifi cance was set at  P  < 0.05.   

23.3     Results 

 Typical responses of tHb and O 2 -Hb to moderate work rate cycle exercise are illus-
trated in Fig.  23.1a . Both tHb and O 2 -Hb were stable during 1-min unloaded exer-
cise. At the onset of moderate exercise, tHb steeply decreased and reached minimum 
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value within 15 s. Thereafter, as the exercise continued, there was a progressive 
increase of tHb. In addition, after decreasing at the start of exercise, O 2 -Hb also 
progressively increased as the exercise continued, similar to tHb response. At both 
moderate and heavy work rates, sBF increased steeply at the start of unloaded exer-
cise, even though tHb was stable. During each exercise protocol, sBF was not sig-
nifi cantly increased in contrast to tHb, which was gradually increased (Fig.  23.1b ). 
 f -[O 2 -Hb] was signifi cantly higher at moderate than heavy exercise. In contrast, 
 f -[tHb] was not signifi cantly different between each work rate.  f -[HHb] was signifi -
cantly higher at heavy than moderate exercise (Fig.  23.2 ). There was signifi cantly 
positive correlation between  f -[tHb] and  f -[O 2 -Hb] during exercise ( r  = 0.729, 
 P  < 0.01).

  Fig. 23.1    Typical responses of O 2 -Hb, HHb, and tHb at moderate work rate ( a ). Typical responses 
of sBF and tHb at heavy work rate ( b )       

  Fig. 23.2     f -[O 2 -b],  f -[tHb] and  f -[HHb] responses at each moderate and heavy work rate       
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    SmO 2  also showed a progressive increase until the end of exercise after an initial 
drop at the onset of exercise at moderate work rate, but not at heavy work rate. In 
contrast, HHb remained stable during moderate work rate exercise after an initial 
increase at the onset of exercise, and HHb at heavy work rate was slightly increased 
but not signifi cantly changed during the exercise. 

 sBF increased sharply at the onset of unloaded exercise and was stable during 
moderate exercise (Fig.  23.3 ). At heavy work rate, sBF represented a progressive 
decrease even though tHb was increased (Fig.  23.3 ).

23.4        Discussion 

 This study demonstrated that tHb was progressively increased during constant exer-
cise at both moderate and heavy work rates, and the exercise-induced increase of 
tHb ( f -[tHb]) was not caused by sBF effects, as tHb and sBF had obviously different 
kinetics during the constant work rates. These results imply that  f -[tHb] may be 
caused by microvascular dilation in muscle tissue. Therefore, HHb may not suffi -
ciently represent muscle O 2  extraction since tHb is not stable during constant exer-
cise and HHb is insensitive to increased O 2  supply to the muscle tissue caused by 
exercise-induced hyperemia. 

 We observed that  f -[tHb] was not signifi cantly different between each work rate. 
Because higher exercise intensity causes increased adenosine, phosphate, CO 2  and 
potassium, and decreased blood PO 2 , arteriolar dilation may be increased by contin-
ued exercise [ 7 ]. However, at higher exercise intensities, O 2  supply to the muscle 
may be restricted by mechanical effects due to increased intramuscular pressure 
[ 8 – 10 ]. This may explain why blood volume expansion was similar between moder-
ate and heavy work rates. In contrast,  f -[O 2 -Hb] was signifi cantly higher at moderate 

  Fig. 23.3    sBF responses at each moderate and heavy work rate       
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than heavy exercise. The reason for this may be that muscle O 2  consumption (mVO 2 ) 
is greater than muscle O 2  supply at heavy work rate, and the mismatching of dynamic 
O 2  balance may lead to greater deoxygenation at heavy work rate. 

 Recently, HHb has been used as one of the most popular indicators of muscle O 2  
extraction during exercise in the fi eld of exercise physiology [ 1 ,  2 ]. Basically, how-
ever, the increasing rate of HHb during venous occlusion can be used as a mVO 2  
index [ 11 ]. In other words, the HHb signal may represent a balance between O 2  
unloading in muscle tissue and blood outfl ow from muscle tissue. Therefore, HHb 
may not demonstrate direct correlation to O 2  delivery, even though both O 2  unload-
ing and blood outfl ow may (partially or indirectly) affect O 2  delivery. 

 In conclusion, this study provides evidence that the increased muscle oxygen-
ation during constant work rate cycling exercise may be caused by increased O 2  
delivery due to exercise-induced blood volume expansion. Therefore, HHb may not 
suffi ciently represent muscle O 2  extraction since tHb is not stable during constant 
exercise and HHb is insensitive to increased O 2  delivery to the muscle tissue caused 
by exercise-induced hyperemia. Since tHb is not stable during exercise, the param-
eters which have less effects on tHb changes could be a more precise way to evalu-
ate muscle O 2  extraction using NIRS, such as SmO 2  or deoxygenation (HHb minus 
O 2 -Hb).     
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    Abstract     Near-infrared spectroscopy (NIRS) is widely used for the measurement 
of skeletal muscle oxygenation during exercise as it refl ects muscle metabolism, 
and most studies report a large variability between subjects. Here we assess the 
data quality of tissue oxygen saturation (SO 2 ) and oxygenated (oxyHb) and deox-
ygenated (deoxyHb) haemoglobin concentrations recorded during an incremental 
cycling protocol in nine healthy volunteers. The protocol was repeated three times 
on the same day and a fourth session on a different day to estimate the reproduc-
ibility of the method with a broadband, spatially resolved spectroscopy (SRS) 
system. We found that the inter-subject variation in SO 2  (standard deviation ≈ 
6 %) was considerably larger than the reproducibility (≈ 1.5 %) both for the 
same-day and different-day tests. The reproducibility of changes in SO 2  was 
 better than 1 %.  

24.1         Introduction 

 Near-infrared spectroscopy (NIRS) has demonstrated its value in many different 
areas of exercise physiology, including endurance and strength exercise, both dur-
ing acute and following chronic exercise training [ 1 ,  2 ]. The objective here is to 
shed light on the following. It has been noted in a number of studies that the inter- 
subject variations of the muscle haemoglobin values with its concentrations of 
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oxygenated and deoxygenated form (oxyHb and deoxyHb, respectively) are large, 
and therefore, the mean values averaged over subjects are often used. However, 
limited work has been done so far to show the repeatability or reproducibility of 
data on the same subject. We address this topic by repeating an incremental cycling 
exercise three times within a longer exercise trial on 1 day followed by a fourth trial 
on a different day. Furthermore, we tested whether the modifi ed Lambert-Beer 
(MLB approach) and spatially resolved spectroscopy (SRS) provided the same hae-
moglobin concentration changes. Furthermore, the infl uence of the wavelength is 
tested.  

24.2     Methods 

 Nine healthy volunteers (fi ve females; mean ± standard deviation (SD) values, 
age = 29.4 (± 7.6) year; body mass = 69.0 (± 9.5) kg; height = 178 (± 13) cm; 
 �VO2 max    = 53.9 (± 9.5) ml·kg −1 ·min −1 ; maximal power output P max  = 288 (± 77) W) 
participated in the study. The study was approved by the local Ethics Committee of 
the German Sport University, Cologne, and all subjects provided their written 
informed consent. On experimental day 1 (D1), the volunteers performed a maximal 
incremental exercise protocol on a cycle ergometer (Ergometrics 900, Ergoline 
GmbH, Germany). Exercise workload was increased stepwise every 3 min (start at 
P = 30 W, ΔP = 40 W) while maintaining cadence at 70–90 repetitions per min. This 
protocol was repeated twice separated by rest periods of 40 min, i.e., giving three 
exercises denoted as D1:E1, E2 and E3. To evaluate the reproducibility of the NIRS 
signals over a longer time period, the exercise protocol was repeated on a second 
day (marked as D2:E1) later by 27 (± 18) days. 

 The spectroscopy system is based on a CCD-camera in combination with a 
spectrometer with six light detecting fi bre bundles of 1 mm diameter arranged in a 
line separated by Δρ = 2.5 mm at a mean distance <ρ> = 35 mm from the light 
delivering bundle. Details of the setup are given elsewhere [ 3 ]. The attenuation 
spectra were analysed for the range 700–880 nm according to the spatially resolved 
spectroscopy (SRS) approach to give haemoglobin concentrations and oxygen 
saturation [ 4 ,  5 ]. Additionally, changes in haemoglobin were calculated from 
changes in attenuation by the modifi ed Lambert-Beer (MLB) approach [ 6 ] includ-
ing a differential pathlength factor and its wavelength dependence from the litera-
ture [ 7 ]. The fi bres were placed on the main body of the right vastus lateralis 
muscle. The adipose tissue thickness (ATT) was measured by ultrasound with 
mean values of 5.3 (± 3.7) mm. 

 For an assessment of the data quality, fi rst the standard deviation for the different 
trials was calculated for each subject and each power step and the reproducibility R 
taken as the mean of these values. When the reproducibility is given as relative 
value (i.e., in %), it is calculated as the mean over all subjects of the standard devia-
tion of a parameter (e.g., SO 2 , ΔSO 2 , or deoxyHb, oxyHb) divided by the magnitude 
of this parameter.  
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24.3     Results 

 For each power interval, the time course data were averaged. To avoid transient 
changes in the NIRS parameters following the power increase, only the last third for 
each power interval was included, and this analysis was done for all oxygenation 
parameters both for the SRS and MLB methods. The results are shown in Fig.  24.1  
for a representative subject where in (a) and (c), the absolute values of SO 2 , oxyHb 
and deoxyHb based on SRS are shown. For the MLB analysis (e), changes in con-
centrations are plotted with respect to an arbitrary baseline defi ned by the reference 
spectra taken with the integrating sphere preceding the study. In Fig.  24.1b ,  24.1d  
and  24.1f , changes are shown obtained from data of (a), (c) and (e) after subtracting 
values at P = 30 W for each exercise. The low power output condition was used 
rather than the pre-exercise condition as the variations in the haemoglobin parame-
ters are higher during rest. When comparing the SO 2  and ΔSO 2  versus power traces 
for the different exercises, the variations are smaller than 2 %. OxyHb (and ΔoxyHb) 
versus power is markedly different for D1 and D2 and with larger variations than for 
deoxyHb (and ΔdeoxyHb). The shape of the power dependence of ΔdeoxyHb and 
to a lesser degree of ΔoxyHb is similar for the SRS and the MLB analysis (compare 
d and f). However, the absolute magnitude of changes is about a factor of 5 lower 
for the MLB approach. While there is approximately a linear increase in deoxyHb 

  Fig. 24.1    Variations of oxygenation parameters for a representative subject as a function of exer-
cise power. SRS analysis for 700–880 nm: ( a ) SO 2 , ( b ) ΔSO 2 , ( c ) oxyHb and deoxyHb and ( d ) 
ΔoxyHb and ΔdeoxyHb. MLB-method: ( e ) ΔoxyHb and ΔdeoxyHb (reference: start of measure-
ment) and ( f ) ΔoxyHb and ΔdeoxyHb. The Δ-values of ( b ), ( d ) and ( f ) are referenced to the fi rst 
power step (P = 30 W) of each trial. The  solid symbols  represent the three exercise trials of day 1 
(D1:E1, E2 and E3), while the  open symbols  represent data of day 2 (D2:E1)       
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(and ΔdeoxyHb) with exercise power output, oxyHb (and ΔoxyHb) has a biphasic 
power dependence with an initial increase (corresponding to a rise in total haemo-
globin) followed by a decrease for higher exercise power outputs.

   For all subjects, the mean (± SD) values of the oxygenation parameters were 
calculated for the different exercises and from this the mean and the reproducibility 
R (see Fig.  24.2 ). The values for P ≤ 190 W and >190 W cannot directly be com-
pared as a different number of subjects (n) exceeded this power. SO 2  dropped from 
about 70 % to 50 % with increasing power output, with the initial decrease linearly 
correlated with power. For same-day and different-day tests, the parameters are very 
similar. The reproducibility R (Fig.  24.2b ) is between 0.5 % and 1.5 % for SO 2  when 
same-day and different-day repetitions are considered and decreases with increas-
ing power for the same-day test.

   Table  24.1  summarizes the reproducibility when averaging over P = 30–190 W, 
with values given for same-day (D1:E1–E3) and different-day (D1:E1 and D2:E1) 
comparison. The reproducibility of SO 2  is about 1.5 %. The reproducibility of 
deoxyHb is somewhat better than for oxyHb for the same-day trials and comparable 
for the different-day trials. The relative reproducibility R of ΔSO 2  (i.e., the mean of 
the standard deviation divided by the magnitude of ΔSO 2 ) is about 12 % and 5.3 % 
for D1 and D2. Relative R is about 11 % for ΔdeoxyHb and signifi cantly worse 
(factors 5–6) for ΔoxyHb. The reproducibility of ΔdeoxyHb is considerably better 
with SRS compared with MLB.

   To evaluate the exercise power dependence of R, the values of the highest power 
steps for each subject were averaged giving a normalized value of the reproducibil-
ity R = 0.85 % for SO 2 , indicating that R is lower for high exercise power than for 
low power (R = 1.3 %). 

  Fig. 24.2    ( a ) Mean (± SD) oxygenation parameters calculated for the SRS analysis of SO 2  as a 
function of power, with the error bars representing the inter-subject variability. In ( b ), the repro-
ducibility R calculated as the standard deviation (error bars) averaged over all subjects is shown. 
The number of subjects (n) for each power is stated in ( a ).  Solid symbols : D1:E1–E3 (n ≤ 9),  open 
symbols : D1:E1 and D2:E1 (n ≤ 8)       
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 The infl uence of the wavelength range was evaluated by comparing the oxygen-
ation parameters based on (1) the broadband range from 700 to 880 nm, (2) the 
broadband range from 740 to 860 nm and (3) the four wavelengths λ 1-4  = 775, 810, 
850 and 905 nm (band width 5 nm each) which correspond to those used in the com-
mercial system NIRO-300 (Hamamatsu Photonics, Japan). The mean (± SD) ΔSO 2  
values and the reproducibility R are presented in Fig.  24.3  for these ranges when the 
same-day exercises were evaluated. As the focus here is on variations due to 

    Table 24.1    Summary of the reproducibility R of oxygenation 
parameters averaged for the workload from 30 to 190 W. The 
analysis is separated for the tests at the same day (D1:E1–E3, n = 9) 
and for different days (D1:E1 and D2:E1, n = 8). For SRS, values 
are given both for absolute values and changes with respect to the 
power level for P = 30 W 

 Parameter  Same-day trial  Different-day trial 

  SRS analysis  
  SO   2    1.3 % (absolute)  1.6 % (absolute) 
  deoxyHb   2.9 %  7.9 % 
  oxyHb   4.8 %  7.2 % 
  ΔSO   2    12 %  5.3 % 
  ΔdeoxyHb   11 %  11 % 
  ΔoxyHb   66 %  51 % 

  MLB analysis  

  ΔdeoxyHb   27 %  47 % 
  ΔoxyHb   56 %  48 % 

  Fig. 24.3    ( a ) Mean (± SD) ΔSO 2  values calculated from SRS analysis and ( b ) reproducibility R 
comparing results for different wavelength ranges:  solid symbols , λ = 700–880 nm;  grey symbols , 
λ = 740–860 nm;  open symbols , 4-λ analysis (775, 810, 850 and 905 nm). Exercises D1:E1–E3 
were analysed. To highlight variations due to the wavelength ranges data at all exercise, power 
steps are shown even when the number of subjects n (compare  a ) is low       
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different wavelengths, the data are shown for all power steps even when the number 
of subjects is low for the higher exercise power outputs. Up to P = 190 W (n = 9), 
there is no signifi cant infl uence of the different wavelength ranges both on the oxy-
genation parameters and R. The deviations increase at the higher exercise power 
output (P > 190 W). For P = 390 W, the difference is about 3 % in ΔSO 2  for an over-
all signal ΔSO 2  of 13 %. However, these data are from a single subject. Similarly, 
the effect of the wavelength ranges was small for the different-day exercises (data 
not shown).

24.4        Conclusion 

 We report here for the fi rst time about a detailed analysis of reproducibility of NIRS 
data and a comparison of SRS and MLB methodology on data collected during 
maximal incremental exercise in a group of healthy, recreational active athletes. 
A well-established exercise protocol was repeated three times on the same day 
(D1:E1−E3) giving an overall length of about 4 h, which is much longer than most 
similar NIRS studies. In addition, on a separate day (D2), all subjects repeated the 
same test to investigate possible variations over an extended period between 
testing. 

 When the SRS analysis was used the reproducibility for the subjects, R is about 
1.5 % for the same-day and the different-day tests of SO 2  (Table  24.1 ). The repro-
ducibility of the haemoglobin concentrations is somewhat poorer (relative varia-
tions, <5 % for same-day, <8 % for different-day) indicating larger variations in 
blood volume. However, this is still within the biological variability with respect to 
the measurement of physiological variables during exercise and is accepted in the 
exercise science literature. Remarkable is that the reproducibility both for individ-
ual subjects and as a mean was found to be smaller for a high workload. This can be 
interpreted that at lower exercise workload blood volume (and likely blood fl ow) is 
more variable due to the metabolic adjustment during the initiation of exercise. 

 The initial purpose of the study was to verify whether three identical exercises 
spread over 4 h would result in fatigue concurrent with a faster decrease in SO 2  with 
exercise power output. This was not observed in our data, as the resulting decrease 
in SO 2  reached approximately the same level of saturation at the end of each exer-
cise bout. Our expectation and hypothesis was to fi nd large variations in the oxygen-
ation parameters when repeating the exercise, and we were surprised by the high 
repeatability. From our work, we can infer that even small signals of a few percent 
in SO 2  can contain information. When comparing MLB and SRS analysis, we found 
a considerably poorer reproducibility for MLB when changes in haemoglobin are 
considered rather than absolute values. 

 Our results indicate that the haemoglobin parameters are comparable for three 
wavelength ranges analysed, and this applies to the mean values of ΔSO 2 , ΔoxyHb 
and ΔdeoxyHb as a function of exercise workload as well as to the inter-subject 
variability. Within errors, the reproducibility was the same. From our data, it can be 
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concluded that in terms of reproducibility, the broadband approach has no  advantage 
when the standard SRS methodology is employed and only haemoglobin  components 
are calculated.     
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    Abstract     Portable near-infrared spectroscopy (NIRS) has been shown to be a 
 useful and reliable tool for monitoring muscle oxygenation and blood volume 
changes during dynamic exercise in elite athletes. The wearable nature of such tech-
nology permits the measurement of specifi c muscles/muscle groups during realistic 
sport- specifi c exercise tasks in an outdoor environment. The aim of this case study 
was to observe the effect on arm and leg muscle oxygenation of roller skiing over a 
typical outdoor racing course. Such information is required by coaches in order to 
ascertain whether an athlete is using the correct technique at different stages of the 
course. Two wearable NIRS devices (PortaMon, Artinis Medical Systems) were 
used to compare muscle tissue oxygen saturation (TSI%) and total haemoglobin 
(tHb) changes in the quadriceps muscle group ( vastus lateralis ) and a muscle of the 
upper arm ( triceps ) during roller skiing. During the fl at section, quadriceps ΔTSI 
remained steady in both subjects, whereas triceps ΔTSI showed a reduction (−10 %). 
During the steep uphill section of the course, arm and leg TSI decreased equally in 
one subject (ΔTSI = −10 %), whereas there was a difference between the two mus-
cle groups in the other subject (ΔTSI quadriceps  = −2 %; ΔTSI triceps  = −7 %). A difference 
was also seen between subjects during the downhill section of the course. This study 
presents the fi rst example of the use of portable NIRS to assess oxygenation and 
blood volume changes in multiple muscle groups during roller skiing in a realistic, 
outdoor setting.  
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25.1         Introduction 

 The recent development of reliable and robust portable near-infrared  spectrometers 
allows for the collection of data relating to local muscle oxygenation and blood 
volume changes during exercise in a realistic performance setting. Muscle 
 oxygenation and haemoglobin concentration changes have been measured in the 
 vastus lateralis  muscles during fi eld running in moderately trained athletes [ 1 ,  2 ]. 
Research with elite athletes during short-track speed skating race simulation high-
lighted an asymmetry between the oxygenation changes in right and left leg quad-
riceps [ 3 ]. Differences in muscle oxygenation were also seen when skating over 
different race distances and between male and female subjects [ 4 ]. The use of 
multiple NIRS devices on one subject has proven useful in the speed skating stud-
ies, as it permitted simultaneous comparison of a range of local muscle sites, 
offering a more detailed account of local muscle physiology than could be pro-
vided by ‘global’ physiological measures such as pulmonary VO 2  or blood lactate 
concentration. 

 In the sport of biathlon, there are two distinct disciplines: cross-country skiing 
and shooting. Cross-country skiing requires excellent levels of aerobic endur-
ance; during the summer training season, athletes use roller skiing as a primary 
training exercise. The technique employed for roller skiing is largely identical to 
on-snow cross-country skiing. Cross-country skiing requires a whole-body action, 
with forward propulsion being provided not only by the legs but also by the arms 
in the ‘poling’ technique, where the athlete uses long skiing poles to help with 
forward motion. The infl uence of the arms (particularly the triceps muscle) is 
particularly important when skiing uphill. Previous work which used NIRS to 
evaluate changes in haemoglobin oxygen saturation during treadmill roller skiing 
at differing inclines found no effect of increasing incline on quadriceps oxygen-
ation but failed to measure triceps oxygenation and account for the effects of 
increased poling [ 5 ]. 

 Great Britain (GB) biathlon squad coaches highlighted a number of questions 
relating to technique employed by their athletes during cross-country skiing, most 
notably they wanted to know if the athletes recovered suffi ciently on downhill sec-
tions of the skiing course, and also wanted to know whether all athletes fully utilised 
both arms and legs to provide forward propulsion when skiing uphill. Portable 
NIRS may offer the opportunity to measure changes in muscle oxygenation in both 
the arms and legs during skiing at different gradients and therefore help to provide 
the coaches with answers to some of their questions. As such, this case study was 
undertaken to test the idea that portable NIRS could monitor muscle oxygenation 
and blood volume changes during roller skiing in a realistic setting. It was hypoth-
esised that skiing over different gradients would elicit different levels of oxygen-
ation in the arm and leg muscles, with the steepest uphill gradient resulting in the 
highest level of desaturation in both the arms and the legs.  
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25.2     Methods 

 Subjects were elite male biathletes ( n  = 2), both members of the GB squad. The 
subjects for this case study were chosen as the two most experienced members of 
the GB biathlon squad. The study was conducted in Ruhpolding, Germany, which is 
the squad’s training base. The roller-skiing course which the subjects completed 
was chosen because it contained a mixed profi le, comprising a fl at section, a gentle 
incline, and downhill section, and a fi nal steep incline. This permitted the subjects 
to employ the varying roller-skiing techniques that are required for skiing at differ-
ent gradients (see Fig.  25.1 ).

   Portable NIRS devices (PortaMon, Artinis, the Netherlands) were attached to the 
right  vastus lateralis  and  triceps  muscles of the subjects. The PortaMon is a dual 
wavelength spatially resolved spectrophotometer, which simultaneously provides 
data pertaining to haemoglobin concentration via the Beer-Lambert method, and a 
quantitative measure of tissue oxygen saturation (TSI%). The DPF value used 
was 4. 

 Devices were fi xed into place using micropore tape and secured using a navy 
blue bandage. The thickness of adipose tissue overlying the muscle under investiga-
tion was 3.2 mm ( triceps ) and 4.4 mm ( vastus lateralis ) for subject A and 3.6 mm 
( triceps ) and 5.2 mm ( vastus lateralis ) for subject B. Both subjects reported that the 
devices were comfortable to wear. Although the PortaMon devices provide the 
facility for ‘online’ real-time wireless data collection, it was decided to make 
‘offl ine’ measurements in this case, due to diffi culties in remaining in wireless 
range of the skiers at all times. Therefore, all data were stored onto the memory of 
the NIRS devices and subsequently downloaded for analysis. Data were collected at 
a frequency of 10 Hz. Video data of each athlete were synchronised with NIRS- 
detected data to permit analysis of TSI and tHb changes during each section of the 
racing track.  

  Fig. 25.1    A schematic diagram to show the changing inclines experienced by the athletes on this 
roller-skiing course, and the principle techniques employed at each stage       
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25.3     Results 

 The roller-skiing racing course was completed in 274 s by subject A and 278 s by 
subject B. Table  25.1  presents the changes in total haemoglobin (tHb) during each 
phase of the course. It can be seen that in both subjects, the fl at section, where pro-
pulsion was provided solely by the ‘poling’ technique elicited a large drop in tHb in 
the triceps, but not in the quadriceps of each subject. There was a decrease in tHb in 
both muscle groups during the two phases of uphill skating, and an increase in tHb 
(suggesting an increase in blood volume) during the downhill section, when the 
muscles have an opportunity to recover.

   Figure  25.2  displays the TSI changes seen in each athlete for the fi rst 30 s of each 
level of gradient on the course. Both subjects show a similar TSI trend during the 
fl at (double poling) section of the course, with a decrease in triceps TSI%, and a 
stable quadriceps TSI. In the ‘slight incline’ stage, there is a reduction in TSI seen 
in both muscles, and this reduction is greater for subject B than subject A. During 
the downhill section, when the skier should be in a relaxed position, without any 
forward propulsive force being applied by arm or legs, subject B shows a rapid 
resaturation in both triceps and quadriceps, whereas subject A only shows a resatu-
ration in the triceps. The desaturation observed during the steep incline is slightly 
greater than the desaturations seen during the slight incline in both subjects, although 
there is only a small change in the quadriceps oxygenation value of subject A during 
this time.

25.4        Conclusions 

 The results of this case study suggest that portable NIRS is a viable tool which can 
be used to assess muscle oxygenation in multiple muscle groups during cross- coun-
try (roller) skiing. The two subjects monitored showed largely similar results, 
although subject A showed smaller changes in quadriceps oxygenation (TSI) than 
subject B. This may mean that there is a difference between the two athletes in terms 
of the ability to adequately oxygenate the working muscle (since TSI provides a 
measure of the dynamic balance between oxygen delivery and utilisation), or it 
could mean that subject A was not using his leg muscles to the same extent as 

   Table 25.1    Mean tHb values during each stage of the roller-skiing course in each subject. Values 
are mean changes (with SD in parentheses) from a baseline set at the start of each stage   

  Subject A    Subject B  

 Vastus lateralis  Triceps  Vastus lateralis  Triceps 

 Flat  1.5 (0.5)  −17.5 (2.5)  −9.3 (0.9)  −23.0 (3.0) 
 Slight incline  −10.0 (1.0)  −8.9 (2.2)  −10.1 (1.9)  −19.2 (2.3) 
 Downhill  8.4 (1.2)  15.6 (6.6)  14.0 (4.0)  10.0 (6.2) 
 Steep incline  −9.4 (1.2)  −14.3 (1.7)  −20.6 (2.4)  −19.8 (2.7) 
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  Fig. 25.2    Changes in both vastus lateralis and triceps TSI in each individual during all four stages 
of the roller skiing course. Data shows changes from a baseline set at the beginning of each stage       
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subject B, instead gaining propulsion primarily through the poling action. It is 
 proposed that further studies will be carried out (potentially on snow), which can 
further explore this area, by including a stage when only the legs are used, and 
examining the oxygenation data during that exercise. It is also interesting to note 
that subject A does not show a resaturation in the  vastus lateralis  during the  downhill 
stage. This may suggest that the quadriceps muscle group is contracted during the 
descent, rather than being relaxed, as it appears is the case for subject B (who shows 
rapid quadriceps resaturation during the downhill phase). This information could be 
used by the coaches to instruct the skier to alter his technique to capitalise on the 
downhill skiing phase, by relaxing the leg muscles to allow muscle reoxygenation 
and temporary recovery. 

 The results of this study suggest that this application of the NIRS technique 
could be very useful for both coaches and athletes, as it permits an increased and 
more detailed understanding of the balance between oxygen delivery and utilisation 
in specifi c muscle groups, and provides insight into the parts of a race during which 
recovery is possible in each muscle group, for each individual.     
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    Abstract     Portable near-infrared spectroscopy (NIRS) devices were originally 
developed for use in exercise and sports science by Britton Chance in the 1990s (the 
RunMan and microRunman    series). However, only recently with the development of 
more robust, and wireless systems, has the routine use in elite sport become possible. 
As with the medical use of NIRS, fi nding applications of the technology that are 
relevant to practitioners is the key issue. One option is to use NIRS to track exercise 
training-induced adaptations in muscle. Portable NIRS devices enable monitoring 
during the normal ‘fi eld’ routine uses to assess fi tness, such as repeat sprint shuttle 
tests. Knowledge about the acute physiological responses to these specifi c tests has 
practical applications within team sport training prescription, where development of 
both central and peripheral determinants of high-intensity intermittent exercise 
needs to be considered. The purpose of this study was to observe NIRS-detected 
parameters during a repeat sprint test. We used the PortaMon, a two wavelength 
spatially resolved NIR spectrometer manufactured by Artinis Inc., to assess NIR 
changes in the gastrocnemius muscle of both the left and right leg during high-
intensity running. Six university standard rugby players were assessed (age 20 ± 1.5 
years; height 183 ± 1.0 cm; weight 89.4 ± 5.8 kg; body fat 12.2 ± 3.0 %); the subjects 
completed nine repeated shuttle runs, which incorporated forward, backward and 
change of direction movements. Individual sprint time, total time to complete test, 
blood lactate response (BL), heart rate values (HR) and haemoglobin variables 
(ΔHHb, ΔtHb, ΔHbO 2  and ΔTSI%) were measured. Total time to complete the test 
was 260 ± 20 s, fi nal blood lactate was 14.3 ± 2.8 mM, and maximal HR 182 ± 5 bpm. 
NIRS variables displayed no differences between right and left legs. During the test, 
the group-averaged data showed a clear decrease in HbO 2  (max. decrease 
11.41 ± 4.95 μM), increase in HHb (max. increase 17.65 ± 4.48 μM) and drop in 
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%TSI (max. drop − 24.44 ± 4.63 %). tHb was largely unchanged. However, large 
interindividual differences were seen for all the NIRS parameters. In conclusion, this 
observational study suggests that a portable NIRS device is both robust and sensitive 
enough to detect haemoglobin changes during a high-intensity repeated shuttle run 
test. It therefore has the possibility to be used to assess exercise training-induced 
adaptations following a specifi c training protocol. However, it is at present unclear, 
given the individual variability, whether NIRS can be used to assess individual per-
formance. We recommend that future studies report individual as well as group data.  

26.1         Introduction 

 This observational study was used to assess usefulness of the PortaMon TM  (Artinis 
Medical Systems BV, the Netherlands) device during a repeat sprint test. There are 
currently a very limited number of studies that have used portable NIRS in the 
assessment of haemoglobin variables during repeated high-intensity sprint running. 
NIRS provides a local measurement for assessing oxygenation in muscle. The data 
provided by NIRS can establish an insight into muscle reoxygenation and deoxy-
genation rates following exercise and potentially indicate improved aerobic func-
tion as a result of training [ 1 ]. This assessment could indicate either an improvement 
or deterioration in aerobic capacity at a local level. This has importance for the 
repeat sprint ability required by players for rugby union [ 2 ]. 

 It is of importance to understand the physiological responses that may occur 
within the muscle of an athlete during high-level activity. Sport-specifi c tests are 
designed to elicit stresses upon the elite athlete similar to those that may occur dur-
ing competition. Effective non-invasive monitoring of haemoglobin variables dur-
ing sport-specifi c tests could allow the strength and conditioning coach to observe 
exercise-induced changes within the muscle following a training period [ 3 ].  

26.2     Methods 

 Participants were six male university-level rugby players (age 20 ± 1.5 year; height 
183 ± 1.0 cm; weight 89.4 ± 5.8 kg; body fat 12.2 ± 3.0 %). Subjects had no history 
or clinical signs of cardiovascular or pulmonary disease (Par-Q). All subjects gave 
voluntary written consent to participate in the experiment. 

26.2.1     Experimental Overview 

 Subjects were asked to complete a standardized repeat sprint shuttle test, known as 
the England Anaerobic shuttle run test or E-set. This test is currently used by a 
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number of professional sports clubs, including the England rugby union squad. The 
E-set is designed to measure rugby-specifi c anaerobic performance (in terms of 
distances and times of work) – the ability to repeat bouts of high-intensity activity 
with short recovery periods. The E-set is thought to mimic the movement patterns, 
work: rest ratios, sprint distances and total time requirements of a rugby sevens 
game. The repeated down-up movement, back pedalling and change of direction 
elements are considered to be sport-specifi c to rugby sevens. 

 Subjects were asked to sprint maximally during each sprint and not to adopt a 
‘pacing’ strategy. Subjects’ heart rate (HR) responses were measured pretest and 
immediately posttest (Polar S610i, Finland). Blood lactate    (BL) response was 
measured pretest, immediately posttest and 3 min posttest (Biosen C line clinic, 
EKF diagnostic). BL assessment was taken via an earlobe manual lancet sample; 
20 μL was collected into capillary tubes, stored in solution and analysed. 
Haemoglobin variables of the right and left gastrocnemius muscles (near-infrared 
spectroscopy (NIRS)) were recorded throughout the testing period. All testing 
was performed outdoors on an all-weather tennis court surface, ambient tempera-
ture ranged from 10 °C to 14 °C. Subjects were told not to exercise on the day 
prior to testing. 

26.2.1.1     Near-Infrared Spectroscopy Measurements 

 The portable NIRS apparatus (PortaMon, Artinis Medical Systems BV, the 
Netherlands) used in this study was a two-wavelength continuous system, which 
simultaneously uses the modifi ed Beer-Lambert and spatially resolved spectroscopy 
(SRS) methods. Myoglobin changes were assumed to be minor compared to hae-
moglobin. Changes in tissue oxyhaemoglobin (HbO 2 ), deoxyhaemoglobin (HHb) 
and total haemoglobin (tHb) were measured using the difference in absorption char-
acteristics of light at 750 and 850 nm. Values for HbO 2 , HHb and tHb are reported 
as a change from baseline (30-s averaging before each test) in micromolar units 
(μM). To correct for scattering of photons in the tissue, a DPF of 5.0 was used for 
calculation of absolute concentration changes as previously used by [ 4 ]. The tissue 
haemoglobin saturation index (TSI) was calculated using SRS methods. 

 NIRS probes were positioned on the medial gastrocnemius, approximately 7 cm 
from the knee joint and along the vertical axis of the calf. The majority of studies 
have reported NIRS variables from the vastus lateralis during exercise. However, 
due to the impact upon the quadriceps during the E-set protocol, NIRS placement 
was moved to the gastrocnemius as previously described by [ 5 ]. A surgical marker 
was used to mark probe placement for accurate positioning. The device was held 
securely in place with tape and a black sports covering to prevent contamination 
from ambient light. It should be noted that motion artifact has previously been 
reported as an issue during dynamic exercise testing, primarily as a result of the use 
of non-portable NIRS systems, where an optical fi bre attached to a sensor becomes 
loose and disturbs the sensor [ 6 ]. Portable devices such as the PortaMon TM  with no 
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loose wires reduce the effect of motion artifact. Attention to secure probe placement 
and attachment before commencement of testing, followed by a careful device 
detachment following testing, during which researchers observed an indentation in 
the skin suggested that any movement artifact due to probe movement was minimal. 
During all tests, the NIRS system was connected to a personal computer by 
Bluetooth TM  for data acquisition (1 Hz), analog-to-digital conversion and subse-
quent analysis.    

26.3     Results 

 Tables  26.1  and  26.2  indicate that subjects exercised to 90 % heart rate maximum 
produced high BL levels, and BL continued to increase for up to 3 min postexercise, 
suggesting subjects provided volitional maximal effort during testing. Subjects’ 
E-set scores were considerably higher than scores for elite rugby players which are 
generally <215.

    Averaged data (Fig.  26.1 ) showed clear decreases in TSI during the sprint phase 
and increases in the recovery period. However, there were clear individual differ-
ences. Some individuals showed fast TSI recovery kinetics during rest periods and 
a clear hyperemic response at the end of the test (Fig.  26.2 ); others were unable to 
reoxygenate during recovery periods and TSI did not return to baseline after the end 
of the fi nal 3-min recovery period following test cessation (Fig.  26.3 ). The six 
recovery periods are indicated in (Figs.  26.2  and  26.3 ) by R1–R6.

  Table 26.1    Group E-set 
physiological responses 
( n  = 6)  

 Physiological variables  X (± SD) 

 E-set score (s)     260 ± 20 
 Heart rate    pretest (bpm)       80 ± 5 
 Heart rate posttest (bpm)     182 ± 5 
 Blood lactate pretest (mmol)    1.07 ± 0.20 
 Blood lactate posttest (mmol)  14.30 ± 2.88 

   Table 26.2    Individual E-set physiological responses   

 Subject 
 Max HR 
(bpm)  E-set time (s) 

 BL IMM 
posttest (mmol) 

 BL 3 min 
posttest (mmol) 

 Max Δ TSI 
decrease (%) 

 S1  185  293.6  15.4  16.0  −27.9 
 S2  180  255.5  10.8  10.7  −22.6 
 S3  183  273.1  15.2  17.4  −21.2 
 S4  179  242.3  18.7  19.7  −25.7 
 S5  190  248.4  11.5  12.4  −18.2 
 S6  173  244.7  14.0  13.9  −30.8 
 Mean  182  260.0  14.3  15.0  −24.4 
 SD  5.8   20.0   2.8   3.3  −4.6 
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     During the test, the group-averaged data (Fig.  26.4 ) showed a clear decrease in 
HbO 2  (max. decrease 11.41 ± 4.95 μM) and increase in HHb (max. increase 
17.65 ± 4.48 μM); tHb was largely unchanged until the end of the exercise test, 
where a hyperemic response was observed.

  Fig. 26.1    Average group TSI% changes during the E-set test       

  Fig. 26.2    Individual TSI   % changes during the E-set test       
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26.4        Conclusions 

 The results of this observational study suggest that a portable NIRS device is both 
robust and sensitive enough to detect haemoglobin changes during a high-intensity 
repeated shuttle run test. A recent study [ 1 ] examining muscle reoxygenation 
kinetics following various running intensities supports the fi nding of this study. 

  Fig. 26.3    Individual TSI% changes during the E-set test       

  Fig. 26.4    Group haemoglobin variables changes (ΔHHb, ΔtHb, ΔHbO 2 )       
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The portable NIRS device therefore has the possibility to be used to assess exercise 
training-induced adaptations following a specifi c training protocol, although it is 
unclear at present whether NIRS can be used to assess individual, as opposed to 
group, performance. 

 The results largely demonstrate the expected physiological responses seen when 
moderately trained individuals are exposed to exercise maximally and repeatedly. 
The average results of the group data demonstrate a clear decrease in HbO 2 , an 
increase in HHb and drop in %TSI during sprint efforts. During rest periods, %TSI 
largely recovers, HbO 2  increases and HHb decreases. At the end of the test period, 
a clear and expected hyperemic response occurred as evidenced by an increase in 
tHb that remained unchanged during the testing period. However, there was consid-
erable individual variability, and we recommend that future training studies report 
individual as well as group data. The variability seen in the NIRS data may have 
refl ected the variations in fi tness levels (evidenced by E-set scores). This variability 
may decrease in an elite population; this will be the subject of future studies.     
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    Abstract     Amifostine is a fi rst-line cytoprotective drug used to prevent 
 radiotherapy- induced or chemotherapy-induced injuries. However, its mechanism 
of action is not well understood. In this study, freshly harvested bone marrow cells 
were treated with amifostine and analyzed with a series of mitochondrial indices. 
In vitro results showed that bone marrow cells treated with amifostine 0.5 h before 
irradiation (0.5 Gy) experienced several benefi ts, as compared to vehicle controls, 
including (1) reduced reactive oxygen species levels, which reduced the production 
of free radicals; (2) better preservation of mitochondria, as indicated by MitoTracker-
positive staining and the increased intensity of staining; (3) reduced apoptosis, as 
demonstrated by Annexin V staining; and (4) a better proliferation rate, as illus-
trated by MTT assay. Our in vitro studies showed that amifostine-treated mice 
exhibited (1) higher ATP production; (2) reduced plasma IL-2 levels, suppressing 
the immune response triggered by radiotoxicity; and (3) enhanced radiation-induced 
production of granulocyte colony-stimulating factor. All of these processes benefi t 
recovery from radiation-induced damage.  
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27.1         Introduction 

 Amifostine, (Ethiofos, WR2721, S-2-[3-aminopropylamino] ethylphosphorothioic 
acid) a low molecular weight compound, is an inactive prodrug that is hydrolyzed 
in vivo by alkaline phosphatase to the active cytoprotective thiol metabolite; it is 
subsequently converted into mixed disulfi des, which are powerful scavengers for 
free radicals [ 1 ]. When it is intravenously injected 0.5 h before irradiation, it effec-
tively protects normal tissues from radiation-induced damage [ 2 ]. While it was 
originally produced for the US army, its clinical utility for the protection of normal 
tissue against radiotoxicity and chemotoxicity has been extensively explored. It is 
now a fi rst-line antioxidant drug [ 3 ] that has been used to reduce the incidence of 
xerostomia in patients undergoing radiotherapy, to decrease the cumulative nephro-
toxicity associated with platinum-containing agents, and to protect the bone marrow 
(BM) from various toxicities [ 3 – 5 ]. However, its mechanism of action is not fully 
understood. In this study, we explored the effects of amifostine on mitochondrial 
function, apoptosis, immune modulation, and BM regeneration using BM cells to 
elucidate its underlying molecular mechanism.  

27.2     Methods 

 Eight-week-old, male, NIH Swiss mice (National Cancer Institute, Frederic, MD, 
USA) were used for all experiments. Animal protocols were approved by the Animal 
Ethics Committee at the University of Florida (Gainesville, FL, USA). 

 For in vitro studies, BM cells were freshly harvested from mouse femurs. Cells 
(5 × 10 5 /treatment for apoptosis and mitochondrial indices or 8 × 10 3  cells/well in a 
U-bottom 96-well microplate for proliferation) were cultured in Dulbecco’s modi-
fi ed Eagle’s medium (DMEM) containing 10 % heat-inactivated newborn calf 
serum with 1 % penicillin/streptomycin. BM cells from the same mouse were 
divided into two treatment groups: (1) saline as vehicle control and (2) incubation 
with 10 nM of amifostine for 0.5 h. The groups were irradiated with a dose of 
0.5 Gy at a dose rate of 0.98 Gy/min via a 137-cesium source (Gammacell-40, 
Atomic Energy of Canada Limited, Chalk River, Ontario, Canada). After being cul-
tured overnight, cells were assessed with fl ow cytometry, used according to manu-
facturer’s instructions, for the following indices: (1) reactive oxygen species (ROS) 
using CM-H2DCFDA (fi nal concentration of 5 μM, Invitrogen Cat # C6827, Grand 
Island, NY, USA); (2) mitochondrial membrane potential (MMP) using JC-1 
(Invitrogen Cat # M34152); (3) mitochondrial level using MitoTracker Red 
CM-H2XRos (Invitrogen Cat # 7513); and (4) apoptosis using Annexin V/PI stain-
ing. BM cell proliferation was assessed with the MTT method (Invitrogen Cat # 
V13154) [ 6 ]. 

 For in vivo studies, NIH Swiss mice (5/group) were pretreated with saline (as 
vehicle controls) or amifostine (50 mg/kg) 0.5 h before 10-Gy total body 
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irradiation (TBI) and euthanized 1 h later. (1) For analysis of ATP level, freshly 
prepared BM cells from each group were lysed in 100 μl of ATP assay buffer 
(BioVision Inc., Milpitas, CA, USA), homogenized in perchloric acid, and centri-
fuged at 15,000 g for 2 min to pellet insoluble materials. Thereafter, 25 μl of super-
natant was added to the 96-well plate with ATP assay buffer to reach a fi nal volume 
of 50 μl/well; this was incubated at room temperature for 0.5 h and read at an 
excitation (Ex) of 535 nm and an emission (Em) of 587 nm with a fl uorometric 
microreader. The standard curve was performed on the same plate for calculation 
of the ATP amount of unknown samples. (2) To determine the effect of amifostine 
on cytokines, plasma was collected from each group and subjected to enzyme-
linked immunosorbent assay (ELISA) with mouse IL-2 and G-CSF kits (R&D 
Systems, Minneapolis, MN, USA). 

 For statistical analysis, the saline-treated groups were counted as baseline and 
expressed as 100 %. The percentage of alteration of the amifostine-treated groups 
was presented as (mean value of amifostine-treated group/mean value of saline- 
treated group) × 100 %. An independent Student’s  t -test was used to determine the 
signifi cance between the treatment and vehicle control groups. A  P  value of <0.05 
was regarded as statistically signifi cant.  

27.3     Results 

 Amifostine is a powerful scavenger for free radicals and a useful antioxidant that 
likely reduces the level of radiation-induced primary and secondary ROS. Indeed, 
our results (Fig.  27.1a ) showed that ROS levels were reduced in amifostine-treated 
irradiated cells, as compared to the vehicle controls ( P  = 0.022).

   The level of detectable MitoTracker represents the number of functional mito-
chondria [ 7 ]. Our results demonstrated that amifostine preserved more mitochon-
dria in the irradiated cells than in the vehicle controls (Fig.  27.1b ,  P  = 0.047). 

 The protection of mitochondria is likely to reduce intrinsic apoptosis. Annexin 
V/PI staining showed that amifostine-treated irradiated cells had a lower percentage 
of apoptotic cells, as compared to the vehicle controls (Fig.  27.2a ,  P  = 0.003). MTT 
results (Fig.  27.2b ) demonstrated that amifostine enhanced the proliferation of irra-
diated cells, as compared to the vehicle controls ( P  = 0.026).

   Radiation-reduced ATP production was reversed by in vivo treatment with ami-
fostine at a dose of 50 mg/kg (Fig.  27.3 ,  P  = 0.005), indicating that mitochondrial 
functions are well preserved by amifostine.

   IL-2 is a critical immunomodulator that responds to radiation. Amifostine better 
reduced plasma IL-2 levels in the irradiated cells than in the vehicle controls 
(Fig.  27.4a ,  P  = 0.022). Moreover, studies have shown that radiation can trigger the 
release and production of G-CSF [ 8 ]. Our data support this fi nding (Fig.  27.4b , 
 P  = 0.0027). Notably, this endogenous induction could be further enhanced by ami-
fostine treatment (Fig.  27.4b ,  P  = 0.024).
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27.4        Discussion 

 Our in vitro studies showed that amifostine reduced ROS, preserved mitochondria 
(Fig.  27.1 ), reduced apoptosis, and enhanced BM cell proliferation (Fig.  27.2 ). Our 
in vivo studies showed that it preserved ATP production (Fig.  27.3 ), reduced IL-2 
production (Fig.  27.4a ), and enhanced radiation-induced production of G-CSF 
(Fig.  27.4b ). 

  Fig. 27.1    Amifostine protected BM mitochondria from radiation-induced damage. ( a ) ROS was 
reduced in amifostine-treated irradiated BM cells, as compared to the vehicle controls ( P  = 0.022). 
( b ): MitoTracker staining showed that amifostine preserved more mitochondria in irradiated BM 
cells than in the vehicle controls ( P  = 0.047)       
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  Fig. 27.2    Amifostine protected BM cells from radiation-induced damage. ( a ) Annexin V/PI stain-
ing showed that amifostine-treated irradiated BM cells had a lower percentage of apoptotic cells, 
as compared to the vehicle controls ( P  = 0.003). ( b ) MTT results demonstrated that amifostine 
enhanced the proliferation of irradiated BM cells, as compared to the vehicle controls ( P  = 0.026)       

  Fig. 27.3    Amifostine 
preserved ATP levels. The 
radiation-induced reduction 
in ATP production was 
reversed by in vivo treatment 
with amifostine at a dose of 
50 mg/kg ( P  = 0.005)       

 The reduction of ROS levels by amifostine is likely due to its ability to scavenge 
free radicals. It reduces not only the damage from radiation-generated free radicals 
but also the secondary wave of free radicals generated by the host’s response to 
radiation [ 9 ]. After eluding ROS damage, mitochondrial number and functions are 
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preserved to help generate ATP, thereby supplying energy for cells, tissues, organs, 
and the whole body to function and interact with the environment. By preventing 
radiation-induced mitochondrial damage, amifostine also reduces intrinsic apopto-
sis and allows more BM cells to survive and proliferate. 

 The process by which amifostine reduces plasma IL-2 levels is complicated; 
however, less activation of T and B lymphocytes by IL-2 reduces immune overreac-
tions to radiation and helps to maintain homeostasis. In addition, radiation triggers 
the production of endogenous G-CSF, which is a sign of a host’s compensatory 
reaction. Amifostine could enhance the production of G-CSF, the most essential 
hematogenic factor, thereby hastening BM recovery after irradiation. 

 All of these factors account for the mechanism by which amifostine exerts its pro-
tective effect on BM, regulates the immune response, and reduces radiation damage.     
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    Abstract     This chapter briefl y summarizes the most important processes by which 
hypoxia, lactate accumulation, and acidosis may infl uence malignant progression 
and therapeutic resistance of solid malignant tumors. While these phenomena are 
often elements of an integrated reaction, they may occur independently of each 
other under certain circumstances. The latter information may be of interest with 
regard to possible “targeted” therapeutic interventions.  

28.1         Hypoxia 

 Evidence supporting the existence of hypoxic tissue areas in solid tumors is derived 
from data originating from a variety of methods [ 1 ]. These include invasive mea-
surements of intratumoral oxygen partial pressures using polarographic needle elec-
trodes (“Eppendorf” microsensor) and histological assays based on the 
immunodetection of so-called endogenous or exogenous hypoxia markers. In addi-
tion, different imaging methods have been developed, which, however, at the pres-
ent time have not been adopted widely in the clinic. The major cause of tumor 
hypoxia is an enlargement of the intratumoral diffusion distances of oxygen beyond 
a critical threshold, which is estimated to be equal to approximately 80 μm at the 
arterial end of the microvessel. This main origin of continuous or “chronic” hypoxia 
is modifi ed by other factors, including a reduced oxygen-transport capacity of the 
blood (anemia) and an increased interstitial fl uid pressure, which may lead to a fl ow 
stop in microvessels. Besides the phenomenon of continuous tumor hypoxia, one 
also observes intermittent or “acute” hypoxia, which may be caused by fl uctuations 
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in the fl ux of erythrocytes or by temporary obstructions of tumor capillaries, e.g., by 
cell aggregates. 

 Figure  28.1  shows a synopsis of the various mechanisms by which tumor hypoxia 
may contribute to a more aggressive phenotype and to an increased resistance to 
therapy. The discovery that hypoxia is one of the most important factors mediating 
radioresistance can be traced back to the beginning of the twentieth century. We 
know today that the mechanism behind this observation is a modifi cation of the free 
radical chemistry under hypoxic conditions, which has also been shown to be impor-
tant for some forms of chemotherapy and photodynamic therapy [ 2 ]. Since the early 
1990s, clinical studies indicated that the pathophysiological signifi cance of hypoxia 
is clearly not limited to this modifi cation of the radiosensitivity of tumor cells [ 3 ]. 
Hypoxia can lead to an increase of the genetic instability of cancer cells both by 
inducing mutations and by inhibiting DNA repair [ 4 ]. Hypoxia may also act as a 
selective force favoring the emergence of genetically hypoxia-resistant phenotypes. 
For example, p53-negative, apoptosis-resistant cell populations may emerge after 
repeated exposures of cells to hypoxia and reoxygenation [ 5 ]. Hypoxia has been 
shown to be important for the maintenance of the stem cell phenotype, and some 
types of stem cells have been observed to reside in a “hypoxic niche” in vivo [ 6 ]. 
Furthermore, hypoxia can play an important role in the attenuation of an antitumor 
immune response. For example, macrophages of the pro-tumorigenic M2 phenotype 
have been found preferentially in hypoxic tumor areas [ 7 ]. Consistent with this fi nd-
ing, other reports have demonstrated that hypoxic tumors contain a higher number 
of macrophages compared to non-hypoxic tumors. Additionally, higher quantities of 
intratumoral macrophages have been shown to correlate with a poorer patient 

  Fig. 28.1    Tumor hypoxia is a central driver of malignant progression and resistance to therapy 
(selection of mechanisms)       
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prognosis [ 8 ]. Under hypoxic conditions, an increased expression of the cytokine 
CCL28 has been detected, which may lead to intratumoral accumulation of immu-
nosuppressive regulatory T cells which express the cognate receptor CXCR10 [ 9 ]. 
Under hypoxic conditions, adenosine may accumulate in the extracellular space and 
stimulate adenosine receptors (of the A 2A  and A 2B  subtypes) on T cells, thereby lead-
ing to an inhibition of antitumor T cell responses [ 10 ]. Hypoxia has also been shown 
to be able to trigger the unfolded protein response and autophagy, which may pro-
mote tumor growth and resistance to anticancer therapy [ 11 ]. It should be men-
tioned, however, that both processes can also be antitumorigenic, depending on the 
specifi c experimental conditions. Although mTOR inhibition is currently being 
evaluated as a therapeutic strategy, e.g., in malignant gliomas, hypoxia-mediated 
suppression of mTOR has recently been shown to prevent irreversible cellular senes-
cence, which may attenuate the effi cacy of DNA-damaging agents [ 12 ]. Arguably, 
the overall most signifi cant consequence of hypoxia is a large-scale change of the 
proteome, which is mediated by the activity of several transcription factors, among 
which the hypoxia-inducible factor 1 (HIF-1) plays the most important role [ 13 ].

   More than 800 direct target genes of HIF-1 are known, and a large number of 
these have been shown to have a direct pathogenic role within the malignant pheno-
type (see Fig.  28.2 , [ 13 ]). HIF-1 is a major trigger of proangiogenic cytokines (e.g., 
VEGF) in tumor cells. Furthermore, HIF-1 can promote vasculogenesis by the 
recruitment of CXCR4-positive stem cells from the bone marrow via SDF-1. HIF-1 
increases the oxygen-transport capacity of the blood by upregulating EPO. 
Activation of HIF-1 leads to increased cell motility and invasiveness, mediates the 
ability to remodel the extracellular matrix, and can confer an augmented metastatic 

  Fig. 28.2    HIF-1 as the central driver of hypoxia-induced transcriptional “maladaptation” in  cancer 
(selection of mechanisms)       
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potency. These pivotally important processes may be initiated directly by HIF-1, 
e.g., via the urokinase-type plasminogen activator and matrix metalloproteinases. 
Additionally, HIF-1 can transactivate transcription factors (e.g., TWIST) which 
induce the metastasis-promoting cellular program of epithelial-to-mesenchymal 
transition [ 14 ]. HIF-1 may promote radioresistance by allowing cells to survive in 
hypoxic areas. Moreover, basal HIF-1 expression, but – interestingly – not hypoxia- 
induced expression of HIF-1, has been demonstrated to play a role for the expres-
sion of genes involved in DNA repair [ 15 ]. Target genes of HIF-1 can also mediate 
chemoresistance, e.g., by induction of the MDR-1 gene. There have also been 
reports describing a role of HIF-1 in mediating increased genetic instability by 
decreased homologous recombination repair and reduced mismatch repair [ 16 ]. 
HIF-1 can promote the differentiation of TH17 cells [ 17 ], which, depending on the 
experimental paradigm, have been described to both promote and inhibit the growth 
of tumors. HIF-1-induced SDF-1 may also contribute to the aforementioned accu-
mulation of macrophages in hypoxic tumors [ 18 ]. HIF-1 may stimulate prolifera-
tion through the induction of autocrine growth factor loops. A number of publications 
have described an HIF-1-induced upregulation of telomerase and HIF-1 activated 
genes which are considered to play a role in the stem cell phenotype. Finally, a cen-
tral mechanism of HIF-1-mediated maladaptation consists of an extensive meta-
bolic reprogramming which leads to a downregulation of mitochondrial oxidative 
phosphorylation, e.g., via inhibition of the pyruvate dehydrogenase reaction by 
PDK-1 and promotion of selective autophagy of mitochondria. Simultaneously, 
HIF-1 mediates the induction of a glycolytic phenotype by increasing glucose infl ux 
(e.g., via GLUT-1), upregulation of key enzymes of glycolysis, and by an increase 
in the effl ux of lactate via the monocarboxylate transporter subtype MCT-4 [ 13 ,  19 ].

28.2        Lactate 

 A substantial part of intratumoral lactate accumulation is the result of HIF-1- 
mediated metabolic reprogramming. However, comparative analyses of the distri-
bution patterns of hypoxia (as assessed by pimonidazole staining) and locoregional 
lactate concentrations (analyzed using imaging bioluminescence) have revealed that 
both parameters are not necessarily co-localized in all cases [ 20 ]. Indeed, several 
HIF-1-independent mechanisms of intratumoral lactate accumulation have been 
described, e.g., the activation of MYC [ 21 ]. Additionally, high lactate levels may 
also be the consequence of an insuffi cient waste drainage in poorly vascularized 
tumor areas. The matter is further complicated by the existence of an intratumoral 
lactate shuttle between hypoxic (lactate-producing) and normoxic (lactate- 
consuming) cells [ 22 ]. Lactate has been hypothesized to mediate radioresistance by 
virtue of its antioxidant properties. Lactate also exhibits immunosuppressive prop-
erties and promotes cell motility, invasion, and metastasis. Furthermore, lactate may 
induce angiogenesis, mediate resistance to apoptosis, and may promote a stem cell 
phenotype. Importantly, lactate can indirectly stabilize HIF-1α and may thus per-
petuate the activation of HIF-1 independent of hypoxia [ 23 ].  
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28.3     Acidosis 

 HIF-1-induced metabolic reprogramming also contributes to the marked extracel-
lular acidosis often found in malignant tumors by upregulating glycolysis. 
Nevertheless, direct measurements of intratumoral oxygen and pH levels have 
revealed unequal distributions of both parameters at the microregional level [ 24 , 
 25 ], and glycolysis-defi cient cells have been shown to retain the ability to acidify the 
extracellular environment in vivo [ 26 ]. Additional pathogenetic mechanisms yield-
ing an intensifi ed tissue acidosis are based on substantial hydrolysis of ATP (derived 
from breakdown of substrates other than glucose), glutaminolysis, ketogenesis, and 
CO 2 /carbonic acid production [ 27 ]. The spectrum of the pathophysiological conse-
quences of intratumoral acidosis includes many processes mentioned for HIF-1 and 
lactate: acidosis plays a role in mediating radioresistance (e.g., [ 28 ]), immune eva-
sion [ 29 ], increased cell motility, invasion, metastasis [ 30 ,  31 ], promotion of angio-
genesis through VEGF [ 32 ], and the stem cell phenotype [ 33 ]. Moreover, an acidic 
extracellular milieu diminishes the effectiveness of basic chemotherapeutic drugs 
(e.g., doxorubicin, daunorubicin, [ 34 ]). Similar to hypoxia and HIF-1, acidosis may 
contribute to the genetic instability of tumor cells [ 35 ] and – similar to hypoxia – is 
a possible trigger for autophagy [ 36 ]. Finally, acidosis has been shown to stabilize 
HIF-1α independent of hypoxia by nucleolar sequestration of VHL [ 37 ].  

28.4     Conclusions 

 Factors of the microenvironment presented in this report trigger an overlapping 
range of processes which promote tumor growth and mediate resistance to therapy. 
The broadest spectrum of these processes is initiated by hypoxia and HIF-1, which 
are also often at the root of lactate accumulation and intratumoral acidosis. With this 
in mind, the three factors may be regarded as “siblings.” However, both of the latter 
factors may also be triggered independently of hypoxia and, importantly, similar 
pathogenic processes (e.g., radioresistance) may be initiated by all three factors via 
entirely independent mechanisms (e.g., modifi cation of the spectrum of free radi-
cals generated by radiation vs. scavenging of free radicals). Therefore, the factors 
discussed here may also act as “accomplices,” depending on the specifi c triggers for 
each of them in individual tumors.     
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    Abstract     This investigation aimed to test all tumor-bearing patients who undergo 
biopsy to see if angiogenesis and hypoxia can detect cancer. We used continuous- 
wave near-infrared spectroscopy (NIRS) to measure blood hemoglobin concentra-
tion to obtain blood volume or total hemoglobin [Hb tot ] and oxygen saturation for the 
angiogenesis and hypoxic biomarkers. The contralateral breast was used as a refer-
ence to derive the difference from breast tumor as a difference in total  hemoglobin 
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Δ[HB tot ] and a difference in deoxygenation Δ([Hb]-[HbO2]). A total of 91 invasive 
cancers, 26 DCIS, 45 fi broblastomas, 96 benign tumors excluding cysts, and 67 nor-
mal breasts were examined from four hospitals. In larger-size tumors, there is signifi -
cantly higher deoxygenation in invasive and ductal carcinoma in situ (DCIS) than in 
that of benign tumors, but no signifi cant difference was seen in smaller tumors of 
≤ 1 cm. With the two parameters of high total hemoglobin and hypoxia score, the 
sensitivity and specifi city of cancer detection were 60.3 % and 85.3 %, respectively. 
In summary, smaller-size tumors are diffi cult to detect with NIRS, whereas DCIS 
can be detected by the same total hemoglobin and hypoxic score in our study.  

29.1         Introduction 

 Breast cancer is a leading cause of death in women worldwide. There has been a 
great improvement in breast cancer survival since the mid-1970s, and in the USA 
during the period from 1999 to 2006, 90 % were expected to survive their disease for 
at least 5 years. The newly released data show an even higher survival rate (98 %) if 
the cancer is localized in the breast [ 1 ]. The increase in survival rate has been attrib-
uted to both screening and improved treatment. However, X-ray mammography, 
which is the only breast cancer screening test, has a low sensitivity (33 %) [ 2 ] and 
has a high incidence of biopsy. Thus, we are still searching for more reliable ways to 
diagnose breast cancer through functional and biochemical signatures of cancers. 

 There is much evidence showing a higher concentration of blood in breast can-
cers. This has been demonstrated in a good review article in 1999 [ 3 ] as well as 
more recently [ 4 ]. These studies used near-infrared spectroscopy (NIRS) to deter-
mine the blood concentration and hemoglobin saturation in humans. We have con-
ducted a multicenter clinical trial on breast cancers to determine blood concentration 
and desaturation of blood indicating both angiogenesis and hypermetabolism as a 
signature for breast cancer [ 5 ]. That clinical study involved 44 cancer cases with 
more than 100 breast tumors and showed quite high sensitivity and specifi city (both 
over 90 %). This study, on mostly large, palpable cancers, was intended to show that 
NIRS can detect cancers. However, the results did not represent the true patient 
population, which includes smaller cancers as well as cancer in situ. Thus, in the 
present study, we have expanded our investigation to focus on early detection of 
cancers with a smaller tumor size and ductal carcinoma in situ (DCIS).  

29.2     Methods 

29.2.1     Patient Recruitment 

 Forty-eight normal breast studies dating from 1997, when we recruited patients 
coming for breast screening, together with a few tumor-bearing patients, were 
included from the Hospital of the University of Pennsylvania (HUP). Between 2001 
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and 2006, we also recruited patients on the basis of biopsy for most of the cancers, 
DCIS, benign, and fi broadenoma, a total of nearly 100 cases (Table  29.1 ). Between 
2007 and 2009, patients were recruited at the National University Hospital of 
Singapore (NUS) and the National Cancer Center of Singapore on the basis of breast 
biopsy. Between 2009 and 2010, patients at the Taiwan National Cheng Kung 
University Hospital (NCKU) with positive breast tumor biopsies were recruited. 
This gave a total for the 4 hospitals of 91 invasive breast cancers and 26 DCIS as 
well as 96 benign tumors and 45 fi broadenomas (FA) together with 67 normal cases 
without tumors. Note: cysts and infl ammatory diseases were not included in this 
investigation as benign tumor cases. Fibroadenoma was treated separately from 
benign tumors as it demonstrates different optical characteristics [ 6 ]. The ages of the 
four groups of subjects are 55.5 ± 1.6, 50.8 ± 2.6, 51.2 ± 3.3, and 52.5 ± 1.5 (mean ± se) 
for ICA, DCIS, FA, and benign tumor, respectively. In summary, the tumor-bearing 
population mostly comprised cancers suspected from X-ray mammography screen-
ing and confi rmed by biopsy, and, as a result, this population included more of the 
smaller tumor size ≤ 1 cm and DCIS than the previous study [ 5 ].

29.2.2        Data Acquisition by NIRS 

 We used the same or a very similar continuous-wave spectroscopy (CWS) device 
described previously [ 5 ]. This has 8 silicon diode detectors, 3–4 cm equidistant from 
a central multi-wavelength LED which gives 10 ms light pulses. The NIR LED has 
three wavelengths: 760, 805, and 850 nm. The 3 cm source-detector distance was 
used for smaller-sized or shallow tumor-bearing breasts and the 4 cm source-detector 
distance for larger-sized or deeper tumor-bearing breasts. The sensors detect the 
light from the LED simultaneously after photon migration through the tumor.  

29.2.3     Data Analysis 

 The raw data from the CWS system are three wavelengths of light intensities from 
a calibration phantom of known absorption and scattering coeffi cient, light 

   Table 29.1    Number of patients and tumor types in the four multicenter hospitals   

 Total 

 Subjects  DCI/LCI  DCIS  Benign  FA  Normal 

 HUP  165  50  13  34   8  60 
 NUS   82  17   8  41  12   4 
 NCCS   51  12   2  12  25   0 
 NCKU   27  12   3   9   0   3 
 Total  325  91  26  96  45  67 
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intensities from the tumor-bearing breast, and the contralateral breast as the 
 reference, with the location being a mirror image of the tumor position. A modifi ed 
Beer-Lambert Law, with a differential path length factor (DPF) of 5, was used to 
calculate the concentrations of two species of hemoglobin, deoxy- and oxyhemo-
globin or [Hb] and [HbO 2 ] (micromolar or μM), under the assumption that all 
breasts have the same scattering coeffi cient. It was also assumed that the only 
absorbing chromophores in the breast were the two species of hemoglobin, deoxy- 
and oxyhemoglobin. This    assumption works well when we observe the difference in 
Hb and HbO 2  and Δ[Hb] and Δ[HbO 2 ], between one breast and the contralateral 
side, where both should have similar quantities of other chromophores and which 
would be canceled out. 

 The parameters from the CWS-NIRS are the sum of Δ[Hb], Δ[HbO 2 ], 
Δ[Hb] + Δ[HbO 2 ], or Δ[Hb tot ] and the difference of the two, Δ[Hb]-Δ[HbO 2 ], or 
ΔDeoxygenation. The delta Δ stands for the difference between the breast with the 
tumor and the contralateral breast. 

 Our tests showed that in normal healthy breasts, there is no difference in the 
optical characteristics between the left and right breast so that the total 
 hemoglobin and deoxygenation differences are near zero. Therefore, for this 
investigation we used delta Δ, the difference from the contralateral breast, 
where any deviation from zero in the total hemoglobin and deoxygenation indi-
cates an abnormality. We tested the parameters Δ[Hb tot ] and ΔDeoxygenation 
for cancers, benign tumors, and healthy breasts. We used Student’s  t -test to 
determine if there is a difference between cancers and benign tumors. Breast 
tumors were categorized as invasive cancer, either ductal or lobular (IC), ductal 
cancer in situ (DCIS), fi broadenoma (FA), or benign tumors. Cysts were 
excluded from the benign tumors for two reasons: cysts are well defi ned by 
ultrasound and the optical characteristics of cysts are very different from other 
types of benign tumors with no blood volume inside. The NIRS method is sensi-
tive to the tumor size, so our test results will be infl uenced by the tumor size, 
and so there is a need to test small and large tumor sizes separately. Smaller-size 
tumors were defi ned as ≤ 1 cm and larger tumors as > 1 cm in diameter. Invasive 
carcinoma has the largest tumor size with 2.1 ± 0.17 cm as mean ± se, DCIS has 
the smallest tumor size (1.2 ± 0.3 cm), and FA and benign tumor sizes are 
1.6 ± 0.3 cm and 1.3 ± 0.2 cm, respectively. In summary, we determined the 
probability that invasive breast cancer and cancer in situ are different (high 
Δ[Hb tot ] and low oxygen or ΔDeoxygenation) from normal and benign tumors; 
in order to calculate sensitivity and specifi city, we used a two-dimensional 
nomograph (Δ[Hb tot ] and ΔDeoxygenation) to score the cancer diagnostic capa-
bility. In this way, we were able to score Δ[Hb tot ] and ΔDeoxygenation with the 
same weight. We considered the 90 % confi dence level of normal breast area in 
the nomogram (Fig.  29.1a ), along with high Δ[Hb tot ] and low oxygen 
(ΔDeoxygenation) at the cutting point of 5 μM to calculate sensitivity and 
 specifi city. This approach is very similar to that in our previous paper [ 5 ].
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29.3         Results 

29.3.1     Normal Breast 

 Figure  29.1a  shows the results of the clinical study mostly at the University of 
Pennsylvania (HUP) mammography screening facility. The averages for normal and 
benign ΔDeoxygenation were 0.65 ± 0.52 μM (±se) and 0.98 ± 0.86 μM (±se), 
respectively, and the averages of normal and benign Δ[Hb tot ] were 0.13 ± 0.27 μM 
(±se) and 0.49 ± 0.61 μM (±se), respectively. The results showed no difference 
between normal breasts and breasts with benign tumors. It was also shown that there 
was no difference in the Δ[Hb tot ] and ΔDeoxygenation between left and right breasts 
amongst normal breasts. Furthermore, the distribution of data shows that the 90 % 
confi dence level lay between 3.8 and 1.4 μM of ΔDeoxygenation and Δ[Hb tot ] for 
normal breasts. We therefore set the breast cancer cases at the 5 μM line when we 
used specifi city and sensitivity tests later on.  
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  Fig. 29.1    ( a ) Normal breast versus benign tumor in a nomogram of Δ[Hb tot ] or ΔBV and 
ΔDeoxygenation (control study). Normal breast ( solid circle ) and benign tumor ( star ) show no 
difference in nomogram distribution. ( b ) Nomogram of breast cancers (IDC/ILC and DCIS,  tri-
angle ) and benign tumors (FA included,  open circle ) is plotted against Δ[Hb tot ] or ΔBV and 
ΔDeoxygenation. Sensitivity and specifi city scores were calculated based on the threshold of high 
Δ[Hb tot ] and ΔDeoxygenation excluding the lower corner of ≤ 5 μM of Δ[Hb tot ] and 
ΔDeoxygenation       
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29.3.2     Invasive Cancer, Cancer In Situ, and Benign Tumors 

 Table  29.2  summarizes the results of the analysis. There were three times as many 
larger invasive cancers ( n  = 57) than there were small ones ( n  = 24). For DCIS, there 
were similar numbers for both the larger- and smaller-size DCIS. There were differ-
ences in the tumor Δ[Hb tot ] and ΔDeoxygenation between tumors > 1 cm and smaller 
ones. In general, larger-size cancers demonstrated higher Δ[Hb tot ] and 
ΔDeoxygenation than did smaller cancers. As a result, when we compared the can-
cers to benign tumors, only the larger cancers (invasive and DCIS) had statistically 
signifi cantly higher ΔDeoxygenation.

29.3.3        Overall Nomogram of Cancer Detection 

 In order to assess the detectability of breast cancer, we categorized invasive cancers 
and DCIS as cancers and fi broblastoma as a benign tumor. We used both high 
Δ[Hb tot ] and high ΔDeoxygenation as equally weighted parameters of cancer detec-
tion. All the small- and large-size and unknown-size tumors are included into the 
nomogram. These four categories of tumors were plotted as Δ[Hb tot ] against 
ΔDeoxygenation (Fig.  29.1b ). 

 We set a quadrant of higher Δ[Hb tot ] and low oxygen (ΔDeoxygenation) as the 
criteria for cancer detection. In the high Δ[Hb tot ] and high ΔDeoxygenation quad-
rant, we drew a marginal line between 5 μM of Δ[Hb tot ] and 5 μM of ΔDeoxygenation 
and then excluded the lower corner of the quadrant. Any tumor which fell into the 
quadrant without being in the lower corner was considered positive for cancer 
detection. 

     Table 29.2    ΔDeoxygenation (ΔDeoxy) and Δ[Hb tot ] in four breast tumors (mean ± se) > 1 cm 
(top) and ≤ 1 cm (bottom)   

 Tumor >1 cm 

  n   ΔDeoxy  se   p   Δ[Hb tot ]  se   p  

 IDC/ILC  57  4.62  ±  0.71  0.03  4.88  ±  0.83  0.11 
 DCIS  12  5.45  ±  2.43  0.01  6.13  ±  3.98  0.19 
 FA  20  0.11  ±  0.82  0.07  2.59  ±  2.50  0.84 
 Benign  26  0.31  ±  1.23  2.05  ±  1.37 

 Tumor ≤1 cm 

  n   ΔDeoxy  se   p   Δ[Hb tot ]  se   p  

 IDC/ILC  24  1.72  ±  2.40  0.71  0.98  ±  1.99  0.75 
 DCIS   8  2.50  ±  2.40  0.64  0.85  ±  2.89  0.95 
 FA  25  −0.25  ±  1.12  0.89  −0.04  ±  1.49  0.85 
 Benign  55  2.38  ±  0.91  0.32  ±  1.08 

  Data are in μM,  p  values are comparison to benign tumor  
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 Sensitivity and specifi city were analyzed in order to score cancer detectability. 
Sensitivity was 60.3 % and specifi city was 85.3 %. The positive predictive value 
(PPV) and negative predictive value (NPV) were 76.9 % and 72.6 %, respectively.   

29.4     Discussion 

 This investigation has yielded a sensitivity of 60 % and a specifi city of 85 %. This 
showed lower cancer detectability than was found in our previous study from 2005 
where both sensitivity and specifi city were over 90 %. We have considered some 
reasons for the lower scores. First, because most of the cancers presented here were 
not palpable, we may have missed the location of the cancer since there was no co- 
registration modality used during the optical measurements. Secondly, in the mea-
surement of smaller-sized masses, data were averaged between the volume of the 
cancer and the surrounding tissue; i.e., a larger normal tissue catchment volume 
may have contributed to making the values less as it calculates the average volume 
which has a larger amount of normal breast tissues nearby. The average Δ[Hb tot ] and 
ΔDeoxygenation values for the smaller-size cancers were much smaller than those 
of larger cancers by a factor of more than 2. Thirdly, we do not know if DCIS had 
developed angiogenesis and hypoxia in the surrounding breast tissue. If it had not 
developed these conditions, cancer detection would have failed. 

 We also observed lower than expected average values of Δ[Hb tot ] and 
ΔDeoxygenation (Table  29.2 ) in both invasive cancers and DCIS. The data we 
obtained were much lower than those obtained by others [ 7 – 13 ]. The other seven 
studies reported 24–130 μM of Δ[Hb tot ] compared to that of normal tissue (17–
39 μM). Therefore, the difference of Δ[Hb tot ] between cancer and normal ranges 
from 7 to over 100 μM ( n  = 7) and 30.4 ± 14.3 μM on the mean ± se. In our case, 
Δ[Hb tot ] was 5 μM or less (2–3 μM in smaller-size cancers). It should be noted that 
data from other publications used a between-subjects effect, whereas we used a 
within-subjects effect for the comparison of cancer and normal/benign tumors. 
Furthermore, they made comparisons to normal breasts whereas in this study we 
made comparisons to benign tumors. 

 In this investigation the depth of the tumor was not analyzed as a factor for detec-
tion, only changing the source-detector distance from 3 to 4 cm when the tumor 
depth was greater than 1.5 cm. In the phantom study we conducted before the clini-
cal trial, it was impossible to reach the tumor with a source-detector separation of 
3 cm. The non-adjustment of the optimal source-detector separation in each case 
may have led to the lower sensitivity in this investigation. 

 The level of detectability of DCIS was not the result of the tumors being smaller 
in size as the tumor size of DCIS was not very different from invasive cancers. The 
real issue was whether DCIS developed angiogenesis and hypoxia. Our results 
(Table  29.2 ) show there was no difference in Δ[Hb tot ] and ΔDeoxygenation between 
invasive cancers and DCIS in either smaller- or larger- sized tumors, and DCIS in 
large masses shows signifi cant hypoxia, as much as in invasive cancers. Thus, our 
investigation suggests that DCIS has already developed at least hypoxia in the tumor. 
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 Judging from these results, we would need two solutions in order to improve the 
sensitivity and specifi city values. The fi rst solution would need to provide a more 
accurate localization of the tumor. NIRS devices with an ultrasound sensor in the 
middle to co-register the location [ 8 ] are available, and this may be an ideal way to 
make sure the tumor is at the center of the catchment volume. The second solution 
would need to solve the partial volume problem of the cancer, especially when the 
tumor size is ≤ 1 cm. When the volume of a tumor is ≤ 10 % of the catchment vol-
ume of the light migration path in the breast tissue, the parameter value is diluted by 
a factor of 10 so that it will be impossible to have any contrast even if the cancer has 
double the values of the surrounding normal tissue. For example, if the total hemo-
globin concentrations of cancer and normal tissue are 70 and 40 μM, respectively 
[ 8 ], then a 10 times dilution makes Δ[Hb tot ] only 3 μM. This value looks more like 
the values obtained in this investigation. Partial volume calculation requires very 
accurate measurement of tumor size in three dimensions with multiple measure-
ments of depth. Thus, we need to search for a co-registration modality, such as 
ultrasound-guided localization, for real cancer characterization in the future. 

 Our previous study from 2005 [ 5 ] used a different cancer threshold when we 
scored a probability of cancer. The threshold used previously was a Δ[Hb tot ] of 
12 μM and a ΔDeoxygenation of 13 μM. The difference between these two studies 
can be attributed to the size of the tumors. The sensitivity for detection of cancer 
will increase with the size of the tumor. With a larger average mass size, the mar-
ginal Δ[Hb tot ] and ΔDeoxygenation can be increased by a factor of 2.     
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    Abstract     Cells in solid tumors generate an extracellular acidosis due to the Warburg 
effect and tissue hypoxia. Acidosis can affect the functional behavior of tumor cells, 
causing, e.g., multidrug resistance. In this process ERK1/2 and p38 mitogen- 
activated protein kinases (MAPK) seem to play a key role. However, the underlying 
mechanism of MAPK activation by extracellular acidosis remains unclear. 
Experiments were performed in three tumor and three normal tissue cell lines in 
which the cells were exposed to an extracellular pH of 6.6 for 3 h. Intracellular pH 
(pH i ), protein expression and activation, acidosis-induced transactivation, and 
 reactive oxygen species (ROS) formation were measured. Extracellular acidosis 
resulted in a rapid and sustained decrease of pH i  leading to a reversal of the extra-/
intracellular pH gradient. Extracellular acidosis led to p38 phosphorylation in all 
cell types and to ERK1/2 phosphorylation in three of six cell lines. Furthermore, 
p38 phosphorylation was also observed during sole intracellular lactacidosis at 
 normal pH e . Acidosis-enhanced formation of ROS, probably originating from mito-
chondria, seems to trigger MAPK phosphorylation. Finally, acidosis increased 
phosphorylation of the transcription factor CREB and resulted in increased tran-
scriptional activity. Thus, an acidic tumor microenvironment can induce a longer-
lasting p38 CREB-mediated change in the transcriptional program.  

30.1         Introduction 

 In comparison to normal tissues, many solidly growing tumors show a marked 
extracellular acidosis with pH (pH e ) values down to 5.5 [ 1 ] which results either from 
an insuffi cient oxygen supply to the tissue due to a functionally inadequate 
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vascularization [ 1 ] or from the Warburg effect [ 2 ]. Both cases enforce the glycolytic 
metabolism in tumor cells leading to a pronounced increase in lactic acid formation 
(resulting in remarkably high lactate concentrations in the tissue). 

 Previous    studies could demonstrate that the extracellular acidosis affects the pro-
liferation of tumors and the malignant behavior or functional properties of the tumor 
cells, e.g., the functional activity of the drug-transporting p-glycoprotein [ 3 ,  4 ], 
leading to a reduced chemosensitivity of tumors. These studies also revealed that for 
this impact of acidosis on drug transport activities, intracellular MAP kinases play 
a major role. Inhibition of p38 and/or ERK1/2 MAPK prevented the acidosis- 
induced chemoresistance. 

 However, the mechanism by which the extracellular pH affects the intracellular 
MAPK still remains unclear. Also the question whether the extracellular acidosis 
directly affects the pathways (e.g., by G protein-coupled membrane sensors for H +  
concentration) or acidosis leads to an intracellular acidifi cation which then activates 
MAPK has to be addressed. Finally, the study should clarify whether other cellular 
processes besides the p-glycoprotein activity are affected.  

30.2     Materials and Methods 

30.2.1     Cell Lines 

 The experiments were performed in three different tumor cell lines (NCI-H358 
human bronchioalveolar carcinoma, subline AT1 of the rat R-3327 prostate carci-
noma, LS513 human colorectal carcinoma) and in three cell lines from normal tis-
sues (MDCK-C7 normal renal collecting duct epithelium cells of the canine, OK 
normal epithelial cells from renal proximal tubule of the opossum kidney, CHO 
immortalized ovary cells of the Chinese hamster). Cells were grown in their ade-
quate medium supplemented with 10 % fetal calf serum (FCS) at 37 °C under a 
humidifi ed 5 % CO 2  atmosphere and subcultivated twice a week. Control cells were 
exposed to bicarbonate-HEPES-buffered Ringer solution adjusted to pH 7.4. 
   Extracellular acidosis (pH 6.6) was applied using bicarbonate-MES (morpho-
linoethanesulfonic acid)-buffered Ringer solution with pH adjusted to 6.6.  

30.2.2     Intracellular pH 

 Cytosolic pH of single cells was determined using the pH-sensitive dye BCECF 
(2,7-bis-(2-carboxyethyl)-5-(and-6)-carboxyfl uorescein, acetoxymethyl ester; 
Invitrogen, Paisley, UK) as described before [ 5 ]. In brief, cells were incubated with 
Ringer solution containing 5 mM BCECF-AM for 15 min. Then, the cover slips 
were rinsed with superfusion solution and transferred to the stage of an inverted 
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Axiovert 100 TV microscope (Zeiss, Oberkochen, Germany). The excitation 
 wavelengths were 450 nm/490 nm; emitted light was measured through a band-pass 
fi lter (515–565 nm) every 10 s. After background subtraction, fl uorescence intensity 
ratios were calculated. pH calibration was performed after each experiment by the 
nigericin (Sigma, St. Louis, USA) technique using a two-point calibration (pH 6.8 
and 7.5).  

30.2.3     Western Blot and CRE-SEAP Reporter Gene Assay 

 Western blotting was performed according to standard protocols. Cells were lysed 
(0.1 % Triton X-100 in PBS, protease inhibitor cocktail, 37 mg/l sodium orthovana-
date or 150 mM NaCl, 10 mM Tris pH 7.4, 1 % Nonidet P-40, 0.1 % SDS, 1 % 
sodium deoxycholate, 0.1 % Triton X-100, 1 mM EDTA, protease inhibitor cock-
tail, 184 mg/l sodium orthovanadate) and cell protein was determined by the BCA 
method (BC assay reagents from Uptima), separated by SDS-PAGE, and transferred 
to a nitrocellulose membrane. Subsequently, membranes were incubated with anti-
bodies specifi c for ERK1/2, p38, phospho-ERK1/2, phospho-p38, CREB, and 
phospho- CREB (1:1,000, cell signaling). The bound primary antibody was visual-
ized using horseradish peroxidase-conjugated secondary antibodies and the ECL 
system (Pierce/Thermo Fisher Scientifi c) with the Molecular Imager ChemiDoc 
XRS System (Bio-Rad   , Munich, Germany). Quantitative analysis was performed 
with Quantity One software (Bio-Rad). 

 Transactivation was assessed by the Mercury TM  Pathway Profi ling reporter gene 
assay system from Clontech Inc. using secretory alkaline phosphatase (SEAP) 
under the control of defi ned  cis -regulatory response elements (CRE) as reporter, 
essentially as described earlier [ 6 ]. In brief, the cells were transfected with a pCRE- 
SEAP constructs or empty vectors. SEAP activity in the media was determined with 
the AttoPhos System from Promega (Mannheim, Germany) and normalized to the 
transfection control (ß-galactosidase).  

30.2.4     ROS Formation 

 Formation of reactive oxygen species (ROS) was assessed with the fl uorescent dye 
CM-H2DCFDA (Molecular Probes, Leiden, Netherlands). Cells were seeded in 
24-well plates and incubated for 30 min with dye after the indicated treatments. 
Subsequently, fl uorescence (excitation 485 nm; emission 535 nm) was measured 
using a multiwell counter (Infi nite, Tecan, Berlin, Germany). The increase of fl uo-
rescence over the blank value expressed per mg protein was used as a measure for 
ROS formation.   
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30.3     Results 

 In order to analyze the impact of the pH e  on the intracellular compartment, the 
change of the intracellular pH (pH i ) was measured. In all cell lines (tumors and 
normal tissues), pH i  decreased with acidic pH e . At pH e  7.4 the pH i  was on average 
−0.24 lower (depending on the cell line). However, at pH e  6.6 pH i  remained even 
higher than the extracellular space (+0.18). This phenomenon that the normal pH 
gradient (with a higher pH in the extracellular space) reversed under acidic condi-
tion (pH i  more alkalic than pH e ) was seen in four out of the six cell lines (two tumor 
and two normal tissue cell lines; AT1, LS513, MDCK-C7, OK). In order to eluci-
date the cellular mechanisms of intracellular pH homeostasis, H +  or anion exchang-
ers were inhibited. When AT1 cells were overloaded with lactate (by adding 40 mM 
lactate to the medium) in combination with an inhibitor of the bicarbonate exchanger 
(200 μM DIDS), the intracellular pH reached 6.95 ± 0.02 (even at pH e  7.4), a value 
which was comparable to that found during extracellular acidifi cation. With this 
procedure it became possible to acidify solely the intracellular space and to separate 
effects of extra- and intracellular pH. 

 When exposing the cells to low pH e , an activation of the p38 and the ERK1/2 
MAP kinases was seen. In all six cell lines, p38 was signifi cantly phosphorylated at 
pH 6.6 (Fig.  30.1a ), whereas ERK1/2 phosphorylation was seen only in AT1, OK, 
and CHO cells. In the other cell lines, a reduced pH e  had no impact on ERK1/2 
(Fig.  30.1a ). With the results of the experiments on pH homeostasis, it became pos-
sible to study the impact extra- and intracellular pH separately. In AT1 cells extra-
cellular acidifi cation activated both p38 and ERK1/2, whereas sole intracellular 

  Fig. 30.1    ( a ) ERK1/2 and p38 phosphorylation under acidic conditions (pH = 6.6) in different 
tumor and normal tissue cell lines. Values are expressed as % of control;  n  = 5–12. ( b ) Impact of 
intracellular acidifi cation with lactate and DIDS (at extracellular pH 7.4) on MAPK phosphoryla-
tion in AT1 cells; n=5–16. ( * )  p  < 0.05       
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acidosis (pH e  7.4 with lactate + DIDS) led only to p38 phosphorylation (Fig.  30.1b ) 
indicating separate activation mechanisms for both pathways.

   Experiments on the mechanism by which changes in H +  concentration lead to an 
ERK or p38 phosphorylation led to the fi nding that acidosis induced a marked 
increase in ROS formation. When cells were exposed to pH 6.6, ROS production 
was more than doubled, an effect which relies on the intracellular acidifi cation 
(Fig.  30.2a ). The increased ROS levels could be counteracted by ROS scavenging 
(tiron) and were even more pronounced when the mitochondrial complex I was 
inhibited by rotenone indicating that ROS from mitochondria seems to play an 
important role (Fig.  30.2a ). On the other hand ROS were able to phosphorylate p38 
(but not ERK1/2) (Fig.  30.2b ). When H 2 O 2  was added to the medium, p38 activation 
followed in a dose-dependent manner.

   Finally, other signals downstream p38 were analyzed. It turned out that in two of 
the three tumor cell lines (AT1, LS513), the transcription factor CREB (cAMP 
response element-binding protein) was phosphorylated by the extracellular acidosis 
(Fig.  30.3a ). Inhibition of p38 signaling pathway with SB203580 reduced acidosis-
induced CREB phosphorylation to control level (Fig.  30.3b ). Since CREB transac-
tivates CRE-controlled genes, the question arose whether extracellular acidosis is 
able to change gene expression. By using a CRE-SEAP reporter gene assay, it could 
be demonstrated that extracellular acidosis signifi cantly induced CRE- dependent 
gene expression by 200 ± 11 % in AT1 cells.

  Fig. 30.2    ( a ) ROS formation in AT1 cells measured by DCF-DA fl uorescence under control 
(pH = 7.4) and acidic (pH = 6.6) conditions and in cells where solely the intracellular space was 
acidifi ed (pH = 7.4 + lactate + DIDS) in combination with application of the ROS scavengers tiron, 
DPI, or rotenone;  n  = 9–12. ( b ) Impact of ROS (at extracellular pH 7.4) on ERK1/2 and p38 phos-
phorylation in AT1 cells;  n  = 6–7. ( * )  p  < 0.05       
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30.4        Discussion 

 Due to forced glycolytic metabolism, solid tumors often show pronounced extracel-
lular acidosis [ 1 ]. However, tumor cells (as well as normal tissue cells) possess very 
effective H +  transport mechanisms by which intracellular protons are eliminated. 
Although these mechanisms cannot prevent an acidifi cation of the intracellular 
space when protons are added extracellularly, the extent of pH change is much 
smaller. In the AT1 cell line [ 7 ], it turned out that the most important ion transporter 
for maintaining pH homeostasis seems to be a Na + -dependent HCO 3  − /Cl −  exchanger 
(NDCBE) [ 8 ]. By inhibition of the bicarbonate exchange (together with lactate 
load), the intracellular space could be acidifi ed solely. 

 Acidosis led to a phosphorylation of p38 in all cell lines studied; however, 
ERK1/2 activation was seen only in half of the cell lines. In the AT1 cells (studied 
in more detail), it seems that p38 is mainly activated by the intracellular pH since 
the sole intracellular acidifi cation (at normal extracellular pH) activated p38 to the 
same extent (Fig.  30.1b ). In AT1 cells it could also be demonstrated that kinases 
(MKK3/6) upstream of p38 were activated in a pH-dependent manner [ 7 ]. These 
data are in good accordance with the results from cardiomyocytes where pH i  was 
essential for hypoxia-induced p38 phosphorylation [ 9 ]. Our data therefore reveal 
that p38 activation is a general (not tumor-specifi c) mechanism to acidotic stress. 
ERK1/2 was activated in three of six cell lines (Fig.  30.1b ). This behavior (p38 
activated by acidosis but not ERK1/2) was also described for cardiomyocytes [ 9 ]. 
At the moment it cannot be decided whether this discrepancy is a cell line-specifi c 
feature or whether ERK1/2 phosphorylation is less sensitive to acidosis. 

 The functional link between acidotic stress signal and p38 activation still remains 
incompletely understood. Previous results indicated that the involvement of the 

  Fig. 30.3    ( a ) Impact of extracellular pH on CREB phosphorylation in different tumor cell lines. 
Measured values were normalized to pH 7.4 ( n  = 6–10). ( b ) CREB phosphorylation in AT1 cells 
under control (pH = 7.4) and acidic (pH = 6.6) conditions in combination with inhibitors of the p38 
(SB203580) and the ERK1/2 (U0126) MAPK. Values are expressed relative to the levels at pH 7.4 
in control cells ( * )  p  < 0.05;  n  = 3       
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signaling pathways EGFR, PI3K, PKC, Src family, and PKA is highly unlikely 
since inhibition of these mechanisms could not prevent acidosis-induced MAPK 
activation [ 7 ]. Also OGR1, described as a membrane H +  sensor linked to MAPK 
[ 10 ], does not play a role. 

 However, the cellular level of ROS seems to be involved. On the one hand, extra- 
and intracellular acidoses were able to signifi cantly increase the cellular ROS pro-
duction (Fig.  30.2b ), and on the other hand, adding H 2 O 2  to the medium resulted in 
a strong activation of p38 while scavenging ROS by tiron suppressed pH-dependent 
p38 phosphorylation. These results reveal that ROS act as a “signaling molecule” 
for the pH-dependent activation of MAPK. However, the question of how acidosis 
induces ROS formation (probably in mitochondria) and how ROS activate p38 has 
to be addressed in further studies. 

 Acidosis-induced MAPK activation itself plays an important role for the malig-
nant behavior of tumors. Besides the regulation of multidrug resistance [ 3 ,  4 ], p38 
can transactivate CRE-controlled genes. In the present study it was demonstrated 
that extracellular acidosis phosphorylates CREB which stays in line with previous 
results on chondrocytes [ 11 ]. Using a reporter gene assay, our data clearly show that 
acidosis controls gene expression. In conclusion, the present study illustrates that 
tumor acidosis resulting from glycolytic metabolism has a strong impact on the 
functional behavior of tumor cells. By activating MAPK pH may infl uence func-
tional properties of tumor cells (e.g., chemoresistance, cell motility) but also gene 
expression. Taking these fi ndings into account, new therapeutic strategies may be 
developed by either manipulating tumor pH or interfering with the signaling chains 
triggered by acidosis.     
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    Abstract     Since 1970, the multifactorial pathogenesis of the defi cient and heterogeneous 
oxygenation of transplanted murine tumors and of human cancers (including para-
meters determining oxygen delivery, e.g., blood fl ow, diffusion geometry, oxygen 
transport capacity of the blood) has been investigated in vivo. Hypoxia and/or 
anoxia was quantitatively assessed and characterized using microtechniques and 
special preclinical tumor models. Hypoxia subtypes were identifi ed, and critical 
supply conditions were theoretically analyzed. In the 1980s, fi rst experiments on 
humans were carried out in cancers of the rectum and of the oral cavity. In the 
1990s, the clinical investigations were carried out on cancers of the breast and of the 
uterine cervix, clearly showing that hypoxia is a hallmark of locally advanced 
human tumors. In multivariate analysis, hypoxia was found to be an independent, 
adverse prognostic factor for patient survival due to hypoxia-driven malignant pro-
gression and hypoxia-associated resistance to anticancer therapy.  

31.1         Introduction 

 During the directorship of Professor Gerhard Thews, research at the Institute of 
Physiology, University of Mainz, traditionally focussed on oxygen transport in 
blood, lung, brain, and heart. Joining his research team in 1970 as a postdoctoral 
research fellow, I was asked to “investigate the oxygen transport and respiratory gas 
exchange in other clinically relevant tissues and organs to expand the scope of 
research of the Institute” (G. Thews). After a careful and time-consuming literature 
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search, I fi nally decided to study oxygen transport to the spleen (murine, rabbit, human) 
and to solid, malignant tumors, since reliable oxygenation data for these tissues 
were not available at that time, especially in terms of translation of the preclinical 
data to the clinical setting. In the following, chronology-oriented chapters are pre-
sented, and selected data obtained over the last 40 years are described, clearly show-
ing the progress in relevant information. 

 The oxygenation status and data on the respiratory gas exchange of the spleen 
have been described earlier [ 1 – 3 ].  

31.2     The Past 

 Since 1970, in vivo investigations have been carried out on isotransplanted rat 
tumors after the development and implementation of a “tissue-isolated” tumor 
model in the rat kidney involving a single artery feeding the tumor and a single vein 
draining the tumor, thus enabling the measurement of total blood fl ow and of the 
biologically relevant arteriovenous concentration differences of the substrates and 
catabolites of interest [ 4 – 6 ]. Key results using this tumor preparation are as follows 
(for details, see [ 4 – 12 ]): (a) tumor blood fl ow (TBF) and oxygen availability exhibit 
pronounced intra-tumor and inter-tumor heterogeneities; (b) tumor oxygenation is 
distinctly poorer than in normal tissue and shows similar heterogeneities to those 
found for TBF; (c) increasing oxygen availability through increasing TBF, arterial 
oxygen content, and hemoglobin concentration (cHb) can increase oxygen uptake 
and can improve tissue oxygenation; (d) oxygen availability is the major determi-
nant of the oxygen consumption rate of cancers in situ; (e) oxygen consumption rate 
of cancers in situ is thus a function of TBF and arterial oxygen content; (f) weight- 
related TBF and tissue oxygenation generally decrease with increasing tumor size 
(not necessarily applicable to the clinical setting, see below); and (g) contrary to 
conventional belief, there is no evidence for a general mitochondrial dysfunction, 
speaking against a principal role of the Warburg effect in its original concept [ 6 ,  13 ]. 

 Modulation of the tumor oxygenation status has been described as a result of 
therapeutic measures (irradiation [ 14 ], localized hyperthermia [ 15 – 19 ], photody-
namic therapy [ 20 ], normobaric and hyperbaric hyperoxia [ 6 ,  21 ,  22 ], improvement 
of perfusion [ 23 ,  24 ], and correction of anemia using erythropoietin [ 25 ]). 

 Between 1977 and 1985, HbO 2  saturation of single red blood cells (RBCs) in 
tumor microvessels was registered in experimental rat tumors [ 26 ,  27 ], in cancers of 
the oral cavity and of the rectum, and in primary and metastatic bone tumors [ 28 – 30 ]. 
In accordance with the studies on experimental murine tumors, the oxygenation 
status in human cancers was poorer than in the normal tissue, exhibited pronounced 
intra-tumor and inter-tumor heterogeneities, and was positively correlated with the 
vascular density. In contrast to the experimental situation, the O 2  status in human 
tumors showed no size dependency. 

 In 1985, investigations were started to assess the oxygen status of orthotopically 
xenografted human breast cancers in immune-defi cient rnu/rnu rats. In order to allow 
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measurements of TBF and the relevant arteriovenous concentration differences, 
a novel “tissue-isolated tumor” model was implemented [ 31 ,  32 ]. Experiments using 
different tumor histologies showed that – comparable to experimental murine tumors 
– the oxygen consumption and the median tissue pO 2  both were a function of TBF 
and the oxygen availability, respectively [ 33 ]. Theoretical analysis of the oxygen 
supply conditions in these xenografted human tumors led to the conclusion that oxy-
gen seems to be the limiting substrate for unlimited proliferation and glucose for 
tumor cell survival [ 34 ,  35 ]. 

 Using  31 P-NMR-spectroscopy studies starting in 1987, correlations between the 
bioenergetic status, the tissue oxygenation, and the intracellular pH (pH i ) were eval-
uated. In experimental murine tumors, pH i  was neutral to alkaline whereas the 
extracellular pH (pH e ) was acidic [ 36 ]. Intracellular pH was found to be alkaline as 
long as the median tissue pO 2  was above 10 mmHg. Below this threshold, pH i  
became acidic [ 37 – 41 ] and the gradient between the intracellular pH and extracel-
lular pH fl attened. 

 In 1989 systematic investigations on gynecological patient cancers (cervix, 
breast, vulva) were initiated. In these patients, the pretherapeutic oxygenation 
status of primary and recurrent tumors was assessed using the pO 2  histography 
system [ 42 – 46 ]. Publication of these data had a tremendous impact in defi ning the 
role of tumor hypoxia in malignant progression and therapeutic resistance [ 47 – 52 ]. 
Key fi ndings were as follows: (a) approx. 60 % of pretreatment cervical cancers 
were hypoxic; (b) cancer oxygenation was distinctly poorer than that of the nor-
mal tissues at the site of tumor growth; (c) the extent of hypoxia was independent 
of clinical size, stage, histology, grade, lymph node status, and various patient 
demographics; (d) hypoxia was aggravated in anemic patients; (e) hypoxia was 
less pronounced on transgression of stage IVA cervical cancers into the bladder 
wall; (f) recurrent tumors were more hypoxic than their primaries; and (g) there 
was no typical topological distribution of hypoxic areas within tumors (periphery 
vs. center). 

 Since 1990, investigations on hypoxia-driven malignant progression followed, 
based on the observations that in multivariate analysis, hypoxia was found to be a 
strong, independent, and adverse prognostic factor for overall and disease-free sur-
vival in cervical cancer patients [ 53 – 58 ]. 

 In the last 10 years, the recognition of tumor hypoxia as a pivotal factor driving 
the development of a highly malignant phenotype – in which the HIF system, 
genetic instability, and clonal selection play a central role – has encouraged attempts 
to correlate the expression of “endogenous” hypoxia markers (HIFs, GLUT-1, CA 
IX) with the oxygenation status in identical, non-necrotic tumor microareas. Our 
results clearly showed that there is no correlation between the protein expression of 
these markers and pO 2  data measured with O 2  microsensors [ 59 – 62 ]. This supports 
the hypothesis that the HIF system can be stabilized even under normoxic condi-
tions (e.g., by oncogenic growth factors, certain cytokines, glucose deprivation, aci-
dosis, and gene mutations). From this it can be concluded that HIF-1α and its target 
genes cannot be considered as strict hypoxia markers, but instead should be consid-
ered to be markers of hypoxia-associated malignant progression.  
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31.3     The Present 

 Since 2008 our research focus is on the classifi cation and quantifi cation of hypoxia 
subtypes in xenografted human squamous cell carcinomas of the head and neck. In 
these experiments, hypoxia subtypes are categorized as follows: (a) continuous 
(chronic) hypoxia due to diffusion limitations or sustained microvascular fl ow stop 
by disturbed Starling forces, (b) intermittent (acute) hypoxia due to temporary 
obstructions of tumor microvessels or distinct fl uctuations of RBC fl uxes, and (c) 
hypoxemic hypoxia due to patient anemia or plasma fl ow in microvessels only [ 63 ]. 
Using tumor cryosections and (immuno-) fl uorescence, detection and quantifi cation 
of these subtypes showed that chronic hypoxia is the dominating subtype in vital 
tumor tissue, followed by acute and hypoxemic hypoxia. Analyses using microcir-
culatory supply units yielded pronounced (tumor size-dependent) intra-tumor het-
erogeneity and distinct variability between different tumor lines [ 64 – 67 ].  

31.4     The Future 

 The extent of hypoxia subtypes, their respective fractions of total hypoxia, their 
time frames, and biological and therapeutic consequences will be investigated in the 
near future. Furthermore, detection and reliable quantifi cation of hypoxia subtypes 
in the clinical setting are urgently needed, especially for critical judgment of frac-
tionation schedules in radio(chemo-)therapy.     
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Abstract In vivo imaging/spectroscopic biomarkers for solid tumor aggressiveness 
are needed in the clinic to facilitate cancer diagnosis and treatment strategies. In mouse 
models of human melanoma and breast cancer, we were able to detect the metabolic 
differences among tumors of different metastatic potential and between normal and 
cancer tissues by optical imaging of the mitochondrial redox state of snap-frozen 
tissue samples. Such metabolic differences indicate that tumors of different aggres-
siveness have different metabolic homeostasis, which supports that kinetic param-
eters such as rate constant(s) can also serve as biomarkers for cancer aggressiveness 
and treatment response. Here we present our preliminary study on the mouse xeno-
grafts of the aggressive and indolent human breast cancer cell lines using the hyper-
polarized 13C-NMR (HP-NMR) technique. By recording the time courses of 
13C-pyruvate tracer and its metabolite signals in vivo, particularly the 13C-lactate 
signal, the apparent rate constants of both the forward and reverse reactions  catalyzed 
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by lactate dehydrogenase (LDH) were extracted via the ratiometric modeling of the 
 two- site exchange reaction that we developed. Data from four breast tumors (MCF-
7, MDA-MB-468, and MDA-MB-231 medium and large) with different aggressive-
ness are included. We demonstrate the feasibility to quantify the apparent rate 
constants of LDH reactions in breast tumor xenografts.

32.1  Introduction

Cancer mortality is mainly the result of tumor metastasis. In vivo imaging of solid 
tumor aggressiveness or metastatic potential is needed in the clinic to facilitate can-
cer treatment strategies. Cancer is considered as “a paradigm of genetically-defined 
metabolic abnormalities” [1]. Several studies have shown tumor abnormalities in 
glucose metabolism, Krebs cycle, and the mitochondrial electron transport chain 
[2–5]. Our previous ex vivo studies on animal models demonstrated that the quanti-
tative mitochondrial redox state imaging biomarkers differentiated solid tumor 
aggressiveness and distinguished normal from malignant tissues and may therefore 
be potentially useful for clinical diagnosis and treatment of cancer [6–8]. All these 
results show that the difference in aggressiveness of tumors can be manifested in 
their intracellular metabolic state including the mitochondrial redox status. Since 
the in vitro cell cultures or perfused organ models hardly represent the living tissue 
conditions [9], it is desirable to quantitatively interrogate in vivo metabolism in liv-
ing tissue by noninvasive techniques.

The HP-NMR technique can produce 13C-NMR signals ~10,000 times stronger 
than the regular NMR technique and thus has been employed to probe cell metabo-
lism in vivo [10]. A rapidly growing number of HP-NMR experiments have been 
carried out to investigate the in vivo enzymatic reactions for various purposes, such 
as tumor grading [11], redox status imaging [12], and monitoring therapeutic 
effects of anticancer drugs [13]. Usually these studies are achieved by monitoring 
the time courses of the injected hyperpolarized 13C-enriched substrate such as 
13C-pyruvate and its metabolites such as 13C-lactate produced by lactate dehydroge-
nase (LDH)-catalyzed reaction, followed by extracting the kinetic parameters, such 
as apparent reaction rate constants. Higher lactate levels in tumors than in normal 
tissue have been shown by many metabolic studies on prostate cancer patients [14–16] 
and have been correlated with prostate tumor grades [11]. Increased aerobic gly-
colysis in cancer – the Warburg effect – has been associated with the observed 
lactate elevation [17].

Our long-term goal is to investigate whether the in vivo metabolism can provide 
biomarkers for cancer aggressiveness. We hypothesize that tumor aggressiveness 
may be predicted based on the difference in LDH reaction rate constants. In the 
present study, we employed the HP-NMR technique on several breast tumors with 
different aggressiveness to interrogate the LDH-catalyzed reaction using 13C-NMR 
signals of pyruvate and lactate.
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32.2  Materials and Methods

Breast cancer lines MCF-7, MDA-MB-468, and MDA-MB-231 with increasing 
order of metastatic potential were cultured and inoculated subcutaneously into 
athymic nude mice to grow xenografts [8, 18, 19]. During the experiment, tumor-
bearing mice were sedated and maintained with 1.5 % isoflurane. A 1.4-cm home-
made dual-tuned surface coil was placed over the tumor. The mouse was placed in 
a 9.4-T wide-bore, vertical bore magnet equipped with a Varian console. Body 
temperature was monitored via a fluoroptic rectal probe (Luxtron) and maintained 
in the range of 34–37 °C with heated air. A hyperpolarized [1-13C]-pyruvic acid 
sample was prepared by the dynamic nuclear polarization (DNP) method using a 
HyperSense polarizer (Oxford Instruments) [20]. The final concentration of the 
hyperplolarized tracer was ~75 mM in neutral isotonic solution. This sample 
(~10 μL/g mouse body weight) was then injected into mice via tail vein catheter 
over a period of ~10 s. Single-pulse 13C-NMR spectra were collected with a 9 ~ 15 
nominal flip angle every 1 or 2 s for about 2 min.

A customized MATLAB® program was used for data analysis. Line broadening 
of 20 Hz was applied before Fourier transform of the FID signals. The spectral 
baseline was removed by fitting it as a fourth order polynomial function. A coarse 
fitting was performed first by summing up the spectra of all time points followed by 
fitting the sum to Lorentzian functions to obtain an estimate of the peak position and 
width of the major 13C-labeled pyruvate and lactate. Their peak areas at each time 
point t were then obtained by fitting the individual NMR spectrum at time t to 
Lorentzian functions. The time courses of the pyruvate signal P(t) and the converted 
lactate signal L(t) as well as their ratio Rlp(t) (=L(t)/P(t)) were obtained. SNR thresh-
old was set at 2.5. Using the ratiometric analysis method for 13C exchange (see 
Appendix) [21], we modeled the Rlp(t) with customized MATLAB® (MathWorks, 
2010b) programs on the basis of the following equation:
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32.3  Results and Discussions

The top row of Figure 32.1 shows the time courses of the signals of 13C-pyruvate 
and its metabolites (e.g., 13C-lactate) in three breast cancer mouse xenografts with 
different aggressiveness. The signals of 13C-pyruvate peaked at ~4, 15, and 12 s for 
MCF-7, MDA-MB-468, and MDA-MB-231, respectively, after the injection of the 
hyperpolarized tracers (t = 0 s). The 13C-lactate signals peaked later and surpassed 
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the 13C-pyruvate signals demonstrating the significant conversion of 13C-pyruvate to 
13C-lactate by LDH in vivo. The bottom row of Fig. 32.1 shows the time courses of 
the 13C-lactate/13C-pyruvate ratios and the ratiometric fits. Apparently we can see 
that the indolent MCF-7 tumor had the fastest pyruvate to lactate conversion. The 
quantitative results of rate constants are summarized in Table 32.1. From the calcu-
lated rate constant ratios, we can see that the indolent MCF-7 tumor had the largest 
k+/k− and the most aggressive MDA-MB-231 (large) had the smallest one.

We have demonstrated the feasibility of obtaining both the apparent forward and 
backward LDH reaction rate constants in breast tumor mouse xenografts using the 
ratiometric fitting. Usually the rate constant modeling is based on the time courses 
of the metabolite signals, which are sensitive to various instrument/protocol param-
eters. The modeling of the time courses of the metabolite ratios can cancel out some 
confounding factors such as variations in the degree of spin polarization and the flip 
angles of radiofrequency pulse, etc.

In further studies with more tumor samples, we hope to investigate the possible 
tumor size-dependence of the kinetic parameters as obtained in this study, and whether 
these parameters can be used for the in vivo detection of cancer aggressiveness.

Fig. 32.1 Upper row: time courses of the metabolites in mouse xenografts: MCF-7 (left), 
MDA-MB-468 (middle), and MDA-MB-231(large) (right); bottom row: the time courses and their 
fits of the corresponding tumor’s lactate/pyruvate ratios

Table 32.1 Apparent rate constants of individual tumors with different aggressiveness

Tumor k+ k− k+/k− Size (mm3)

MCF-7 0.068 ± 0.028 0.011 ± 0.007 6.4 ± 2.3 228
MDA-MB-468 0.040 ± 0.010 0.010 ± 0.004 3.9 ± 0.8 397
MDA-MB-231(large) 0.047 ± 0.007 0.013 ± 0.003 3.5 ± 0.4 1,380
MDA-MB-231(medium) 0.065 ± 0.004 0.014 ± 0.001 4.6 ± 0.3 157
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241

32.4  Conclusions

In this report we presented our preliminary results of using the HP-NMR technique 
to probe the LDH-catalyzed reaction in three types of breast cancer xenografts with 
different aggressiveness. Ratiometric modeling was demonstrated to quantify the 
apparent reaction rate constants. Further experiments are being carried out to inves-
tigate the metabolic flux differences among tumors with different aggressiveness.
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 Appendix A

The MR signals of pyruvate, P(t), and lactate, L(t), can be described by the two-site 
exchange model using the following differential equations:
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where we have assumed the relaxation rates ρ for L and P are the same [21]. The 
solution of Eq. 1a and 1b is
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where L(0) and P(0) are the signal intensities at t = 0. Let us divide Eq. 2b by Eq. 2a,  
and we have
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where r = k+/k−, s = k+ + k−. If we also generalize the initial time point to t = t0, Eq. 3 
becomes
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    Abstract     Drug treatment may alter the metabolism of cancer cells and may alter 
the mitochondrial redox state. Using the redox scanner that collects the fl uorescence 
signals from both the oxidized fl avoproteins (Fp) and the reduced form of nicotin-
amide adenine dinucleotide (NADH) in snap-frozen tumor tissues, we investigated 
the effects of chemotherapy on mouse xenografts of a human diffuse large B-cell 
lymphoma cell line (DLCL2). The mice in the treatment group were treated with 
CHOP – cyclophosphamide (C) + hydroxydoxorubicin (H) + Oncovin (O) + predni-
sone (P) using the following regimen: CHO administration on day 1 followed by 
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prednisone administration on day 1–5. On day 5 the mitochondrial redox state of the 
treated group was slightly more reduced than that of the control group ( p  = 0.049), 
and the Fp content of the treated group was signifi cantly decreased ( p  = 0.033).  

33.1        Introduction 

 Lymphoma is the most common hematological cancer in the USA. It occurs in two 
forms, Hodgkin’s disease (HD) and non-Hodgkin’s lymphoma (NHL), the latter 
being the fi fth most common cancer in the USA and far more common than HD. For 
decades, fi rst line standard therapy of NHL has consisted of 6–8 cycles of CHOP 
treatment [ 1 ,  2 ], where cyclophosphamide is an alkylating agent that cross-links 
DNA, hydroxydoxorubicin (doxorubicin or Adriamycin) intercalates between DNA 
bases and in coordination with iron generates reactive oxygen species (ROS), 
Oncovin (vincristine) binds to tubulin to prevent cells from duplicating, and predni-
sone is a corticosteroid. Our previous  1 H-MRS study of DLCL2 xenografts in mice 
(models of diffuse large B-cell lymphoma [ 2 ], the most common form of NHL) 
demonstrated a signifi cant decrease in lactate in the tumor after one cycle of CHOP 
chemotherapy, where the therapeutic effectiveness was based on tumor volume and 
decreased proliferation rate measured by Ki67 staining [ 3 ]. 

 Optical imaging has much higher spatial resolution than MRS and can detect 
changes in metabolic heterogeneity following therapeutic intervention. Mitochondrial 
NADH is intrinsically fl uorescent and is the main source of reducing equivalents for 
the mitochondrial respiratory chain. Mitochondrial metabolism is refl ected in the 
redox state of the NAD system, which is in tight equilibrium with the fl avin system. 
The oxidized fl avoproteins (Fp) including FAD are also intrinsically fl uorescent. 
Previously, we showed that fl uorescence imaging of the mitochondrial redox state 
was sensitive to metabolic alterations in tumors [ 4 ,  5 ] and tissue metaplasia [ 6 ] and 
that this method has the potential ability to detect therapeutic effects on cellular 
metabolism. Here we present preliminary redox scanning results on CHOP-treated 
DLCL2 xenografts.  

33.2     Materials and Methods 

 As previously described [ 3 ], WSU-DLCL2 cells were subcutaneously inoculated in 
the fl anks of 5–7-week-old female nude mice to induce tumor xenografts. Tumor- 
bearing mice were randomly chosen and divided into the treatment group and the 
control group. CHOP treatment is as follows: cyclophosphamide, 40 mg/kg i.v., day 1; 
hydroxydoxorubicin, 3.3 mg/kg i.v., day 1; Oncovin, 0.5 mg/kg i.v., day 1; and pred-
nisone, 0.2 mg/kg p.o., day 1–5. Sham treatment (saline) was performed on the control 
group. All animal studies were performed in accordance with the guidelines of the 
University of Pennsylvania Institutional Animal Care and Use Committee (IACUC). 
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 Anesthetized tumor-bearing mice were snap-frozen in liquid N 2  1 day after the 
last treatment. The frozen tumors (three from the treated group and three from the 
control group) were quickly removed from the mouse body with a handsaw and 
embedded in homemade mounting media followed by redox scanning as previously 
described [ 5 ,  7 ]. The PC-collected scanning data were analyzed with a customized 
MATLAB® program that uses the reference standards to convert the intensity-
based images into concentration-based images and generates redox ratio images. 

 Each xenograft was scanned with three to fi ve sections spacing 800–1,000 μm 
with the fi rst section approximately starting at about 1,000–1,500 μm beneath the 
skin. Three tumors in each group of a total of six tumors were scanned. The redox 
indices (Fp, NADH, and Fp redox ratio, i.e., Fp/(Fp + NADH)) were averaged for 
each tissue section. Univariate analysis was conducted on these redox indices using 
IBM SPSS Statistics (version 20) with tissue depth as the covariate and  p  < 0.05 
taken as statistically signifi cant. Data were fi nally reported as mean ± standard error 
of mean (SEM).  

33.3     Results 

 As shown in Table  33.1 , after one cycle of CHOP administration, one tumor in the 
treated group exhibited volume reduction, while the other two kept growing at a 
slower rate compared to the control group. No signifi cant changes were found in the 
tumor volume between the two groups on either day 1 (treated 1,001 ± 50 mm 3  vs. 
control 1,204 ± 728 mm 3 ) or day 5 (treated 1,188 ± 504 mm 3  vs. control 
1,671 ± 1,025 mm 3 ) nor is the volume ratio of day 5 to day 1 signifi cantly different 
between the two groups ( p  > 0.05).

   The redox scanning results are summarized in Table  33.2 . The Fp redox ratio, 
Fp/(NADH + Fp) of treated group was 0.45 ± 0.02, while that of the control group 

   Table 33.1    Tumor volume change   

 Mouse #  V_ratio (day 5/day 1)  Mouse #  V_ratio (day 5/day 1) 

 Treated  Control 
 444  1.32  422  1.19 
 446  1.9  449  2.08 
 448  0.37  450  0.77 
   p  (unpaired  t -test) = 0.82  

   Table 33.2    Redox indices ± SEM averaged across tissue sections within 
each group   

 Ctrl  CHOP-treated   P -value 

  Fp redox ratio   0.53 ± 0.03  0.45 ± 0.02  0.049 
  Fp (μM)   560 ± 67  349 ± 60  0.033 
  NADH (μM)   446 ± 48  403 ± 43  0.52 
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was 0.53 ± 0.03, indicating that the treatment caused the tumors to become slightly 
more reduced compared to the control group ( p  = 0.049). The Fp content of the 
treated group was signifi cantly decreased ( p  = 0.033). No signifi cant change was 
detected in NADH. The typical redox images of the two groups are shown in 
Figs.  33.1  and  33.2 . We did not detect signifi cant changes in the standard deviation 
of any of the redox indices (Fp redox ratio, Fp, and NADH).

  Fig. 33.1    Typical pseudo-color images of the redox indices ( top row ) and their corresponding 
histograms ( bottom row ) of a tumor in CHOP-treated group (1,500 μm under the skin). From  left 
to right : NADH nominal concentration (μm), Fp nominal concentration (μm), and the Fp redox 
ratio (0–1). The mean value and SD are shown below the x-axes on each histogram. Image resolu-
tion: 200 μm       

  Fig. 33.2    Typical pseudo-color redox images ( top row ) and their corresponding histograms of a 
tumor in the control group (3,500 μm under the skin). Image resolution: 200 μm       
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33.4          Discussions 

 Since mitochondria are targets of many anticancer drugs due to their central roles in 
cellular energy metabolism and apoptotic signalling pathways [ 8 ,  9 ], they might 
also provide early biomarkers for therapeutic response. Studies on therapeutic 
effects on mitochondria isolated from human cancer cells showed that doxorubicin 
acts on DNA independent of microtubules and does not induce the release of cyto-
chrome c even at very high dosage [ 10 ]. Investigations based on cell culture models 
revealed that short-term (<30 min) treatment with doxorubicin rendered some 
human cancer cell lines more oxidized with respect to their mitochondrial redox 
state (more Fp and less NADH) with a large amount of ROS production, whereas 
long-term (48 h) treatment induced cell cycle arrest and cell death [ 11 ]. On the other 
hand, as an antitubulin agent and one of the vinca alkaloids, vincristine is a cell-
cycle- specifi c drug that inhibits cell growth exclusively during metaphase by inhib-
iting microtubule dynamics and assembly leading to cell cycle arrest [ 12 – 14 ]. 
Investigations also showed that a substantial amount of tubulin inherently existed in 
the mitochondria with a role in apoptosis via interaction with the permeability tran-
sition pore, whereas antitubulin agents induce the release of cytochrome c from 
isolated mitochondria[ 15 ]. It was shown that the apoptotic cells have signifi cantly 
higher Fp redox ratios [ 16 ]. 

 All these studies were performed in vitro on isolated mitochondria or cell cul-
ture. It is not clear how the tissue mitochondrial redox state is modifi ed by therapy 
under in vivo condition. 

 Our previous MRS study showed that successive three cycles of CHOP treatment 
caused decreased proliferation closely matched by the reduced lactate concentra-
tions [ 3 ]. In this study, we examined the therapeutic effect of CHOP on DLCL2 
xenografts by mapping the mitochondrial NADH and Fp fl uorescent signals and thus 
the mitochondrial redox state of the tumors across multiple tissue sections. Our pre-
liminary results show that one 5-day cycle of CHOP treatment causes these tumors 
to become slightly more reduced in their redox state. As there has not been a calibra-
tion procedure available at the tissue level to determine the exact mitochondrial 
redox state [ 17 ,  18 ], we can only speculate that these lymphomas are likely to be 
mainly in either State 3 (active proliferation) or State 4 (at rest). State 2 under starva-
tion is unlikely due to relatively uniformly strong NADH signals observed in the 
majority of tumor regions. The decrease in Fp after treatment indicate suppression of 
mitochondrial metabolism. This is further supported by increased PME/βNTP ratio 
[ 3 ] and decreased βNTP concentration (CHOP 2.0 ± 0.1 vs. sham 3.4 ± 0.1 μmole/g 
wet weight, unpublished data by SC Lee) after three cycles of CHOP treatment as 
measured by  31 P-MRS on tissue extracts. It appears that CHOP treatment may 
decrease both glycolysis and mitochondrial metabolism in DLCL2 tumors. Although 
we are not certain about the exact mechanism, this result is consistent with a signifi -
cant decrease of cell proliferation index Ki67 staining that was observable after one 
cycle of CHOP treatment [ 3 ]. 
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 Our previous metastatic potential studies of melanoma and breast cancer mouse 
models indicated that aggressive tumors had more oxidized tumor cores, whereas 
indolent tumors were relatively homogenous and less oxidized [ 4 ,  5 ]. Although the 
fl uorescence intensity of both NADH and Fp depends on cell density, it was shown 
that cell density changes between the CHOP-treated and the control groups were 
insignifi cant [ 3 ]. Thus, decreased Fp content and Fp redox ratio in CHOP-treated 
tumors should not be due to cell density differences, and the treatment appeared to 
have induced a cellular metabolic change towards less malignancy. 

 Individual differences in treatment response occur frequently. In the current 
study, one tumor in the treated group exhibited a large reduction in volume and 
higher Fp redox ratio compared to the other two. Additional histological investiga-
tions are needed to determine whether one cycle of CHOP treatment induced apop-
tosis in this tumor.  

33.5     Conclusions 

 We report preliminary redox scanning data on CHOP treatment effects on DLCL2 
xenografts. One cycle of treatment caused the tumors to become slightly more 
reduced in their mitochondrial redox state. To our knowledge, this study is the fi rst 
to explore the therapeutic effect of CHOP on the mitochondrial redox state of lym-
phoma. We plan to conduct more in-depth studies with a larger sample size and 
more cycles of treatment.     

  Acknowledgments   Many thanks to Dr. Huaqing Zhao for valuable discussions about statistical 
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(CMROI) – an NIH-supported research resource P41RR02305 (R. Reddy), the Small Animal 
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    Abstract     This study investigated, at the molecular level, mitochondrial responses 
to radiation. In three mouse strains, we found the following: (1) mitochondrial 
response to calcium stress was associated with a strain’s susceptibility to γ-radiation; 
(2) γ-radiation increased this calcium stress response in a dose-responsive manner; 
(3) the mitochondrial DNA (mtDNA) copy number in the liver of the radiosensitive 
mouse strain was signifi cantly lower, as compared to that of the radioresistant strain; 
(4) adenine nucleotide translocase (ANT) mRNA copy numbers were signifi cantly 
lower in the radiosensitive strain; (5) the F1 offspring (BC/C57M) of radiosensitive 
females mated with radioresistant males exhibited a signifi cant difference in calcium 
stress response from that of the radiation-resistant strain, but the reverse cross did 
not exhibit this difference; and (6) only those mitochondria extracted from the livers 
of irradiated BC/C57M mice exhibited a heightened calcium stress response. We 
propose that a genetic change in ANT and a postirradiation change involving either 
mtDNA-encoded protein replacement or altered mtDNA association fi t these data.  

34.1         Introduction 

 As the major site for the creation of reactive oxygen species (ROS) within cells, 
mitochondria are particularly prone to oxidative stress-induced damage. Moreover, 
they lack histone protection for the mitochondrial genome and possess only limited 
repair capability for this maternally inherited mitochondrial DNA (mtDNA). 
Mitochondria provide over 90 % of cellular energy yet also play a central role in 
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apoptotic and necrotic cell death [ 1 ]. Although dysfunctions in mitochondrial 
proteins (whether nucleus encoded or mtDNA encoded) are major contributors to 
degenerative diseases, cancer, and aging [ 1 – 7 ], the precise molecular mechanisms 
behind this phenomenon are still unclear. The mitochondrial permeability transition 
pore (mPTP) is a major contributor to apoptosis and necrosis [ 8 ,  9 ], and increased 
susceptibility to mPTP opening has been documented in the liver [ 10 ] and lympho-
cyte mitochondria [ 11 ] of more mature mice. In addition, Gong et al. found that 
radiation signifi cantly increased ATP levels and mitochondrial membrane potential 
in a tumor cell line [ 12 ]. 

 However, to our knowledge, no report explores the role of mitochondrial DNA 
integrity and mPTP opening in association with the oxidative stress susceptibility of 
a host or cell type .  The mPTP is a mitochondrial component that undergoes a sud-
den increase in permeability to solutes with a molecular mass ≤1,500 Da, leading to 
organelle swelling and structural modifi cations. No clear consensus exists on the 
precise molecular structure of the mPTP, other than that the nuclear-encoded protein 
ANT is a consistently reported inclusion. The creation of null mutants of ANT casts 
doubt as to the absolute necessity of that inclusion and instead indicates that ANT 
acts as a regulator of mPTP function [ 13 ]. Other mPTP components may include 
cyclophilin D, voltage-dependent anion channels, stem subunits of ATP synthase, 
and members of the proapoptotic and antiapoptotic Bax-Bcl2 protein family. 
Although mPTP channels may be constructed from a range of subunits, they require 
an inner membrane anchor and a channel former capable of spanning the inner 
membrane. Any mPTP channel lacking (or defi cient in) a functional ANT is more 
sensitive to Ca 2+ -induced opening.  

34.2     Research Design and Methods 

 Lung-tumor susceptible (BALB/c), intermediately resistant (NIH Swiss), and rela-
tively resistant (C57BL/6) mouse strains were exposed to total body irradiation 
(TBI) and examined for various mitochondrial characteristics, including the effect 
on mitochondrial oxidative stress sensitivity over time. Approximately 15–20 mice 
per group (7 weeks old) were exposed to a 137-cesium source for a dose of 5- to 
10-Gy TBI. Mice were then returned to normal management. At various intervals, 
mice were euthanized for liver tissue collection. Tissues were used immediately or 
frozen at − 70 °C for later use. 

 Relative mtDNA copy number, mPTP opening, and ANT mRNA level were 
examined. Mitochondrial PTP function was estimated using calcium-induced swell-
ing. The Kirby method was used to extract genomic DNA from samples [ 14 ]. 
Nuclear DNA and mtDNA were analyzed by real-time polymerase chain reaction 
(RT-PCR) using mouse mtDNA target (12srRNA gene) and nuclear DNA target 
(18sRNA) primers. ANT2 mRNA quantitative RT-PCR was performed on hepatic 
RNA extracted using Trizol (Invitrogen, Life Technologies, Grand Island, NY) 
according to the manufacturer’s protocol. Complementary DNA was made via reverse 
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transcription using iSCRIPT (Bio-Rad, Hercules, CA). RT-PCR was performed 
using RT 2  SYBR Green/Fluorescein qPCR Mastermix (SABiosciences, QIAGEN, 
Inc., Valencia, CA) with cDNA and target primers on a multicolor RT-PCR detec-
tion system (iQ 5, Bio-Rad). Individual PCRs were performed in triplicate on sam-
ples. β-actin, a housekeeping gene, and ANT2 assays were used to obtain average 
cycle threshold (Ct) values for these gene transcripts. Average β-actin Ct values 
were subtracted from ANT2 Ct values to obtain ΔCt values. ΔΔCt values were then 
obtained by subtracting experimental sample ΔCt values from the control sample 
ΔCt. Relative ANT2 expression was then calculated using 2 −ΔΔCt .  

34.3     Results 

 Signifi cant differences in postirradiation survival were observed between the strains 
exposed to 7.5-Gy TBI (Fig.  34.1a ). BALB/c mice had the highest mortality rate 
following irradiation, whereas the C57BL/C mice were least sensitive. NIH Swiss 
mice exhibited an intermediate survival pattern. Of the mitochondrial functional 
measurements performed on the isolated hepatic mitochondria, a signifi cant strain- 
related difference was found only in mPTP (Fig.  34.1b and c ). Sensitivity (the slope 
of Ca 2+ -induced swelling) was greatest in the BALB/c mice and least in the C57BL/6 
strain. Radiation increased mPTP swelling in the C57BL/6 (Fig.  34.1d ) and NIH 
Swiss (Fig.  34.1e ) strains at the acute stage, indicating radiation-dose dependency. 
Following irradiation, the mtDNA copy number ratio was considerably higher in the 
liver of the C57BL/6 strain, as compared to that of the BALB/c strain (Fig.  34.1f ). 
ANT mRNA transcript levels (Fig.  34.1g ) were lowest in the BALB/c strain and 
highest in the C57BL/6 strain, indicating that they are related to strain susceptibility 
to radiation. Only mitochondria from the F1 offspring (BC/C57M) of radiosensitive 
BALB/c females mated with radioresistant C57BL/6 males showed a signifi cant 
difference from the C57BL/6 phenotype response to calcium-induced stress 
(Fig.  34.1h ). The BC/C57M hybrid also showed a marked difference (Fig.  34.1i ) in 
calcium swelling response 2 months after 7-Gy TBI, as compared to the opposite 
cross (Fig.  34.1j ), indicating maternal inheritance bias of this characteristic.

34.4        Discussion 

 In previous studies, persistent mt/nDNA ratio elevations were reported for both 
γ-radiation [ 13 ,  15 – 18 ] and X-radiation [ 19 – 23 ]. Increased levels of gamma poly-
merase but decreased TFAM were found following irradiation, which might protect 
damaged cells or allow recombination repair without burdening cells with the need 
to produce new mitochondrial proteins [ 18 ]. More recently, we detected subtle 
mitochondrial membrane proteomic changes following irradiation of radiosensitive 
mouse strains [ 16 ]. A gel-band shift in the protein profi le of mitochondrial 
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membrane proteins extracted from mouse livers was consistent with a new protein 
association producing a higher native MW species. 

 In this investigation, we found a strong relationship between calcium-induced 
mPTP opening and mouse strain radiosensitivity that was consistent with ANT gene 
mutation. We also found that radiation infl uenced mPTP status, depending on the 

  Fig. 34.1    ( a ) Post γ-irradiation survival in BALB/c, NIH Swiss, and C57BL/6 mouse strains 
( n  = 5/group); ( b ) Ca 2+  swelling assay in three mouse strains ( n  = 4–6/group); ( c ) mPTP activity 
(slopes of Ca 2+  swelling) in three mouse strains (C57BL/6 mice were compared with NIH Swiss and 
BALB/c mice;  n  = 4–6/group); ( d ) 9 h after irradiation, mPTP activity in C57BL/6 mice (0 and 
6 Gy groups were compared;  n  = 5/group); ( e ) 7 days after irradiation, mPTP activity in C57BL/6 
strain (0 Gy group was compared with the 5 and 10 Gy groups;  n  = 5 mice/group); ( f ) mt/nDNA 
ratios in tissues of two mouse strains ( n  = 5/group); ( g ) relative ANT mRNA levels in three mouse 
strains (BALB/c mice were compared with NIH Swiss and C57BL/6 mice;  n  = 5/group); ( h ) mPTP 
activity in two mouse strains and F1 hybrids (C57BL/6 mice were compared with CB, BALB/c, 
and BC mice;  n  = 5/group); ( i ) Ca 2+  −induced swelling of liver mitochondria from F1 hybrids 
(C57BL/6 father with BALB/c mother) 2 months after irradiation, as compared to nonirradiated 
hybrids ( n  = 4/group); ( j ) Ca 2+  −induced swelling of hepatic liver mitochondria from F1 hybrids 
(BALB/c father with C57BL/6 mother) 2 months after irradiation, as compared to nonirradiated 
hybrids ( n  = 4/group)         
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strain’s genetic susceptibility to radiation. In an attempt to rationalize this latter dif-
ference, we considered two plausible mechanisms. Irradiation may lead to the 
release of a previously ANT-bound mtDNA-encoded protein, thus allowing new 
associations with a nuclear-encoded protein of higher MW, concurrently leading to 
an mPTP with increased sensitivity. Less likely, an mtDNA product, such as newly 
mutated mtDNA, might associate with ANT, thereby inducing mPTP activity and 
increasing the apparent ANT MW. Mitochondrial DNA has previously been reported 
to associate with various inner membrane proteins, including ANT [ 24 ]. 

 This research seeks to better defi ne the molecular mechanisms within mitochon-
dria responsible for radiation sensitivity during radiotherapy. Our fi ndings may lead 
to development of new diagnostic methods to identify high-risk groups for radiation 
hypersensitivity and new treatment modalities. In future work, we plan to further 
explore mtDNA structural and functional responses to radiation and analyze rele-
vant intracellular signaling pathways in mouse strains over time.     
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    Abstract     Interleukin 11 (IL-11) is a multifunctional cytokine isolated from bone 
marrow (BM)-derived stromal cells that promotes hematopoiesis and prolongs the 
life span of lethally irradiated animals. However, the underlying mechanism for the 
protective effect of IL-11 on BM is unclear. In this study, we explored the effect of 
IL-11 on irradiated BM cells. Freshly harvested BM cells were pretreated with 
20 ng/ml of recombinant IL-11 for 30 min, irradiated with a dose of 0.5 Gy, cultured 
for 24 h, and then subjected to several assays. In vitro data showed that, as compared 
to the vehicle controls, IL-11: (1) reduced the production of reactive oxygen spe-
cies; (2) reduced the alteration of mitochondrial membrane potential; (3) increased 
MitoTracker staining, suggesting that the number of mitochondria and their func-
tions were better maintained; and (4) reduced apoptosis of BM cells and enhanced 
BM cell proliferation. In vivo studies of mice pretreated with saline or 100 μg/kg of 

    Chapter 35   
 Interleukin 11 Protects Bone Marrow 
Mitochondria from Radiation Damage 

             Luqiang     Huang    ,     Zhenhuan     Zhang    ,     Wenlong     Lv    ,     Mei     Zhang    ,     Shanmin     Yang    , 
    Liangjie     Yin    ,     Jinsheng     Hong    ,     Deping     Han    ,     Chun     Chen    ,     Steve     Swarts    , 
    Sadasivan     Vidyasagar    ,     Paul     Okunieff    , and     Lurong     Zhang    

        L.   Huang    
  Zhongshan Hospital ,  Xiamen University ,   Xiamen ,  Fujian ,  P. R. China    

  Department of Radiation Oncology, UF Shands Cancer Center ,  University of Florida , 
  Gainesville ,  FL ,  USA     

    Z.   Zhang •       M.   Zhang •       S.   Yang •       L.   Yin •       S.   Swarts •       S.   Vidyasagar •       P.   Okunieff •       L.   Zhang (�)       
  Department of Radiation Oncology, UF Shands Cancer Center ,  University of Florida , 
  Gainesville ,  FL ,  USA   
 e-mail: lurongzhang@ufl .edu   

    W.   Lv    
  Department of Radiation Oncology, UF Shands Cancer Center ,  University of Florida , 
  Gainesville ,  FL ,  USA    

  Department of Radiation Oncology ,  First Affi liated Hospital of Fujian Medical University , 
  Fuzhou ,  Fujian ,  China     

    J.   Hong •       D.   Han •       C.   Chen    
  Department of Radiation Oncology ,  First Affi liated Hospital of Fujian Medical University , 
  Fuzhou ,  Fujian ,  China    



258

IL-11 at 12 and 2 h before 10-Gy total body irradiation (TBI) demonstrated that 
G-CSF and IL-6 were signifi cantly upregulated, whereas IL-2 and IL-4 were 
reduced. We found that IL-11 protects mitochondrial functions, acts with G-CSF 
and IL-6 to stimulate the growth of radiation-damaged BM, and reduces the immune 
response to radiation injury.  

35.1         Introduction 

 Ionizing radiation damages DNA and other macromolecules either by directly 
breaking strands or by indirectly disrupting functions via reactive oxygen species 
(ROS) [ 1 ]. After irradiation, the host reacts to repair the damaged DNA, regenerate 
stem cells, and maintain homeostasis by avoiding an immune overreaction. As part 
of these responses, interleukin 11 (IL-11), a multifunctional cytokine that belongs 
to the IL-6 family, is produced by bone marrow (BM)-derived stromal cells [ 1 ]. This 
key multifunctional regulator promotes hematopoiesis [ 2 ,  3 ] and regulates the 
immune response and bone metabolism. 

 Studies have shown that IL-11 can reduce radiotoxicity and increase the survival 
rate of irradiated mice [ 4 ]. However, the underlying mechanisms by which IL-11 
exerts its protective effect are unknown. To elucidate this phenomenon, we examined 
the effect of IL-11 on (1) mitochondria, (2) apoptosis, (3) the proliferation of irradi-
ated BM cells, (4) immunoregulators, and (5) growth factors for hematopoiesis.  

35.2     Methods 

 Eight-week-old, male, NIH Swiss mice (National Cancer Institute, Frederic, MD, 
USA) were used for all experiments. Animal protocols were approved by the Animal 
Ethics Committee at the University of Florida (Gainesville, FL, USA). 

 For in vitro studies, BM cells were extracted from mouse femurs and prepared 
according to standard procedure [ 5 ]. Freshly prepared BM cells ( n  = 100,000) were 
divided into two groups and treated with saline (vehicle control) or 20 ng/ml of 
recombinant IL-11 (rIL-11) for 30 min and then exposed to 0.5 Gy. After being 
cultured overnight, the cells were assessed with fl ow cytometry quantization analy-
sis for the following indices: (1) ROS using CM-H2DCFDA (fi nal concentration of 
5 μM, Invitrogen Cat # C6827, Grand Island, NY); (2) mitochondrial membrane 
potential (MMP) using JC-1 (Invitrogen Cat # M34152, 2 µg   /100 µl); (3) mitochon-
drial level using MitoTracker Red CM-H2XRos (Invitrogen Cat # 7513); and (4) 
apoptosis using Annexin V/PI staining. 

 For assessment of cell proliferation, freshly prepared BM cells were seeded into 
U-bottom 96-well plates (3,000 cells/well) in triplicate, treated with saline or 20 ng/ml 
of rIL-11 for 30 min, and exposed to 0.5 Gy. The cells were further cultured for 72 h 
and then subjected to standard MTT assay. 
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 For in vivo studies, mice ( n  = 5/group) were pretreated with saline (vehicle control) 
or 100 μg/kg of rIL-11 at 12 and 2 h before 10-Gy total body irradiation (TBI) with 
a 137-cesium source (Best Theratronics Ltd, Ottawa, Canada) at a dose rate of 
0.9 Gy/min. One hour later, mice were euthanized for analysis of mitochondria and 
plasma levels of cytokines. For assessment of mouse IL-2, IL-4, IL-6, and G-CSF, 
mouse plasma was subjected to enzyme-linked immunosorbent assay (ELISA) with 
kits purchased from R&D Systems (Minneapolis, MN, USA). 

 The mean and standard deviation were calculated from raw data. The saline- 
treated groups were counted as baseline and expressed as 100 %. The percentage of 
relative change of IL-11 treatment in fl ow cytometry analysis was expressed as: 
(results of IL-11 treatment group/results of saline treatment group) × 100 %. The 
ELISA results for cytokines were calculated from the standard curve that was per-
formed simultaneously with the tested plasma samples. An independent Student’s 
 t -test was used to determine the signifi cance between the treatment and control 
groups. A  P  value of < 0.05 was regarded as statistically signifi cant.  

35.3     Results 

 Radiation-induced ROS directly damages DNA and other macromolecules [ 6 ]. 
Figure  35.1a  shows that IL-11 administered to BM cells 30 min before irradiation 
prevented the cells from generating ROS (17.2 % vs. 4.0 %,  P  < 0.001).

   MMP is the key factor for electron/proton transport and ATP/ADP/AMP regen-
eration. Figure  35.1b  (JC-1 staining) shows that vehicle control cells could not 
maintain MMP as effectively as IL-11-treated cells ( P  < 0.01). 

 MitoTracker probes can passively diffuse across the plasma membrane and 
accumulate in active mitochondria [ 7 ]. More active mitochondria lead to stronger 
staining. As Fig.  35.1c  shows, IL-11-treated BM cells preserved more active mito-
chondria, as compared to the vehicle controls ( P  < 0.01). Similarly, mice treated 
with IL-11 had more active mitochondria, as compared to the vehicle controls 
(Fig.  35.1d ). The data illustrate that IL-11 had a benefi cial effect on mitochondria 
in vivo. 

 Damage to mitochondria can trigger apoptosis. Annexin V/PI staining and fl ow 
cytometry demonstrated that cells treated with IL-11 before irradiation exhibited 
reduced apoptosis, as compared to the vehicle controls (Fig.  35.2a ,  P  < 0.01). The 
MTT assays showed that the cells escaping from apoptosis exhibited increased pro-
liferation (Fig.  35.2b ,  P  < 0.01).

   To determine if the in vitro effect of IL-11 could be translated in vivo, we 
explored the responses of immunoregulators and stimulators of BM regeneration in 
mice treated with rIL-11 before irradiation. ELISA results showed that IL-11 
reduced IL-2 and IL-4 (Fig.  35.3a  and  b ,  P  < 0.05 and  P  < 0.05, respectively). 
Moreover, our results demonstrated that plasma IL-6 and G-CSF were signifi cantly 
increased by IL-11 (Fig.  35.4a  and  b ).

35 Interleukin 11 Protects Bone Marrow Mitochondria from Radiation Damage



  Fig. 35.1    IL-11 protected mitochondria of irradiated BM cells: ( a ) IL-11 (20 ng/ml) reduced ROS 
production ( P  < 0.001); ( b ) IL-11 stabilized MMP, as evidenced by reduced JC-1 transformation 
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35.4         Discussion 

 This study explored the radioprotective effect of IL-11. In vitro studies showed that 
it reduced ROS and maintained MMP and the number and function of irradiated 
mitochondria. It also reduced apoptosis and enhanced BM cell proliferation. Finally, 
in vivo studies showed that it reduced immunoregulators (e.g., IL-2 and IL-4) and 
enhanced BM stimulators (e.g., IL-6 and G-CSF). 

 Mitochondrial stability and functional integrity provide radiation-damaged cells 
with the energy to repair DNA, macromolecules, and stem cells in the BM. Our data 
show that pretreatment with IL-11 prevented radiation-induced loss of mitochon-
drial stability and integrity, thereby conferring cells with greater radiotolerance. 

  Fig. 35.2    IL-11 reduced 
apoptosis and enhanced 
proliferation of irradiated BM 
cells: ( a ) Annexin V/PI 
staining indicated that IL-11 
(20 ng/ml) reduced apoptosis 
( P  < 0.01); and ( b ) IL-11 
enhanced proliferation of 
irradiated BM cells ( P  < 0.01)       

Fig. 35.1 (continued) ( P  < 0.01); ( c ) IL-11 preserved the mitochondrial level, as demonstrated by 
MitoTracker staining ( P  < 0.01); and ( d ) IL-11 (100 μg/kg) protected the BM mitochondrial level 
from radiation damage in vivo ( P  < 0.01)         
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This was evidenced by the reduced apoptosis and enhanced proliferation of irradiated 
BM cells. 

 After irradiation, cell death and damage signals can activate the immune system 
to remove dead cells and to kill the damaged cells to prevent further replication of 
mutated DNA [ 8 ]. To prevent a systemic overreaction, the immune response is 
tightly controlled by various cytokines and cells; these include IL-2 and IL-4, which 
promote immune cell maturation and activation [ 9 ]. We found that IL-11-treated 
mice had low levels of IL-2 and IL-4 (Fig.  35.3a  and  b ), indicating that IL-11 is 
likely a negative regulator for these cytokines. 

 The radiation-induced depletion of BM stem cells is the major cause of acute 
radiation syndrome. However, cytokines, such as IL-3, IL-6, IL-11, GM-CSF, 
CSF, and G-CSF, act synergistically to stimulate BM stem cell regeneration and 
differentiation. Figure  35.4  shows that IL-11 treatment signifi cantly upregulated 
IL-6 and G-CSF, the two most important cytokines for the stimulation of BM stem 
cells, indicating that this treatment may speed up the recovery process and rescue 
the host.  

  Fig. 35.3    IL-11 suppressed 
immunoregulators: plasma 
from mice treated with 
100 μg/kg of IL-11 followed 
by 10-Gy TBI was assayed for 
different immunoregulators 
with ELISA. ( a ) IL-11 
reduced IL-2 levels ( P  < 0.05); 
and ( b ) IL-11 reduced IL-4 
levels ( P  < 0.05)       
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35.5     Conclusion 

 This study revealed that IL-11 exerts its radioprotective effect by maintaining mito-
chondrial functional integrity, suppressing immunoregulators, and increasing cyto-
kines that enhance BM cell regeneration. Due to its possible role in cancer 
progression, the radioprotective effect of IL-11 has limited utility for the protection 
of normal tissue for patients undergoing radiotherapy for cancer. However, it could 
be developed as a potential prophylactic agent for emergency rescuers or mission 
specialists in the case of a radiation event.     
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  Fig. 35.4    IL-11 enhanced 
IL-6 and G-CSF production: 
plasma from mice treated 
with 100 μg/kg of IL-11 
followed by 10-Gy TBI was 
assayed for different 
cytokines related to BM 
regeneration. ( a ) IL-11 
enhanced IL-6 production 
( P  < 0.01); and ( b ) IL-11 
enhanced G-CSF production 
( P  < 0.01)       
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    Abstract     It is well recognized that tumor hypoxia is a critical determinant for 
response to therapy. The effect of an EGFR inhibitor/gefi tinib (Iressa®) on tumor 
oxygenation was monitored daily using in vivo EPR (electron paramagnetic reso-
nance) oximetry on TLT and FSaII tumor models. An increase in pO 2  was shown at 
a dose of 45 mg/kg i.p. ( n  = 4/group/tumor model). This allowed the identifi cation of 
a window of reoxygenation in both tumor models (with a maximum between 15 and 
20 mmHg after 2 days of treatment). The increase in tumor oxygenation was shown 
to be the result of a decrease in oxygen consumption. This is the fi rst report on the 
effect of gefi tinib on oxygen consumption by tumor cells and subsequent increase 
in tumor oxygenation in vivo.  

36.1         Introduction 

 Over the last several years, clinical studies have shown that hypoxia is an indepen-
dent prognostic indicator of poor patient survival in different tumor types [ 1 ]. The 
oxygenation status of a tumor has been shown to be a pivotal factor in the effi cacy of 
standard radiotherapy [ 2 ] because of the so-called oxygen enhancement effect, and 
the radiation dose required to achieve the same biological effect is about three times 
higher in the absence of oxygen than in the presence of normal levels of oxygen [ 3 ,  4 ]. 
The hypoxic microenvironment causes a reduced formation of radiation-induced 
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damaging free radicals that fi xes damages to DNA, and thus, the overall therapeutic 
response to radiotherapy is compromised and reduced [ 5 ]. A particular area under 
focus is therefore to combine radiotherapy with co-treatments that are able to tran-
siently increase tumor oxygenation at the time of irradiation. Gefi tinib, described as 
an EGFR inhibitor, has been shown to be able to reduce tumor hypoxia in experi-
mental models [ 6 ]. Measurements of hypoxia have been done using in vivo small 
animal positron emission tomography (PET) imaging with the hypoxia marker [18F] 
fl uoroazomycin arabinoside (FAZA). Gefi tinib has also been shown in independent 
studies to potentiate the effect of radiation therapy [ 7 ]. Gefi tinib (Iressa or ZD1839) 
is an orally active, reversible inhibitor of the EGFR tyrosine kinase [ 8 ]. In the EU, 
gefi tinib (Iressa) is indicated for the treatment of adult patients with locally advanced 
or metastatic non-small cell lung cancer (NSCLC). In the current study, we moni-
tored the effect of gefi tinib longitudinally on tumor oxygenation, using in vivo elec-
tron paramagnetic resonance oximetry, on two distinct experimental tumor models. 
After identifi cation of a window of reoxygenation by daily measurements of FSaII 
and TLT tumor pO 2 , we investigated the underlying mechanisms responsible for the 
reoxygenation effect.  

36.2     Material and Methods 

36.2.1     Animal, Tumor Models, and Treatments 

 A transplantable liver tumor model (TLT) [ 9 ] and a fi brosarcoma (FSaII) [ 10 ] were 
inoculated in the leg of NMRI and C3H/HeOuJIco mice, respectively. For inocula-
tion, approximately 10 6  cells in 0.1 ml of media were injected intramuscularly into 
the right rear leg. Tumors were allowed to grow up to 8 mm in diameter prior to 
experimentation. All animal experiments were conducted in accordance with 
national and university animal care regulations. Gefi tinib was purchased from LC 
Laboratories (MA USA) and was dissolved in DMSO (Invitrogen) (fi nal concentra-
tion: 11.25 mg/ml) and delivered daily i.p. at a dose of 45 mg/kg body weight. 
Control animals were injected with DMSO only.  

36.2.2     In Vivo Tumor pO 2  Measurement 

 In vivo tumor pO 2  was monitored daily using EPR oximetry. The technique relies on 
the oxygen-dependent broadening of the EPR line width of a paramagnetic oxygen 
sensor implanted in the tumor [ 11 ,  12 ]. The localized EPR measurements obtained 
with the 1.2 GHz (or L band) spectrometer correspond to an average of pO 2  values 
in a volume of 10 mm 3 . Data acquisition was performed every day before the injec-
tion of gefi tinib or vehicle during 4 days, on both TLT and FSaII tumor models 
(45 mg/kg,  n  = 4 for TLT and FSaII); control group received daily DMSO injections 
( n  = 4 for TLT and FSaII).  
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36.2.3     Tumor Blood Flow Estimation 

 Patent blue (Sigma-Aldrich, Belgium) staining was used to obtain a rough estimate 
of FSaII tumor perfusion [ 13 ] at day 2 after treatment with gefi tinib ( n  = 6) or vehi-
cle (DMSO,  n  = 14). This technique involves the injection of 200 μL of a Patent Blue 
solution (1.25 %) into the tail vein of mice. After 1 min, a uniform distribution of 
the staining through the body was obtained and mice were sacrifi ced. Tumors were 
carefully excised and cut into size-matched halves. Pictures of each tumor cross 
section were taken with a digital camera. To compare the stained versus unstained 
area, an in-house program running on Matlab (Mat work, Natick, MA, USA) was 
developed. The mean of the percentages of the two pictures was then calculated and 
was used as an indicator of tumor perfusion.  

36.2.4     Ex Vivo Oxygen Consumption Rate Evaluation 

 The method described by James et al. [ 14 ] was used. All spectra were recorded on 
a Bruker EMX EPR spectrometers operating at 9 GHz. FSaII tumor-bearing mice 
were treated for 2 days with gefi tinib as described above ( n  = 4 for gefi tinib and  n  = 3 
for vehicle). At day 2 after treatment, the mice were sacrifi ced and the tumor was 
excised. FSaII tumors were then dissected in a sterile environment and gently pieced 
in McCoy’s medium. Cells were suspended in 10 % dextran in complete medium. 
The sealed tubes were placed into quartz EPR tubes, and samples were maintained 
at 37 °C. As the resulting line width reports on O 2  concentration, oxygen consump-
tion rates were obtained by measuring the O 2  concentration in the closed tube over 
time and determining the slope of the resulting linear plot.  

36.2.5     Statistical Analysis 

 Results are given as means ± SE values from n animals. Comparisons between 
groups were made with Student’s  t  test or one-way ANOVA along with post hoc 
Dunnett’s multiple comparison tests when appropriate.  P  values < 0.05 (*), < 0.01 
(**), or < 0.001 (***) were considered signifi cant.   

36.3     Results and Discussion 

 We observed an increase in pO 2  in both TLT and FSaII tumor models from day 1 
until day 3 post treatment (this increase was not observed for the control group). 
The maximal pO 2  was reached after 2 days of treatment. This value was signifi -
cantly higher than before treatment ( P  < 0.05) (Figs.  36.1  and  36.2 ). We chose day 2 
as the “window of reoxygenation” for the rest of the experiments. Since an increase 
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in tumor oxygenation can be due to both an increase in oxygen supply (blood fl ow) 
and/or a decrease in oxygen consumption by tumor cells, both parameters were 
assessed in the following experiments.

    The administration of the drug signifi cantly decreased the oxygen consumption 
rate of FSaII cells, with a slope of 0.65 μM/min for the control group and 0.26 μM/
min for gefi tinib ( P  < 0.01) (Figs.  36.3  and  36.4 ).

    Here, the main factor that is likely to be responsible for the increase in tumor 
oxygenation is the decrease in the oxygen consumption rate by tumor cells. This is 
in accordance with a mathematical model that predicted that modifi cation of oxygen 
consumption would be much more effi cient at alleviating hypoxia than modifi cation 
of oxygen delivery [ 15 ], a theoretical hypothesis that has been further illustrated 
experimentally in our laboratory using several agents able to target the oxygen 
 consumption by tumor cells [ 16 – 18 ]. 

 In this study, we observed a decrease in oxygen consumption after treatment with 
gefi tinib that might be caused by mitochondrial impairment. Although this remains 
to be demonstrated in the tumor models used in this study, gefi tinib was shown to 
cause signifi cant mitochondrial membrane depolarization in different breast cancer 
cell lines [ 19 ]. These data suggest a role of the mitochondrial dysfunction as a 
potential factor at the origin of the decrease in oxygen consumption by tumor cells 
consecutive to treatment with gefi tinib. 

  Fig. 36.1    TLT and FSaII 
tumor oxygenation after 
2 days of treatment with 
gefi tinib, assessed by EPR 
oximetry. Day 2 was selected 
as the window of 
reoxygenation for the rest of 
the experiments       

  Fig. 36.2    Effect of daily 
injections of gefi tinib 
(45 mg/kg,  n  = 4) on FSaII 
tumor oxygenation, as 
monitored using EPR 
oximetry. Control group 
received daily DMSO 
(vehicle) injections ( n  = 4). 
Note the signifi cant increase 
in tumor oxygenation induced 
by gefi tinib       
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 The second factor that is able to infl uence pO 2  is the modifi cation of blood fl ow 
(supply) that regulates oxygen delivery to tumors. We measured the ratio (colored 
area/complete area) observed in tumors after injection of a blue dye. Tumors 
treated with gefi tinib ( n  = 6) showed a colored area of 17.4 ± 2.7 % and tumors 
treated with vehicle ( n  = 14) showed a colored area of 11.2 ± 0.9 % (Fig.  36.5 ). We 
did not observe any signifi cant modifi cation in blood fl ow during treatment with 
gefi tinib, contrarily to what we recently observed after administration of the MAPK 
and VEGFR inhibitor sorafenib [ 20 ]. Therefore, the major factor responsible for 
the increase in tumor oxygenation is the reduction in oxygen consumption by 
tumor cells.

      These results might support the radiosensitizing effect of gefi tinib combined 
with radiation described in other studies [ 21 ], where gefi tinib was shown to radio-
sensitize glioma cells by mediated DNA double-strand break repair and enhanced 
irradiation-induced DNA damage [ 21 ]. Increased tumor oxygenation may explain 
enhancement of irradiation DNA damage [ 22 ]; indeed in the presence of oxygen, 
DNA damage can be stabilized through oxidation of DNA radicals [ 22 ]. 

  Fig. 36.3    Effect of gefi tinib on the rate of oxygen consumption by FSaII tumor cells, as measured 
ex vivo after 2 days of treatment using EPR oximetry. Note the signifi cant decrease in oxygen 
consumption rate in gefi tinib group ( n  = 4) compared to the control group ( n  = 3) ( p  < 0.01)       

  Fig. 36.4    Ex vivo tumor 
cells’ oxygen consumption 
measurement using EPR 
oximetry after 
2 days of treatment with 
gefi tinib ( n  = 4)       
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 To conclude, we observed an increase of pO 2  in TLT and FSaII tumors after 2 
days of treatment with gefi tinib. The effect is likely to be due to a major decrease in 
oxygen consumption by tumor cells. This study provides a rationale for using gefi -
tinib as co-treatments for radiation therapy.     
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    Abstract     In this study, we investigated the response of irradiated bone marrow cells 
to granulocyte colony-stimulating factor (G-CSF). Freshly harvested bone marrow 
cells were treated with either saline (vehicle control) or 20 ng/ml of G-CSF. 
Thereafter, cells were separated into nonirradiated (no-IR) and irradiated (IR, 0.5 Gy) 
groups. IR cells exhibited a higher proliferation rate in response to G-CSF, as com-
pared to the no-IR cells. Reduced levels of reactive oxygen species indicated that 
G-CSF-treated IR cells produced fewer free radicals, as compared to the no-IR cells. 
The G-CSF-treated IR cells also had a lower apoptotic rate than their no-IR 
 counterparts. Furthermore, G-CSF-treated IR cells exhibited less alteration of mito-
chondrial membrane potential, as compared to the no-IR cells. Finally, the mito-
chondrial number increased in the G-CSF-treated IR cells. The radiation-induced 
increase in plasma IL-6 in vivo could be enhanced by the administration of G-CSF. 
The data suggest that radiation potentiates the response of bone marrow cells to 
G-CSF treatment.  
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37.1         Introduction 

 Granulocyte colony-stimulating factor (G-CSF) is a naturally occurring growth 
 factor that stimulates the bone marrow to produce white blood cells. Therapeutically, 
recombinant G-CSF is used help patients recover from neutropenia caused by che-
motherapy/radiotherapy and nuclear incidents. Because the biological response of 
cells to drugs is closely related to overall cellular condition, we speculated that 
normal and irradiated bone marrow (BM) cells would exhibit different levels of 
responsiveness to G-CSF, which would provide the rationale for its wider clinical 
use. To test this hypothesis, BM cells from the same mouse were treated with G-CSF 
and then were subdivided into nonirradiated (no-IR) and irradiated (IR, 0.5 Gy) 
groups. We analyzed cell proliferation and mitochondrial indices in vitro and cyto-
kine responses in vivo. The IR BM cells exhibited a greater response to G-CSF, as 
compared to the no-IR cells. Our data suggest that radiation potentiates the response 
of BM cells to G-CSF treatment.  

37.2     Methods 

 Eight-week-old, male, NIH Swiss mice (National Cancer Institute, Frederic, MD, 
USA) were used for all experiments. Animal protocols were approved by the Animal 
Ethics Committee at the University of Florida (Gainesville, FL, USA). 

 Bone marrow cells harvested from mouse femurs were either seeded in 96-well 
U-bottom microplates at a density of 5–10 × 10 3  cells per well in triplicate (for pro-
liferation) or 5 × 10 5  /treatment in DMEM containing 10 % heat-inactivated new-
born calf serum with 1 % penicillin/streptomycin (for apoptosis and mitochondrial 
indices). Prepared cells from each mouse were then separated into two treatment 
groups: (1) saline as vehicle control or (2) 20 ng/ml of mouse recombinant G-CSF. 
Thereafter, each treatment group was divided into two subgroups: (1) no-IR or (2) 
IR with 0.5 Gy at a dose rate of 0.98 Gy/min via a 137-cesium source (Best 
Theratronics Ltd, Ottawa, Canada). After being cultured for 48 h (for proliferation) 
or overnight (for apoptosis and mitochondrial indices), the BM cells were 
subjected to:

    1.    A cell proliferation assay using the standard MTT method. The relative increased 
proliferation percentage was calculated as: G-CSF IR relative proliferation 
rate = G-CSF IR MTT/Saline IR MTT, G-CSF no-IR relative proliferation 
rate = G-CSF no-IR MTT/ Saline no-IR MTT, respectively.   

   2.    A cell apoptosis assay with standard Annexin V/PI staining. The percentage of 
Annexin V-positive cells was compared between the different groups as: IR rela-
tive Annexin V-positive rate = G-CSF IR Annexin V-positivity/Saline IR Annexin 
V-positivity vs. no-IR relative Annexin V-positive rate = G-CSF no-IR Annexin 
V-positivity/Saline no-IR Annexin V-positivity.    
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  Mitochondria-specifi c dyes were used to stain approximately 5 × 10 5  BM cells 
from each group prior to analysis with fl ow cytometry: (1) mitochondrial number 
with MitoTracker Red CM-H2XRos (Invitrogen Cat # 7513, Grand Island, NY, 
USA), (2) mitochondrial membrane potential (MMP) with JC-1 (Invitrogen Cat # 
M34152, 2 µg   /100 µl), and (3) reactive oxygen species (ROS) with CM-H2DCFDA 
(Invitrogen Cat # C6827). 

 The alteration percentages of the G-CSF groups were presented as: (mean value 
of G-CSF group/mean value of saline group) × 100 %. The saline groups constituted 
the baseline and were expressed as 100 %. The alteration percentage induced by 
G-CSF was compared between the no-IR and IR BM cells from the same mouse 
manipulated at the same time. 

 To determine the in vivo effect of G-CSF on an irradiated host, NIH Swiss mice 
were treated with saline (control) or G-CSF (10 μg/mouse) twice at 12 and 2 h 
before 10-Gy total body irradiation (TBI) and euthanized 1 h after irradiation. The 
plasma collected from each group was subjected to an ELISA with a mouse IL-6 kit 
(R&D Systems, Minneapolis, MN, USA). 

 An independent Student’s  t -test was used to determine the signifi cance between 
the control and G-CSF no-IR and IR groups. A  P  value of < 0.05 was regarded as 
statistically signifi cant.  

37.3     Results 

 Our in vitro results showed that, as compared to the G-CSF no-IR group, the G-CSF 
IR group exhibited a signifi cant increase in the relative proliferation rate (Fig.  37.1a, b , 
135 % vs. 152 %,  P  = 0.0078).

   Annexin V/PI staining demonstrated that the G-CSF no-IR group and the vehicle 
control had a similar percentage of apoptotic cells (Fig.  37.2a, b ); the G-CSF IR 
group had a lower percentage of apoptotic cells, as compared to the saline IR group 
(Fig.  37.2c, d ). Using the saline group as a baseline, statistical analysis (Fig.  37.2e ) 
indicated that G-CSF better prevented apoptosis in the IR group, as compared to the 
no-IR group ( P  = 0.035).

   MitoTracker staining (Fig.  37.3a, b ) showed that the G-CSF IR group had a 
greater number of mitochondria than did the G-CSF no-IR group ( P  < 0.01). JC-1 
staining (Fig.  37.4a, b ) indicated that G-CSF better stabilized the MMP of the IR 
group, as compared to the G-CSF no-IR group ( P  < 0.03). CM-H2DCFDA staining 
(Fig.  37.5 ) demonstrated that G-CSF better reduced the ROS levels in the IR group 
than in the no-IR group ( P  < 0.05).

     Our in vivo results indicated that saline-treated IR mice exhibited an increase in 
IL-6 production, as compared to no-IR mice (Fig.  37.6 ). G-CSF-treated IR mice 
exhibited a signifi cant increase in IL-6 production, as compared to the saline-treated 
IR mice ( P  < 0.001). These results suggest that G-CSF might act synergistically with 
IL-6 to stimulate BM cell regeneration after radiation-induced damage.
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  Fig. 37.1    IR BM cells had a high relative proliferation rate in response to G-CSF: ( a ) The indi-
vidual proliferation rate of IR BM cells increased from 29.0 % to 70.0 %, as compared to no-IR 
BM cells treated with 20 ng/ml of G-CSF. ( b ) Group statistical analysis indicated that the IR BM 
cells had a stronger response to G-CSF, as compared to no-IR BM cells (52.0 % vs. 35.0 %, 
 P  = 0.0078)       

  Fig. 37.2    G-CSF better prevented apoptosis in IR BM cells: Group statistical analysis indicated 
that relatively fewer IR BM cells were apoptotic, as compared to no-IR BM cells ( P  = 0.0348,  n  = 5)       
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  Fig. 37.3    G-CSF better preserved the mitochondria in IR BM cells: Group statistical analysis 
indicated that IR BM cells exhibited better preservation of mitochondria, as compared to no-IR 
BM cells ( P  = 0.0105,  n  = 5)       

  Fig. 37.4    G-CSF better stabilized the MMP of IR BM cells: Group statistical analysis indicated 
that IR BM cells exhibited better stabilized mitochondria, as compared to no-IR BM cells 
( P  = 0.028,  n  = 5)       
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  Fig. 37.5    G-CSF better 
reduced the ROS level in IR 
BM cells: IR BM cells 
exhibited relatively less ROS 
reproduction, as compared to 
no-IR BM cells ( P  < 0.05)       

37.4        Discussion 

 Our in vitro results showed that G-CSF exerted a greater protective effect on IR BM 
cells than it did on no-IR cells. On the mitochondrial level, G-CSF-treated IR cells 
experienced reduced ROS levels, less depolarization, and increased preservation. At 
the cellular level, G-CSF-treated IR cells had a higher relative proliferation rate, and 
less apoptosis, as compared to saline-treated IR cells. Moreover, our in vivo studies 
demonstrated that G-CSF-treated IR mice exhibited increased IL-6 levels, as com-
pared to saline-treated IR mice. 

  Fig. 37.6    G-CSF 
signifi cantly increased IL-6 
production in IR mice: Mice 
were treated with G-CSF 
(10 μg/mouse) 12 and 2 h 
before 10-Gy TBI. Mouse 
serum was harvested 1 h after 
IR. G-CSF further enhanced 
the IR-induced upregulation 
of IL-6 (0.10 ± 0.001 ng/ml as 
baseline; 0.12 ± 0.002 ng/ml 
with IR stimulation; and 
0.26 ± 0.05 ng/ml with G-CSF 
plus IR,  P  < 0.01)       
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 To compensate for the radiation-induced loss of cells and their functions, 
 surviving BM cells can become sensitive to “rescue signaling,” such as that pro-
duced by G-CSF. The molecular mechanism for this phenomenon is not clear. 
Exposure to G-CSF and radiation might modulate the expression level or binding 
affi nity of the G-CSF receptor [ 1 ,  2 ]. The mechanism might also be related to the 
synergistic ability of G-CSF and radiation to stimulate the hyperactivation of down-
stream signaling pathways of G-CSF or its inducible secondary factors (e.g., IL-6), 
thereby amplifying its protective effects [ 3 – 5 ]. 

 Radiation triggers a clear increase in ROS levels, leading to oxidative stress and 
mitochondrial dysfunction [ 6 ]. A recent study examining H 2 O 2 -induced oxidative 
stress in isolated cardiac mitochondria found that G-CSF markedly reduced ROS 
production and directly prevented mitochondrial swelling and depolarization [ 6 ]. 
Our results are consistent with this fi nding. Indeed, the action of G-CSF does not 
seem to be limited to BM cells [ 6 ,  7 ]. The universal effect of G-CSF on various 
types of critical cells indicates that it may have great potential for wider clinical use. 

 To protect IR BM cells against apoptosis, G-CSF may (1) suppress p53 functions, 
which coordinate radiation-induced cell-cycle checkpoint activity and promote 
apoptosis [ 8 ]; (2) inhibit the intragenic caspases pathway [ 9 ]; or (3) inhibit extrinsic 
Fas-triggered apoptosis [ 10 ]. In addition, the higher relative proliferation rate of 
G-CSF-treated IR BM cells may be related to the (1) direct stimulation of BM cells 
via G-CSF receptor dimerization [ 11 ], (2) ability of IR BM cells to escape apoptosis, 
and (3) indirect stimulation of other factors (e.g., IL-6) triggered by G-CSF. 

 Cytokines act as a network and compensate for defi cient pathways. Our data 
prove that the host responds to G-CSF by producing IL-6. G-CSF and IL-6 act 
 synergistically to stimulate the production of neutrophils and monocytes [ 12 ]. 

 Our in vivo and in vitro models demonstrate that G-CSF protects mitochondrial 
functions and increases cell regeneration and IL-6 production, especially when a 
subject is exposed to radiation.     
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    Abstract     The aim of the study was to sensitively monitor changes in tumor oxygen 
using the MOBILE (mapping of oxygen by imaging lipids relaxation enhancement) 
technique. This method was applied in mammary tumor mouse models on an 11.7T 
Bruker MRI system. MOBILE was compared with functional imaging R 2 *, R 1  of 
water and with pO 2  measurements (using EPR oximetry and O 2 -dependent fl uores-
cence quenching measurements). MOBILE was shown to be capable to monitor 
changes in oxygenation in tumor tissues.  

38.1         Introduction 

 Tumor hypoxia is acknowledged as a major factor of resistance of solid tumors to 
treatment [ 1 – 3 ]. Quantitative follow-up of changes in tumor oxygenation can fi nd 
relevant applications in radiation therapy planning [ 4 ,  5 ] as well as with regard to 
antiangiogenic and antivascular treatment optimization [ 6 ]. 

 Direct quantitative methods, including Eppendorf microelectrodes [ 7 ], electron 
paramagnetic resonance (EPR) oximetry [ 8 ],  19 F relaxometry [ 9 ], or Overhauser- 
enhanced magnetic resonance imaging (MRI) [ 10 ], either are invasive or require the 
injection of a reporter probe and are currently not clinically applicable. Nowadays, 
the clinically available armamentarium for this purpose only includes radiolabeled 
nitroimidazoles detected by positron emission tomography (PET) which promi-
nently accumulate in hypoxic areas, thereby acting as potential markers for tissue 
hypoxia [ 11 ]. Endogenous sources of contrast in MRI include variations of T 1  
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(longitudinal relaxation rate) and T 2 * (effective transversal relaxation rate) values in 
tissue [ 12 ]. T 1  discloses sensitivity to dissolved oxygen, which acts as a T 1 - 
shortening paramagnetic contrast agent [ 13 ]; T 2 * is sensitive to the relative deoxy-
hemoglobin/oxyhemoglobin (Hb/HbO 2 ) ratio in vessels [ 14 ]. T 2 * mapping, also 
referred to as functional MR imaging or “BOLD” (blood oxygen level dependent) 
imaging, is sensitive to variations in oxygenation in the vascular compartment and 
has been successfully applied to monitor changes in tissue oxygenation [ 15 ,  16 ]. 
However, BOLD-MRI has also demonstrated signifi cant limitations in terms of 
quantitative relationships between response signal intensity and true changes in tis-
sue pO 2  and is sensitive to changes in total hemoglobin content [ 17 – 19 ]. Recently, 
changes in tissue oxygen concentrations have been shown to produce changes in 
relaxation rate R 1  (=1/T 1 ) of water [ 20 – 22 ]. Unfortunately, the technique still suffers 
from insuffi cient sensitivity. 

 In our lab, we have developed an MR method for mapping variations in oxygen-
ation based on changes in relaxation properties of the tissue lipids, which we called 
“MOBILE,” for mapping of oxygen by imaging lipids relaxation enhancement [ 23 ]. 
In vitro, a gain in sensitivity (compared with water) was demonstrated and evaluated 
to a factor of 7.5 in pure oil and 2.1 and 11.4 in tissue homogenates corresponding 
to two distinct common lipid peaks with a chemical shift of ~1.3 (fatty acid chains) 
and ~4.0 ppm (glycerol backbone of triglycerides), respectively [ 23 ]. In vivo we 
also demonstrated the feasibility in several tissues on preclinical and clinical stud-
ies. In the present study, our goal was to apply the MOBILE technique to monitor 
tumor oxygenation during carbogen challenge and to compare this technique with 
two quantitative measurements of tumor pO 2  (invasive MR compatible fi ber-optic 
fl uorescence quenching probes, OxyLite TM , and EPR oximetry). We also compared 
MOBILE to two currently used MR parameters, namely, R 2 * and R 1  of water.  

38.2     Methods 

 Syngeneic NT2 and MDA human mammary tumor cells were injected  subcutaneously 
(implanted orthotopically) into the right upper mammary fat pad of 6-week- old 
FVB/N or nude NMRI female mice (Janvier), respectively ( n  = 5/model). Tumors 
were analyzed when reaching 6 mm in diameter. Animals were anesthetized by 
inhalation of isofl urane (Forene; Abbot, England; mixed with 21 % oxygen, 1.5 l/h). 
Respiration rate and body temperature (37.0 °C +/−1.0 °C) were monitored. Studies 
were undertaken in accordance with the national and local regulations of the ethical 
committee (agreement number LA 1230467). 

 Experiments were performed with an 11.7T MRI system (Bruker, BioSpec; 
Ettlingen, Germany) and with a quadrature volume coil (inner diameter of 40 mm). 
Three MR measurements of each type (R 1  H 2 O, R 1  lipids, R 2 *) were acquired 
sequentially and repeated three times during air breathing. Then, breathing gas was 
switched to carbogen. Respiratory triggering was employed to avoid motion arti-
facts. We used the OxyLite TM  fi ber-optic microprobes for continuously monitoring 
tumor oxygenation simultaneously with MRI [ 24 ]. Independent experiments 
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were also performed to compare MOBILE with EPR oximetry using a similar 
breathing challenge. 

 A segmented IR FISP [ 25 ] (inversion-recovery fast imaging with steady-state 
precession) sequence (SSFP FID mode) was used to acquire parametric images of 
T 1  relaxation time. The acquisition parameters were TR/TE/FA/BW/matrix = 4 ms/
1.2 ms/5°/100 kHz/64 × 64, four segments, and a total acquisition time of 1 min 
20 s. For the total proton experiment, a series of 100 images were acquired (spaced 
by a scan repetition time TR = 120 ms) with a slice thickness of 1 mm. For the lipid 
experiments, we fi rst evaluated the frequency difference in hertz between water and 
lipid peaks in the  1 H spectrum with a single pulse sequence. These offsets were then 
used as an imaging frequency offset in the same IR FISP protocol. Typically, the 
lipid peak of interest was approximately 4.0 ppm for tumor as identifi ed experimen-
tally [ 26 ]. We added a π/2 hermite saturation pulse to cancel the water signal. 
A series of 40 images (spaced by scan repetition time TR = 100 ms) with a slice 
thickness of 3 mm were acquired. Then, images were fi tted using a homemade pro-
gram in Matlab (the MathWorks, Inc., Natick, MA, USA) to determine the T 1  relax-
ation in regions of interest (ROIs). Raw data were fi ltered so as to disregard 
nonrelevant fi ts with a T 1  error/T 1  > 30 %. T 1  values were then calculated from 
the effective T 1 * values measured experimentally [ 27 ]. Finally, R 1  (1/T 1 ) data were 
fi ltered according to the calibration curves obtained in vitro from tissue extracts 
(R 1  0 % O 2  < measured R 1  < R 1  100 % O 2 ). 

 For T 2 * measurements, a multi-gradient echo (MGE) sequence was performed with 
eight echoes (between 3.5 and 31.5 ms) with a total acquisition time of 4 min 48 s. 
A 256 × 256 matrix was used with TR/fl ip angle/slice thickness = 1,500 ms/30°/1 mm. 

 In vivo tumor pO 2  was monitored using electron paramagnetic resonance (EPR) 
oximetry using charcoal as the oxygen-sensitive probe [ 8 ]. EPR spectra were 
recorded using a 1.1 GHz EPR spectrometer (Magnettech, Berlin, Germany). 
Calibration curves were made by measuring the EPR line width as a function of the 
pO 2 . Mice were injected in the center of the tumor using the suspension of charcoal 
(100 mg/ml, 60 μl injected). The tumor under study was placed in the center of the 
extended loop resonator whose sensitive volume extends 1 cm into the tumor mass. 
The pO 2  measurements correspond to an average of pO 2  values in this volume of the 
NT2 tumor models. Charcoal was injected 24 h before experiments. MOBILE and 
EPR measures were performed the same day, and it was verifi ed that charcoal did 
not perturb MOBILE or T 1  MRI measurements. 

 Paired  t -tests (carbogen versus air breathing), linear fi ts, and Pearson correlations 
( p  < 0.05 (*),  p  < 0.01 (**), or  p  < 0.001 (***) were considered signifi cant) were per-
formed using the GraphPad software.  

38.3     Results and Discussion 

 The basal pO 2  measured with OxyLite in MDA tumors ranged from 2 to 25 mmHg 
(mean of pO 2  = 14.15 ± 5.46 mmHg), whereas basal pO 2  in NT2 tumors was between 
35.5 and 46.7 mmHg (mean of pO 2  = 37 ± 0.8 mmHg). Tumor oxygenation was 
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increased in the majority of the tumors (7/8) under carbogen breathing conditions. 
After carbogen breathing, MDA and NT2 tumors reached a pO 2  around 
41.2 ± 2.3 mmHg and 87.7 ± 14.1 mmHg, respectively. Mean relative changes in 
relaxation rates with respect to the hyperoxic challenge were compared (pooled 
results for both tumor models) between R 1  H 2 O, R 1  lipids and R 2 *, with relative 
changes of 2.1 ± 1.0 % ( p  < 0.05; ΔR 1  H 2 O), 10.1 ± 4.8 % ( p  < 0.05; ΔR 1  lipids), and 
9.8 ± 4.6 % ( p  < 0.05; ΔR 2 *) (Fig.  38.1 ). Although values are rather dispersed, an 
increase by a factor of 4.8 was achieved for R 1  lipids compared to R 1  H 2 O. The larger 
dispersion of the data obtained using R 1  lipids compared to R 1  H 2 O is explained by 
the fact that MOBILE is more sensitive to changes in oxygenation than R 1  H 2 O and 
that the tumor is highly heterogeneous (Fig.  38.2 ): areas with a large change in pO 2  
will present a larger change in R 1  lipids compared to R 1  H 2 O, while areas with no 
change in pO 2  will have no change in R 1  (lipids or water). As tumors are heteroge-
neous (mixture of areas with response and areas without response to hyperoxic chal-
lenge), the effect of change in oxygenation leads to a larger distribution in the 
recorded values when using a method that is highly sensitive. The tip of the 
OxyLite TM  probe could be localized on the MR images (Fig.  38.2a ). Typical maps of 

  Fig. 38.1    Pooled results of MDA and NT2 tumors ( n  = 12). Relative changes over the whole 
tumors in relaxation times under air and carbogen breathing conditions for global R1 (water), R1 
of lipids, and R2* [R = 1/T]. Note the higher change in R1 of lipids versus global R1 in response to 
carbogen breathing       

  Fig. 38.2    Anatomical transversal MR image of a mouse with an MDA tumor (shown by the  arrow ) 
with the OxyLite tip ( black spot ) at the center of the tumor ( a ). Typical maps of changes in relax-
ation times in response to carbogen breathing ( b ,  c ,  d ) (Δ = R carbogen − R air). Color scales high-
light the higher sensitivity of the MOBILE technique with a higher proportion of “hot” colors ( c )       
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the relative difference in relaxation rates before and during the carbogen challenge 
were generated in order to compare the sensitivity of the R 1  of lipids (MOBILE), R 1  
H 2 O, and R 2 * methods (Fig.  38.2b–d ), indicating that ΔR 1  lipids are more sensitive 
(more red pixels) than ΔR 1  H 2 O on the same tumor. It is possible to compare the 
quantitative values obtained by fl uorescence quenching and the MR relaxation val-
ues obtained in the sensitive region of the probe (3*3 pixels with the exclusion of the 
central pixel, Fig.  38.3a–c ), similarly to previously published comparisons between 
R 2 * and pO 2  changes [ 17 ]. Some trends were found between ΔR 1  lipids and ΔpO 2 , 
presenting a positive linear fi t with a slope of 0.0027 ± 0.0023 (r 2  = 0.22,  p  = 0.11). In 
contrast, ΔR 1  H 2 O presented a negative slope versus ΔpO 2  (−0.0012 ± 0.0006; 
r 2  = 0.37,  p  = 0.28), and ΔR 2 * presented a positive slope (0.4527 ± 0.4120; r 2  = 0.17, 
 p  = 0.31), while this was expected to be negative (i.e., pO 2  is reported to be linked to 
T 2 * = 1/R 2 *). In a parallel study, we compared EPR oximetry and R 1  lipids and R 1  
H 2 O in the NT2 tumor model. The basal pO 2  was 8.4 ± 1.1 mmHg and reached 
26.1 ± 6.1 mmHg after carbogen breathing. The correlation between R 1  H 2 O and pO 2  
was not signifi cant ( p  = 0.8611, positive linear fi t 0.000409 ± 0.002241;  r   2   = 0.005529) 
(Fig.  38.4 ), while a positive linear signifi cant correlation was found between R 1  
lipids and pO 2  (0.01744 ± 0.00656;  r  2  = 0.5407,  p  = 0.0376) (Fig.  38.4 ).

  Fig. 38.3    Relation between the quantitative change in tumor pO 2  (assessed by OxyLite probes) 
and the corresponding changes in relaxation times: global R1 ( a ), R1 of lipids ( b ), and R2* ( c ). 
Note the positive trend for R1 of lipids       

 

38 Application of MOBILE to Study Variations in Tumor Oxygenation



286

      Overall, these data show that MOBILE is sensitive to changes in tumor oxygen-
ation. Correlations between data sets from MOBILE and direct O 2  measurements 
suggested that R 1  lipids were signifi cantly correlated with pO 2  measured by EPR. 
Using OxyLite, we found a positive (but nonsignifi cant) fi t between ΔR 1  lipids and 
ΔpO 2 . Differences observed between EPR and OxyLite measurements can be 
explained by the difference in the volume sampled, as OxyLite interrogates a very 
small volume while EPR provides pO 2  measurements over the whole tumor. 

 Also, ΔR 2 *, which was expected to be negatively correlated to pO 2 , showed an 
apparently paradoxical positive fi t versus ΔpO 2 , thereby emphasizing the multiplic-
ity and complexity of the response of R 2 * to changes in oxygenation and perfusion 
that can be highly dependent on micro/macrovasculature functional parameters 
[ 28 ]. Therefore, information provided by the two relaxation parameters should be 
complementary. Also, oxygen-enriched gases inhalation was used as a technique to 
modulate tumor oxygenation. However, actual effects of such gases might vary 
from one tissue to the other, e.g., according to the presence or absence of CO 2  (i.e., 
for carbogen). This may explain the dispersion of the results, where tissue tumor 
heterogeneity is high. MOBILE presents the advantage of allowing longitudinal 
studies. Interestingly, the short acquisition time (1 min 20 s) of the MOBILE 
sequence should allow the follow-up of acute hypoxia in tumors in a quantitative 
and dynamic way, similarly to previous work using  19 F-relaxometry or EPR oxim-
etry [ 29 ,  30 ].  

38.4     Conclusion 

 In conclusion, these initial studies suggest that MOBILE has the potential to pro-
vide a noninvasive method for obtaining measurements of the variations in tumor 
oxygenation. Further studies on other tumor models are needed to evaluate if 
changes in R 1  lipids are quantitatively refl ecting changes in pO 2 .     

  Fig. 38.4    Correlation 
between global pO 2  measures 
with global R1 values and 
lipids R1 values       
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    Abstract     The primo vascular system (PVS) is a newly found organ, which is 
 distributed throughout the entire body. The system is composed of nodes storing 
many small cells and thin vessels branching out from the nodes. Inside the vessel 
there are multiple subvessels. The PVS is found in and on most organs, including 
the brain, and interestingly inside some lymph and blood vessels. The PVS is nor-
mally diffi cult to visualize due to its semitransparent optical property and its small 
size, which may be the main reason why it was not discovered until recently. The 
diameter of primo vessels (PVs) is in the range of 20–50 μm and the size of a primo 
node (PN), 100–1,000 μm. The outermost layer of the PVS is more porous than that 
of blood or lymph capillary vessels, and the nuclei of the PVS endothelial cells are 
rod shaped. Important PVS properties reported are: in the fl uid inside the PVS, there 
are cells presenting stem cell markers CD133, Oct4, and Nanog, which may imply 
that this system has a role in regeneration. Another very important fi nding is its 
potential relevance to cancer. According to results from an animal study using xeno-
grafts of various cancer types (lung, ovarian, skin, gastric cancer, and leukemia), as 
the tumor grows, the PVS is formed in a high density in the vicinity of the tumor. In 
addition, it was shown that PVs connect the primary and secondary tumors and that 
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cancer cells were transported via the PVs in an active manner. In this report, we 
illustrated the formation of the PVS in breast cancer, and using the green fl uorescent 
protein- expressing gastric cancer cell lines, we observed the cancer cell movement 
from the primary to the secondary sites during the cancer progression.  

39.1         Introduction 

39.1.1     Primo Vascular System 

 The primo vascular system (PVS) exists in most, if not all, mammalian organs, 
forming an extensive network throughout the entire body. The PVS consists of 
primo nodes (PNs), primo vessels (PVs) that branch out of PNs, transparent fl uid 
inside the PNs and PVs (primo-fl uid, P-fl uid), and the primo-microcells 
(P-microcells) stored mainly in PNs. The PVS is very small: the diameter of PVs is 
in the range of 20–50 μm and the size of a PN is in the range of 100–1,000 μm. The 
PVS is optically semitransparent (Fig.  39.1 ). It is, therefore, not easy to observe the 
system without special training in microsurgery and microscopy, which probably 
explains why this system was not discovered until the 1960s by Bonghan Kim in 
North Korea [ 1 ,  2 ]. Shortly after Kim’s reports in the 1960s, the PVS research was 
suddenly discontinued for unknown reasons. In the 2000s, the research was reiniti-
ated by Kwang-Sup Soh in South Korea [ 3 ].

   The PVS is distinctively different from the blood or lymphatic system. It does 
not express blood vessel (BV) biomarker CD31 or a lymphatic vessel (LV) bio-
marker LYVE-1 [ 4 ]. The external wall of the PV is porous and, therefore, when a 
dye (usually trypan blue) is applied to the area suspected with PVS, it gets into the 
PVs preferentially, allowing the observer to be able to differentiate PVs from BVs 
and LVs [ 5 ]. The cells of the sub-PV possess f-actin along the PV length, indicating 
the direction of the P-fl uid [ 6 ]. The average fl ow speed of the P-fl uid was reported 

  Fig. 39.1    ( a ) A typical set of a PN, and PVs connected to the PN, slightly lifted from the surface 
of the omentum of a rat, and ( b ) a long, isolated PVS from the rat omentum       
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to be 0.3 mm/s [ 6 ]. The nuclei of the endothelial cell in the sub-PV are rod shaped, 
and therefore, DAPI (dye specifi c to DNA or nuclei) is frequently used to confi rm 
the PVS. Typically, the PN is packed with many small cells (P-microcell), and the 
cells are round and 1.0–2.5 μm in diameter [ 6 ]. The cells have small nuclei sur-
rounded by a layer of cytoplasm and a trilaminar plasma membrane. The research 
team led by Soh [ 7 ,  8 ] confi rmed that these small cells possess embryonic stem cell 
markers, Oct4, Nanog, and CD133. Kwon et al [ 9 ]. recently reported that the PVS 
also contains immune cells, enriched with granulocytes and histiocytes and chro-
maffi n cells. Hong et al. measured the oxygen level of the P-fl uid of the PVS formed 
in the murine melanoma [ 10 ] and in the mice embryos [ 11 ]. 

 The PVS has been found in all organs in all animals that were studied, including 
intestine [ 12 ,  13 ], brain [ 14 – 16 ], heart [ 17 ], adipose tissue [ 18 ], and also within 
blood [ 19 ,  20 ] and lymphatic vessels [ 21 ,  22 ]. The number of animal species studied 
for the PVS, up to now, is 7 and the number of organs confi rmed for the existence 
of PVS is 17 [ 23 ].  

39.1.2     PVS and Cancer 

 The PVS in/on normal tissues or organs is usually not very densely populated, 
except for the adipose tissue. However, for four different cancer types (xenograft) in 
studies reported up to now, the PVS was found densely populated in proximity of 
the tumor. 

 The Soh team studied xenografts of human lung cancer NCI-H460 and human 
ovarian cancer SK-OV-3 [ 24 ] and observed dense PVS formed at the sites with the 
tumor (cancer PVS). The team then designed a unique experiment to elucidate the 
relationship between the cancer progression and the PVS formation. For the study, 
they electroporated quantum dots (QDs) into the cancer cells, and the QD-containing 
live cancer cells were then inoculated to nude mice. Because the QDs were inside 
these cells, the newly formed cells also possessed QDs and emitted fl uorescence, 
enabling to track cancer cells by fl uorescent microscopy. As the cancer progressed, 
secondary tumors were also formed and both LVs and PVs were generated from the 
primary tumor. When the fl uorescence level was monitored around the area with the 
tumor, the fl uorescence intensity from the cells passing through the PV was approx-
imately twice that from the lymph vessel, indicating that cancer cells were trans-
ported through PVs signifi cantly. The result from the fl uorescence level emitted 
from PNs in the ovarian cancer showed the fl uorescence at an even greater level than 
that from the lymph node. 

 In an attempt to study the origin of the PVS during the cancer progression, Heo 
and colleagues used cutaneous melanoma B16BL6 (nonfl uorescing) into green fl u-
orescence protein (GFP)-expressing host mice [ 25 ]. They also found denser PVS 
around the tumor, and the PVS formed on/in the tumor emitted green fl uorescence, 
implying that it is initiated from the host, although it was not clear whether all PVS 
formed were from the host because the tumor-initiated PVS would not emit the 
fl uorescence. 

39 Primo Vascular System and Its Potential Role in Cancer Metastasis
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 The Miller team [ 26 ] recently reported that, in a human lymphoma (U937) 
 xenograft, PVS was formed at a higher density. The cells in the cancer PVS expressed 
CD68, CD45, and lysozyme and possessed the same immune phenotype of the cancer 
cell U937.    The cells upregulated,  by hundred- to thousandfold , human cancer stem 
cell-specifi c transcription factors (particularly CD68, CD45) and an upstream regula-
tor of Nanog that maintains the pluripotent and undifferentiated state of stem cells. 

 Here, we report the result of PVS formation during the growth of breast cancer 
xenograft MDA-MB231. We also report the cancer cell tracking from the primary 
to the secondary tumor, utilizing the GFP-expressing MKN28 human gastric cancer 
cell line.   

39.2     Methods 

39.2.1     Observation of PVS in Normal Rat 

 Sprague Dawley rats were anesthetized with sodium pentobarbital (50 mg/kg i.p.). 
An incision down the  linea alba  was made to expose the small intestine and omen-
tum. The intestines and omentum were sprayed with a 0.2 % trypan blue solution to 
identify PVs. Once a PV was identifi ed by the uptake of blue dye, it was carefully 
dissected with the aid of microforceps, microvessel dilators and a microscope (OP- 
Mi 7PH Microscope; Carl Zeiss; Germany). Images were taken with a camera 
(PowerShot SD940 ISl; Canon; USA) mounted on the scope.  

39.2.2     PVS of Breast Cancer Xenograft MDA-MB231 

 Nude mice were inoculated with human MDA-MB231 breasts cancer cells (~10 7  
cells) in the right fl ank, and tumors were allowed to grow for 1–2 months. At the 
time of PVS observation, mice were euthanized with carbon dioxide and, immedi-
ately, a skin incision down the fl ank was performed to expose the tumor. The tumor 
was sprayed with a 0.2 % trypan blue solution to identify PVs. The identifi cation 
and imaging of the PVS were performed using the same method described above.  

39.2.3     PVS and GFP-Expressing Gastric Cancer 

 MKN12 human gastric cells were transfected with GFP-expressing plasmid using 
Lipofectamine LTX and PLUS reagent (Invitron; Monmouth, UK), following the 
manufacturer’s instruction. The cells transfected with the GFP plasmid were then 
sorted with FACSAria (BD Biosciences; San Jose, CA, USA). Nude mice were 
injected with the GFP-expressing cancer cells (~10 7  cells) to the gastric wall, and 
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tumors were allowed to grow for 1–2 months. At the time of the PVS observation, 
mice were anesthetized with Zoletil/Rompun intraperitoneal injection. Skin inci-
sion in the abdominal area was performed to expose the tumor. Fluorescence image 
was taken using fl uorescence microscopy (MVX10; Olympus; Japan) and a mono-
chrome CCD camera (DP30BW; Olympus; Japan) mounted on the scope.   

39.3     Results and Discussion 

39.3.1     Typical PVS in Normal Rat Model 

 Figure  39.1a  shows a typical set of a PN and PVs connected to the PN, which was 
isolated from the surface of the omentum of a rat. PNs usually appear along the PV. 
The PVS on the surface of an organ can be isolated by tracking the PVs, as shown 
in Fig.  39.1b .  

39.3.2     PVS of Breast Cancer Xenograft 

 Figure  39.2  demonstrates the PVS formed on the human breast cancer type 
MDA-MB231 xenograft in a nude mouse, lightly stained with trypan blue. As in the 
cases with the previously studied human lung, ovarian, lymphoma, and melanoma 
xenografts, the PVS was seen at a higher density than on the tissue without the 
tumor, which confi rms that the PVS is densely formed in the vicinity of the cancer-
ous tumor. This may also imply that some unknown but particular properties of 
cancer affect the proliferation of cancer PVS, potentially using the PVS for its 
growth and metastasis, although more extensive studies are required to verify this 
hypothesis. Assuming that the hypothesis is proven to be true, this property of the 
cancer PVS may be utilized for early detection of cancer.

  Fig. 39.2    PVs and PNs 
formed on/in human-to-nude 
mice xenografts of breast 
cancer (MDA-MB231), under 
the skin, using in situ trypan 
blue staining.  Solid lines , 
PVs;  dashed lines , PNs       
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39.3.3        PVS as Cancer Cell Transport Conduit 

 In the previous studies on the roles of the PVS in cancer cell transport, Soh’s group 
used QD-electroporated cancer cell lines of human lung cancer NCI-H460 and human 
ovarian cancer SK-OV-3, and the fl uorescence generated from the QDs was traced 
assuming that they represented cancer cells. In this new study, to confi rm the cancer 
cell transport via the cancer PV, GFP-expressing, human gastric cancer cell type 
MKN28 was xenografted in nude mice (nonfl uorescing). As the primary tumor grew 
large, a secondary tumor was formed, as shown by optical microscopy in Fig.  39.3a . 
The fi gure describes the primary and secondary tumors and a PV that connects the 
two, which is indicated by the black arrow. Figure  39.3b  shows an image obtained by 
fl uorescence microscopy for the green fl uorescence. Both the primary and secondary 
tumors were shown to be very bright and there were dots emitting bright green fl uo-
rescence from inside the cancer PV connecting the two (indicated by the white arrow), 
showing that the cancer cells are present inside the PV and are being transported via 
the PV. This cancer PV itself does not express the fl uorescence, potentially indicating 
that the PV in the tumor is from the host, as in Heo’s [ 24 ] study result. Figure  39.3c  
shows the enlarged image of the PV, circled in Fig.  39.3b . The presence of the cancer 
cells (fl uorescence) in the PV is more clearly demonstrated.

39.4         Conclusions 

 Our study results with the breast cancer MDA-MB231 appeared to confi rm that 
cancer (at least in the case of xenografts) induces dense PVS formation in close 
proximity to cancerous tumors, which suggests that a cancerous environment 

  Fig. 39.3    Observation of the relationship between the secondary tumor formation and the PV formed 
between the primary and the secondary tumors, utilizing GFP-expressing MKN28 human gastric 
cancer cells. ( a ) Optical microscopy of a PV (indicated by a  black arrow ) connecting the primary ( P ) 
and the secondary ( S ) tumors. ( b ) Fluorescence microscopy of the same regions is shown in ( a ). The 
primary and the secondary tumors are fl uorescing. In the PV, GFP-expressing cancer cells are pres-
ent, implying that the cancer cells are being transported via the PV. ( c ) An enlarged image of the 
circular region of ( b ). GFP-expressing cancer cells inside the PV are more clearly shown       
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triggers cancer PVS formation. If it is a common signature of cancer, then it may be 
utilized for early detection of cancer. 

 The study results using GFP-expressing gastric cancer xenograft confi rm that 
many cancer cells are present in and possibly transported via the cancer PVs, as in 
the previous study results by the Soh team, using QD-containing cancer cell. This 
result strongly implies that the cancer PVS may have a very important role in cancer 
metastasis. Future studies will be planned to elucidate the mechanism of the cancer 
PV formation, to prevent the cancer metastasis via the PVs. 

 The relationship between the cancer progression and the cancer PVS formation/
cancer cell transportation via the cancer PV is new but very important and deserves 
immediate multidisciplinary efforts for more complete understanding to develop 
novel tools for cancer prevention, diagnostic, and treatment.     
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    Abstract     The blood clotting mechanism is a very important and complex physiologic 
process. Blood fl ow must be continuous through the blood vessels to provide essen-
tial oxygen and nutrients to the cells of the body. Dr. Melvin H. Knisely (Honorary 
First President of ISOTT, 1973) named and pioneered research in blood sludging 
and clotting which led to his nomination for the Nobel Prize by Dr. August Krogh 
in 1948. Abnormal clotting is a pathological state that can inhibit and prevent nor-
mal blood fl ow, leading to reduced oxygen transport to tissue from the microcircula-
tion. It can result in the death of cells and tissues, including entire organs as well as 
the patient. Blood clotting and sludging are common occurrences during and after 
invasive surgery; thus, it is imperative to fi nd safe procedures to reduce or prevent 
these deadly phenomena. All anticoagulants used today, for clot prevention and dis-
solution, can cause excessive bleeding that can lead to enormous medical expense 
to provide control, otherwise causing patient death. Protein C is a natural protein 
and is the pivotal anticoagulant in the blood. Due to the mechanism of converting 
the zymogen protein C (ZPC) to active protein C (APC), only when and where it is 
needed, and their respective half-lives in the body, the natural anticoagulant, anti-
thrombotic characteristics of APC can be utilized without causing bleeds.  
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40.1         Preamble 

 This is the fi nal chapter of the trilogy that demonstrates the use of perioperative 
zymogen protein C to achieve safer patient results in invasive surgery. The same 
patient has experienced three surgical procedures: (1) total hip replacement, (2) life- 
threatening internal bleed, and (3) pancreaticoduodenectomy (PD) for pancreatic 
cancer. These procedures occurred over a period of several years without any com-
plications due to clotting or bleeding. The patient is at very high risk for clotting 
problems because of age (77 years), previous venous thromboembolism (VTE), 
protein C defi ciency, factor II gene mutation, severe surgery, and pancreatic adeno-
carcinoma. The percentage chance of VTE occurring increases signifi cantly with 
the number of risk factors involved. In this case, without appropriate intervention, it 
was predicted that the patient had a 100 % risk of having a VTE. 

 The result is especially meaningful since there was no clotting or out-of-the- 
ordinary bleeding, even though the PD procedure is one of the most invasive of 
abdominal surgeries. The management of congenital and acquired thrombophilia 
with multimodality antithrombotic therapy is recommended for most surgeries. It is 
strongly suggested that ZPC be considered, along with standard practice anticoagu-
lation, for any patient with protein C defi ciency. It remains to be seen if all invasive 
surgeries would be safer with the use of ZPC.  

40.2     Introduction 

 This chapter is a continuation of the application of the hypothesis for increased 
patient safety using ZPC for invasive medical procedures. Although we have pro-
posed this hypothesis since the early 1980s, the fi rst formal presentation of this 
strategy was delivered at the 2007 ISOTT meeting held in Uppsala, Sweden. The 
resulting paper fi rst appeared in the Springer Publishing Company Experimental 
Medicine and Biology series, Oxygen Transport to Tissue [ 1 ]. This hypothesis was 
based on the attributes of the blood anticoagulant ZPC. Two important characteris-
tics result in its action locally rather than globally in the body. First, the mechanism 
for ZPC to activated protein C (APC) occurs only where and when the APC is 
needed. Second, the half-life of ZPC in the body is approximately 8–10 h, and the 
half-life of APC is on the order of minutes. These two attributes allow local antico-
agulant activity without exacerbating bleeding. Therefore, we defi ned ZPC as the 
“silver bullet” of anticoagulation [ 2 ]. 

 This study represents the third chapter in a trio of clinical testing of the hypoth-
esis. The same patient experienced all three of the major surgeries using periop-
erative ZPC. The fi rst surgery was a total hip replacement (12 Nov 2007). The 
second was for the repair of a life-threatening internal bleed at the site where a fl at 
polyp was removed from a location near the cecum (15 Sept 2008). The bleed was 
partially due to the administration of heparin and warfarin and began as the patient, 
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who was on lifetime warfarin, was progressing toward an INR of 2.0 [ 3 ,  4 ]. 
This chapter involving the PD surgery procedure for pancreatic cancer utilizing 
perioperative ZPC (1 Oct 2010) is the fi nal chapter of the trilogy. These cases 
illustrate the importance of controlling abnormal functions (pathology) leading to 
tissue deprivation of oxygen, which is of particular interest to the objectives of the 
International Society on Oxygen Transport to Tissue (ISOTT). 

 ISOTT research focuses on all processes of normal and pathological oxygen 
transport within the blood and tissue [ 5 ,  6 ]. Foremost of interest is blood hemostasis 
to ensure optimal tissue oxygenation. This includes the coagulation cascade, par-
ticularly the signifi cance of natural anticoagulants and substitutes for them in cases 
of pathology. The phenomenon of “blood sludging” (agglutination) was fi rst 
observed by Dr. Melvin H. Knisely via his quartz rod crystal optical technology [ 7 ]. 
Our initial studies included mathematical modelling of oxygen transport in the 
microcirculation along with polarographic microelectrode oxygen sensing [ 8 – 10 ]. 
This work was complemented with studies on anti-adhesive drugs to enhance tissue 
oxygenation [ 11 ]. 

 Historically, protein C (PC) was not so named until Stenfl o isolated the protein 
from bovine plasma and labeled it protein C because it was the third peak in the 
chromatograph elution [ 12 ]. Originally, activated protein C (APC) was coined auto-
prothrombin IIA (APIIA) because it was believed to be derived from prothrombin 
[ 13 ]. Twelve years later, it was shown that APIIA’s precursor was not only distinct 
from prothrombin, but it inhibited the factor Xa-mediated activation of prothrombin 
as well as facilitating fi brinolysis [ 14 ]. Shortly after Stenfl o isolated the bovine PC, 
Seegers verifi ed it to be identical to APIIA [ 15 ]. Three years later, Kisiel was able 
to purify human PC [ 16 ]. 

 Zymogen protein C (ZPC) is the pivotal anticoagulant and antithrombotic in the 
human blood coagulation cascade [ 17 ]. PC is a glycoprotein with a molecular 
weight of 62,000 Da. Human ZPC is synthesized in the liver as a single-chain pre-
cursor and circulates in the blood primarily as a two-chain inactive zymogen until it 
is activated by proteolytic cleavage. The protein is a serine protease that requires 
vitamin K for normal biosynthesis [ 13 ]. It is a member of the vitamin K-dependent 
(VKD) family also consisting of coagulation proteins such as factors VII, IX, pro-
teins S and Z, and prothrombin. 

 ZPC is a trace protein in human blood with a concentration of 4 μg/mL [ 12 ,  18 , 
 19 ]. Serious problems can occur when the PC level in the blood is lowered. For 
example, patients defi cient in PC are at risk of deep vein thrombosis (DVT) [ 20 ] and 
other clotting complications, resulting in tissue oxygen deprivation, some of which 
can be life threatening. When these blood clots break away from the surface of the 
vein and enter the bloodstream, they will induce strokes, heart attacks, and pulmo-
nary embolisms. Venous thrombosis is one of the most frequent complications in 
medical patients [ 21 ]. It is the most common cause of death in patients undergoing 
major orthopaedic operations. In the United States, it has been estimated that 
300,000 hospitalizations and 50,000 deaths occur [ 21 ], and this amounts to millions 
and possibly billions of dollars in medical expenses annually. 
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 Although very complex, three main pathways are involved in regulating 
coagulation [ 22 ]. One pathway that utilizes heparin-like molecules and antithrombin 
III results in the inhibition of coagulation proteases. A second pathway, referenced 
as lipoprotein-associated coagulation inhibitor, or extrinsic pathway inhibitor, 
blocks the activity of factor VIIa-tissue factor complex [ 23 ]. The third and most 
important pathway involves APC which neutralizes factors Va and VIIIa [ 17 ]. These 
major pathways function together to inhibit both the proteases and regulatory pro-
teins (cofactors) of the clotting system. It has been shown through clinical studies 
that antithrombin III, protein C, and factor S defi ciencies all exhibit thrombotic 
complications [ 20 ,  24 ]. 

 Although ineffi cient, PC can be activated by thrombin alone. This activation pro-
cess can be enhanced by a factor of at least 1000 via a complex between thrombin 
and a membrane protein called thrombomodulin on the surface of endothelial cells 
[ 17 ,  25 ]. The activated PC is a potent serine protease that regulates blood coagula-
tion by forming a complex with protein S (PS) on both endothelial and platelet 
surfaces. This deactivates factors Va and VIIIa, thus preventing generation of the 
enzymes factors Xa and thrombin [ 26 ,  27 ]. 

 Cofactor PS circulates in the blood as a free agent and in complex with C4bBP 
which is a regulatory protein of the complement system. The PS-C4bBP complex is 
not functional as a cofactor for activated PC in factor Va inactivation and therefore 
downregulates the effectiveness of PC in the inactivation of Va and VIIIa. Va is 
required to produce thrombin. Once thrombin is produced, it activates factor I 
(fi brinogen) to form fi brin, which synthesizes a soft clot. VIIIa is then required to 
solidify the clot. So by inactivating Va and VIIIa, you downregulate the clotting 
process. 

 At present time, heparin and warfarin are used to treat ZPC defi ciency and other 
hypercoagulable conditions. The disadvantage of these drugs is that both have dan-
gerous side effects. Excessive internal bleeding is a major problem that can result 
from their use, possibly causing a stroke or major organ failure. Additionally, 
warfarin- induced skin necrosis and heparin-induced skin necrosis can lead to ampu-
tation of extremities and death. Also, pregnant women cannot use warfarin. 

 Previous animal testing [ 28 – 31 ] and clinical trials indicate that PC is an effective 
anticoagulant/antithrombotic for many medical indications without harmful side effects. 
This unique feature is a function of the mechanistic behavior of PC in the body. 
Differing from all other anticoagulants, PC circulates the blood in an inactive form 
and is activated only at the site where it is needed and at the time when it is needed. 
Also, ZPC can be used at greater than normal blood concentrations without  bleeding 
complications. 

 PC has many clinical applications. Not only can it be used to treat genetically 
defi cient patients, but it can also be used to treat septic shock [ 32 ], hip and knee 
replacement patients, warfarin-induced skin necrosis patients, heparin-induced 
thrombocytopenia, patients doing fi brinolytic therapy, and patients undergoing 
angioplasty or suffering from unstable angina, etc. [ 33 ]. Additionally, research has 
shown that the use of safe anticoagulants could lower the rate of strokes in the USA 
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from 80,000 to 40,000 per year, reduce patient complications, and save the medical 
industry an estimated $600 million per year [ 34 ]. 

 ZPC concentrate has been shown to be successful for the prevention and treat-
ment of thrombosis in individuals with inherited and acquired PC defi ciency and to 
avoid the problems associated with fresh and frozen plasma administration [ 35 – 38 ]. 
When one considers that PC is the only known anticoagulant/antithrombotic with-
out bleeding side effects and 1 in 300 people are hereditary PC defi cient [ 21 ], it is 
easy to see the enormous benefi t of having inexpensive PC available to medical 
patients. Additionally, there are innumerable patients with acquired PC defi ciency.  

40.3     Experimental Medical Procedure 

 The patient experienced painless obstructive jaundice and was found to have a 
mass in the periampullary area. The tumor biopsy revealed adenocarcinoma. As a 
result, it was proposed that the mass be surgically removed. The procedure rec-
ommended was pancreaticoduodenectomy, most often referred to as the Whipple 
surgery, named after Dr. Allen O. Whipple, who was the fi rst American to  perform 
it and reported it in 1935 [ 39 ]. This operation was actually fi rst performed by 
Dr. Walther Kausch of Germany in 1909 and reported in 1912 [ 40 ]. This is a very 
extensive operation that involves more than just removing parts of the pancreas. 
Because the pancreas is anatomically connected to other organs and ducts, multiple 
organs are involved in the operation. The surgery typically removes the head of the 
pancreas, the duodenum, the common bile duct, the gall bladder, and often, part of 
the stomach. 

 The surgical procedure was complicated by the fact that the patient had multiple 
risk factors for a VTE, including the patient’s age (77 years), pancreatic cancer, 
major surgery, previous VTE, protein C defi ciency, and factor II mutation. This 
combination of risk factors results in a markedly increased risk of VTE formation 
during and after surgery. Evidence shows that patients with fi ve or more risk factors 
approach a 100 % chance of developing VTE. 

 To prevent blood clotting for the management of congenital and acquired 
thrombophilia, a multimodality, antithrombotic therapy was used [ 41 ]. The 
patient was on lifetime warfarin, which was stopped 5 days before surgery and 
replaced with Lovenox until 24 h before surgery. Six hours prior to surgery, PC 
concentrate at 50 μ/kg IV was administered every 6 h until after surgery, then 
every 8 h for 24 h, and then every 12 h until post-op day 8. Two days after sur-
gery, warfarin was administered orally, and heparin was administered 5,000 units 
SQ every 8 h until post-op day 5, then Lovenox 10 units/kg/h IV to aPTT 50–65 s. 
The Lovenox was discontinued when the INR reached a value of 2.0. Thus, the 
VTE prophylaxis consisted of pre- and postoperative administration of ZPC, 
warfarin, and heparin. However, only ZPC was administered in the 2+ days 
encompassing the surgery.  
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40.4     Outcome 

 According to medical statistical data, this patient had a probability of experiencing 
a VTE that approached 100 %, in particular because of the radical invasiveness of 
this surgery and the multiple risk factors present. However, the patient had no 
thrombotic events and no bleeding complications throughout the entire procedure 
and recovery. This demonstrates the value of multimodality VTE prophylaxis with 
ZPC as the bridge. The patient moved on to warfarin therapy and continues to func-
tion normally without incidence.  

40.5     Production Research Note 

 As presented in this trilogy of chapters, it would be benefi cial to future surgical 
patients as well as the many hereditary and acquired protein C-defi cient patients to 
develop innovative upstream and downstream bioprocessing strategies for the low- 
cost, high-volume production of ZPC. This would make ZPC available to a wider 
patient population. 

 The two existing protein C products (Ceprotin, Baxter International; Xigris, Eli 
Lilly) are so expensive that they are rarely used even in cases where patient survival 
is in question. If cost were not an issue, the zymogen could be used for prophylactic 
treatment of PC defi ciency, as well as other disease states or in standard medical and 
surgical procedures. The signifi cant examples of perioperative procedures utilizing 
ZPC to prevent clotting without exacerbating bleeding as presented in this trilogy 
support the need to produce inexpensive ZPC. 

 There is ongoing research toward achieving this goal. The three sources of PC 
that are available from upstream bioprocessing include rDNA cell culture technol-
ogy [ 42 ], blood plasma [ 43 – 46 ], and transgenic animals [ 47 ,  48 ]. Our research con-
tinues to optimize the downstream processing for these raw materials via 
immobilized metal affi nity chromatography (IMAC) [ 49 – 58 ]. The correct combina-
tion of ion exchange, IMAC, and absorption and elution buffers are being investi-
gated for the optimal bio-downstream processing.  

40.6     Conclusion 

 The three chapters of this trilogy establish the need for multimodality VTE prophy-
laxis utilizing ZPC as a bridge during invasive medical procedures. This is an 
important indicator of the need to produce a low-cost ZPC for many invasive medi-
cal procedures and utilization by heterozygote protein C-defi cient patients. The ulti-
mate goal would be either to produce this low-cost ZPC product or to design a 
substitute that mimics ZPC’s “silver bullet” ability to act as an anticoagulant  without 
increasing bleeding [ 2 ].     

D.F. Bruley et al.



305

  Acknowledgments   The authors would like to express their appreciation to E. Eileen Thiessen for 
the preparation of the PowerPoint slide presentation and the production of this chapter.  

   References 

    1.    Bruley DF (2009) Zymogen protein C concentrate for safer heterozygote surgery, “I am a 
guinea pig!”. Adv Exp Med Biol 645:115–121  

     2.    Bruley DF, Streiff MB (2013) Nature’s “silver bullet” for anticoagulation: mechanism of 
zymogen protein C to activated protein C. Adv Exp Med Biol 765:15–21  

    3.    Bruley DF, Mears SC, Streiff MB (2010) Safer surgery using zymogen protein C concentrate. 
Adv Exp Med Biol 662:439–445  

    4.    Bruley DF, Jagannath SB, Streiff MB (2011) Zymogen protein C to prevent clotting without 
bleeding during invasive medical procedures. Adv Exp Med Biol 701:91–97  

    5.    Bruley DF (2012) The history of ISOTT. Adv Exp Med Biol 737:1–9  
    6.    Bruley DF (2008) ISOTT: roots, founding and beyond. Adv Exp Med Biol 614:1–8  
    7.    Goro FW (1948) Blood sludge. Life Mag 24(22):49–59  
    8.    Thews G (1960) Oxygen diffusion in the brain. A contribution to the question of the oxygen 

supply of the organs. Pfl ugers Arch 271:197–226  
   9.    Reneau DD, Bruley DF, Knisely MH (1967) A mathematical simulation of oxygen release, 

diffusion and consumption in the capillaries and tissue of the human brain. In: Chemical engi-
neering in medicine and biology. Plenum Press, New York, pp 135–241  

    10.    Artigue RS, Bruley DF (1984) The transport of oxygen, glucose, carbon dioxide and lactic acid 
in the human brain: mathematical models. Adv Exp Med Biol 159:1–4  

    11.    Bicher HI, Bruley DF, Knisely MH (1973) Anti-adhesive drugs and tissue oxygenation. Adv 
Exp Med Biol 37:657–667  

     12.    Stenfl o J (1976) A new vitamin K-dependent protein. J Biol Chem 251(2):355–363  
     13.    Mammen EF, Thomas WR, Seegers WH (1960) Activation of purifi ed prothrombin to autopro-

thrombin II (platelet cofactors II or autoprothrombin IIA). Thromb Diath Haemorrh 
5:218–249  

    14.    Marcianik E (1972) Inhibitor of human blood coagulation elicited by thrombin. J Lab Clin 
Med 79(6):924–934  

    15.    Seegers WH, Novoa E, Henry RL, Hassouna HI (1976) Relationship of “new” vitamin 
K-dependent protein C and “old” autoprothrombin II-a. Thromb Res 8(5):543–552  

    16.    Kisiel W (1979) Human plasma protein C: isolation, characterization and mechanism of acti-
vation by a thrombin. J Clin Invest 64(3):761–769  

      17.    Esmon CT (1989) The roles of protein C and thrombomodulin in the regulation of blood 
coagulation. J Biol Chem 264(9):4743–4746  

    18.    Fernlund P, Stenfl o J (1982) Amino acid sequence of the light chain of bovine protein C. J Biol 
Chem 257(20):12170–12179  

    19.    Kisiel W, Carnfi eld WM, Ericsson LH, Davie EW (1977) Anticoagulant properties of bovine 
plasma protein C following activation by thrombin. Biochemistry 16(26):5824–5831  

     20.    Clouse LH, Comp PC (1986) The regulation of hemostasis: the protein C system. N Engl J 
Med 314(20):1298–1304  

      21.    Bertina RM (1988) Protein C and related proteins: biochemical and clinical aspects. 
(Contemporary issues in haemostasis and thrombosis). Churchill Livingstone, New York  

    22.    Esmon CT (1990) Regulation of coagulation: the nature of the problem. In: Bruley DF, Drohan 
WN (eds) Protein C and related coagulants. Gulf, Houston, p 3  

    23.    Rapaport SI (1989) Inhibition of factor VIIa/tissue factor-induced blood coagulation: with 
particular emphasis upon a factor Xa-dependent inhibitory mechanism. Blood 73(2):359–365  

    24.    Rosenberg R, Marcum JA (1985) Heparin-like molecules and thrombotic disease. ASAIO J 
8:215  

40 Pancreaticoduodenectomy Using Perioperative Zymogen…



306

    25.    Zushi M, Gomi K, Yamamoto S, Maruyama I, Hayashi T, Suzuki K (1989) The last three 
consecutive epidermal growth factor-like structures of human thrombomodulin comprise the 
minimum functional domain for protein C-activating cofactor activity and anticoagulant activ-
ity. J Biol Chem 264(18):10351–10353  

    26.    Walker FJ, Sexton PW, Esmon CT (1979) The inhibition of blood coagulation by activated 
protein C through the selective inactivation of activated factor V. Biochim Biophys Acta 
571(2):333–342  

    27.    Fulcher CA, Gardiner JE, Griffi n JH, Zimmerman TS (1984) Proteolytic inactivation of human 
factor VIII procoagulant protein by activated human protein C and its analogy with factor V. 
Blood 63(2):486–489  

    28.    Colucci M, Stassen JM, Collen D (1984) Infl uence of protein C activation on blood coagula-
tion and fi brinolysis in squirrel monkey. J Clin Invest 74(1):200–204  

   29.    Comp P, Esmon CT (1981) Generation of fi brinolytic activity by infusion of activated protein 
C into dogs. J Clin Invest 68(5):1221–1228  

   30.    Gruber A, Griffi n JH, Harker LA, Hanson SR (1989) Inhibition of platelet-dependent throm-
bosis formation by human activated protein C in a primate model. Blood 73(3):639–642  

    31.    Okijima K, Koga S, Kaji M et al (1990) Effect of protein C and activated protein C on coagula-
tion and fi brinolysis on normal human subjects. Thromb Haemost 63(1):48–53  

    32.    Sharma GR, Gerlitz B, Berg DT et al (2008) Activated protein C modulates chemokine 
response and tissue injury in experimental sepsis. Adv Exp Med Biol 614:83–91  

    33.    Bruley DF, Drohan WN (1990) Protein C and related anticoagulants, Advances in applied bio-
technology series. Gulf Publishing Company (Portfolio Publishing Company, The Woodlands  

    34.   Winslow R (1995) Increased use of blood-thinning drugs could prevent 40,000 strokes a year. 
Wall St J  

    35.    Vukovich T, Auerger K, Weil J, Engelmann H, Knöbl P, Hadorn HB (1988) Replacement 
therapy for a homozygous protein C defi ciency-state using a concentrate of human protein C 
and S. Br J Haematol 70(4):435–440  

   36.    Dreyfus M, Magny JF, Bridey F et al (1991) Treatment of homologous protein C defi ciency 
and neonatal purpura fulminans with a purifi ed protein C concentrate. N Engl J Med 
325(22):1565–1568  

   37.    Manco-Johnson M, Nuss R (1992) Protein C concentrate prevents peripartum thrombosis. Am 
J Hematol 40(1):69–70  

    38.    Marlar RA, Montgomery RR, Broakman AW (1989) Diagnosis and treatment of homozygous 
protein C defi ciency. Report of the working party on homozygous protein C defi ciency of the 
subcommittee on protein C and protein S, international committee on thrombosis and haemo-
stasis. J Pediatr 114(4 Pt 1):528–534  

    39.   Harvard Health Letter (2009) The Whipple procedure: better outcomes for pancreatic cancer 
surgery.   www.health.harvard.edu     Apr 2009  

    40.    Whiple AO, Parsons WB, Mullins CR (1935) Treatment of carcinoma of the ampulla of vater. 
Ann Surg 102(4):763–779  

    41.   Streiff MB (2011) “In the Eye of a Thrombotic Storm”: management of congenital and 
acquired thrombophilia with multimodality anti-thrombotic therapy. ISOTT Meeting 2011, 
Georgetown University, Washington, DC  

    42.   Ganesh RS,Grinnell BW et al (2008) Activated protein C modulates chemokine response and 
tissue injury in experimental sepsis. Adv Exp Med Biol 614:83–92  

    43.    Wu H, Bruley DF, Kang KA (1998) Protein C separation from human blood plasma Cohn frac-
tion IV-1 using immobilized metal affi nity chromatography. Adv Exp Med Biol 454:697–704  

   44.    Wu H, Bruley DF (1999) Homologous blood protein separation using immobilized metal affi n-
ity chromatography: protein C separation from prothrombin with application to the separation 
of factor IX and prothrombin. Biotechnol Prog 15(5):928–931  

   45.    Wu H, Bruley DF (2002) Chelator, metal ion and buffer studies for protein C separation. Comp 
Biochem Physiol A Mol Integr Physiol 132(1):213–220  

    46.    Tadepalli SS, Bruley DF, Kang KA et al (1997) Immobilized metal affi nity chromatography 
process identifi cation and scale-up for protein C production. Adv Exp Med Biol 428:31–43  

D.F. Bruley et al.

http://www.health.harvard.edu/


307

    47.    Velander WH, Johnson JL, Page RL et al (1992) High-level expression of a heterologous 
protein in the milk of transgenic swine using the cDNA encoding human protein C. Proc Natl 
Acad Sci USA 89(24):12003–12007  

    48.    Drohan WH, Wilkins TD, Lattime E et al (1994) A scalable method for the purifi cation of 
recombinant human protein C from the milk of transgenic swine. In: Advance bioprocess 
engineering. Kluwer Academic Publishers, Dordrecht, pp 501–507  

    49.    Porath J (1992) Immobilized metal ion affi nity chromatography. Protein Expr Purif 
3(4):263–281  

   50.    Porath J, Carlsson J, Olsson I, Belfrage G (1975) Metal chelate affi nity chromatography, a new 
approach to protein fractionation. Nature 258(5536):598–599  

   51.    Andersson L (1991) Recognition of phosphate groups by immobilized aluminum (III) ions. 
J Chromatogr A 539(2):327–334  

   52.    Andersson L, Porath J (1986) Isolation of phosphoproteins by immobilized metal (Fe 3+ ) affi n-
ity chromatography. Anal Biochem 154(1):250–254  

   53.    Ramadan N, Porath J (1985) Fe3 + − hydroxamate as immobilized metal affi nity-adsorbent for 
protein chromatography. J Chromatogr 321(1):93–104  

   54.    Sulkowski E (1988) Immobilized metal ion affi nity of proteins on IDA-Fe3+. Makromol Chem 
Macromol Symp 17(1):335–348  

   55.    Wong JW, Albright RL, Wang NH (1991) Immobilized metal ion affi nity chromatography 
(IMAC) chemistry and bioseparations applications. Sep Purif Rev 20(1):49–106  

   56.    Winzerling JJ, Patrick B, Porath J (1992) How to use immobilized metal ion affi nity chromato-
graph. Methods 4(1):4–13  

   57.    Thiessen EE, Bruley DF (2003) Theoretical studies of IMAC interfacial phenomena for the 
purifi cation of protein C. Adv Exp Med Biol 540:183  

    58.    Lee J, Thiessen EE, Bruley DF (2005) Anticoagulant/anti-infl ammatory/antithrombotic 
protein C production-metal ion/protein interfacial interaction in immobilized metal affi nity 
chromatography. Adv Exp Med Biol 566:381–387    

40 Pancreaticoduodenectomy Using Perioperative Zymogen…



309S. Van Huffel et al. (eds.), Oxygen Transport to Tissue XXXV, Advances 
in Experimental Medicine and Biology 789, DOI 10.1007/978-1-4614-7411-1_41,
© Springer Science+Business Media New York 2013

    Abstract     The mechanisms underlying diabetic nephropathy are not fully 
 understood. However, recent research indicates mitochondria dysfunction as a con-
tributing factor. Mammalian target of rapamycin (mTOR) is a known regulator of 
mitochondria function and could therefore also be involved in the development of 
diabetic nephropathy. The present study investigates the role of mTOR for control-
ling the function of mitochondria isolated from normal and diabetic rat kidneys. 
Control and streptozotocin-induced diabetic rats were treated with the mTOR inhib-
itor rapamycin (0.2 mg/day) by oral gavage for 14 days, after which mitochondria 
function was investigated using high-resolution respirometry. Mitochondrial uncou-
pling was defi ned as increased oxygen usage unrelated to ATP production. mTOR 
inhibition induced mitochondria uncoupling in control rats, but did not affect the 
already occurring uncoupling in kidney mitochondria from diabetic animals. 
Inhibition of mTOR using rapamycin induces mitochondria uncoupling in control 
rats, suggesting a role of mTOR as a moderator of mitochondria effi ciency. No 
effect of mTOR inhibition was observed in mitochondria from diabetic animals, 
suggesting that there are other pathways in addition to the mTOR pathway regulat-
ing mitochondria function in diabetes. The functional signifi cance of the mTOR 
pathway in regulating mitochondria effi ciency warrants further attention.  

    Chapter 41   
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41.1         Introduction 

 Diabetic nephropathy is a common complication of diabetes mellitus and the  leading 
cause of end-stage renal disease [ 1 ], resulting in dialysis and/or kidney 
 transplantation. Despite considerable research, the molecular mechanisms behind 
the development of diabetic nephropathy are not yet fully understood. 

 Common clinical features in diabetic nephropathy are mesangial cell prolifera-
tion, glomerular hypertrophy, and thickening of the glomerular basement membrane 
[ 1 – 3 ], ultimately resulting in fi brosis and chronic renal failure [ 2 ]. However, it is 
known that early metabolic changes such as defi cient oxygen handling [ 4 ], dimin-
ished microcirculation [ 5 ], and altered mitochondria function [ 6 ] precede these 
structural changes. Furthermore, diabetic nephropathy is associated with increased 
oxidative stress causing reduced renal oxygen tension [ 4 ] and bioavailability of 
nitric oxide [ 7 ]. As the mitochondria are a major source of oxidative stress in the 
cell, changes in mitochondrial function may affect renal oxygenation and contribute 
to kidney tissue hypoxia, mechanisms that are strongly connected with development 
of diabetic nephropathy [ 8 ,  9 ]. 

 A known regulator of mitochondria function is the mammalian target of rapamy-
cin (mTOR) [ 10 ,  11 ], which is a highly conserved serine/threonine kinase control-
ling cell growth and proliferation. mTOR exists in two forms: mTOR complex 1 and 
2 (mTORC1, 2) when associated with the protein raptor or rictor, respectively. 
Activation of mTORC2 stimulates cytoskeletal reorganization and inhibits apopto-
sis [ 12 ]. mTORC1 interacts with the transcription factor yin-yang one through the 
peroxisome proliferator-activated receptor coactivator 1α (PGC-1α) and stimulates 
transcription of genes involved in mitochondria oxidative phosphorylation [ 11 ]. 
Furthermore, mTOR signaling is stimulated by nutrients, such as glucose and amino 
acids, leading to increased oxidative phosphorylation and increased mitochondrial 
oxygen consumption [ 13 ], and is therefore believed to play a role in the develop-
ment of diabetic nephropathy. Rapamycin, a specifi c mTOR inhibitor, is clinically 
used as an immunosuppressant to inhibit rejection following organ transplantation 
[ 1 – 3 ]. Its immunosuppressant action is mediated through inhibition of mTORC1, 
subsequently preventing the activation of T- and B-cells [ 14 ] but also preventing 
coactivation of PGC-1α and transcription of mitochondria oxidative genes [ 11 ], 
possibly affecting mitochondria function. 

 The present study investigates the role of mTOR for controlling the function of 
mitochondria isolated from normal and diabetic rat kidneys.  

41.2     Methods 

 All animal procedures were carried out according to National Institutes of Health 
guidelines and approved by the local animal ethics committee. All chemicals were 
from Sigma-Aldrich, St Louis, MO, unless otherwise stated. Statistical comparisons 
were performed using Student’s unpaired  t -test.  p  < 0.05 was considered signifi cant 
and all values are presented as mean ± SEM. 
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41.2.1     Diabetes Induction and Treatment with Rapamycin 

 Diabetes was induced in age-matched male Sprague–Dawley rats (Charles River, 
Sulzfeld, Germany) with streptozotocin (55 mg/kg bw, iv, tail vein). Blood glucose 
levels were determined 24 h after injection using a test regent strip (Abbott, 
Alameda, CA, USA) from blood samples obtained from a cut of the tip of the tail 
and considered diabetic if blood glucose levels increased above 15 mmol/L and 
remained elevated. Rapamycin (0.2 mg/day) was administered by oral gavage for 2 
weeks to the control and diabetic animals with corresponding control groups left 
untreated ( n  = 3–6/group).  

41.2.2     Mitochondrial Isolation and In Vitro Measurements 
of Oxygen Consumption 

 The rats were decapitated and the kidneys rapidly excised and placed in ice-cold 
buffer A (in mM: 250 sucrose, 10 HEPES, pH 7.4, 300 mOsm/kg H 2 O). The cortex 
was dissected on ice and homogenized in ice-cold buffer A with a Potter-Elvehjem 
homogenizer (approximately 600 rpm). The homogenate was centrifuged at 800 × g 
(4 °C, 10 min) and the supernatant centrifuged at 8000 × g (4 °C, 10 min). The 
resulting pellet was washed and dissolved in 200 μl buffer A. Oxygen consumption 
was measured using an Oxygraph-2 k (Oroboros Instruments, Innsbruck, Austria). 
Mitochondria were added to the chamber containing 2 ml of air-equilibrated buffer 
B (in mM: 70 sucrose, 220 mannitol, 5 MgCl 2 , 1 EGTA, 1 g/L BSA, 5KPO −  4,  10 
HEPES, pH 7.4, 300 mOsm/kg H 2 O) and 48 μM sodium palmitate, and the basal 
oxygen consumption recorded after which 10 mM glutamate was added to achieve 
state 4 respiration. Subsequently, 300 μM ADP was added to achieve the ADP- 
stimulated O 2  consumption (state 3 respiration) and the respiratory control ratio 
(RCR, an indication of mitochondria viability) calculated as state 3 over state 4 
respiration. Oxygen consumption unrelated to ATP synthesis was recorded after 
incubation with oligomycin (ATP synthase inhibitor, 12 μg/mg protein). The 
recorded oxygen consumption was corrected for protein concentration and expressed 
as pmol/min/mg protein.   

41.3     Results 

 Rapamycin administration resulted in elevated blood glucose levels and reduced 
body weight in control animals, but not in diabetic animals (Table  41.1 ). mTOR 
inhibition did not affect RCR in either control or diabetic animals (Fig.  41.1 ).

    Isolated mitochondria from treated controls had increased oxygen consumption 
after incubation with oligomycin compared to untreated controls (Fig.  41.2 ). 
However, oxygen consumption in treated diabetic animals remained unaffected 
(Fig.  41.2 ).
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   Table 41.1    Blood glucose 
levels and body weight of 
control and diabetic animals 
with or without treatment 
with rapamycin   

  Fig. 41.1    Respiratory control ratio in mitochondria isolated from kidneys of control ( left panel ) 
and diabetic ( right panel ) animals with or without chronic mTOR inhibition for 14 days       

  Fig. 41.2    Oxygen consumption after incubation with oligomycin in mitochondria isolated from 
kidneys of control ( left panel ) and diabetic ( right panel ) animals with or without chronic mTOR 
inhibition for 14 days       

 Group  Treatment 

 Blood glucose  Body weight 

 (mmol/L)  (g) 

 Control  –    5.0 ± 0.2  483 ± 6 
 Rapamycin  14.0 ± 1.0 *   422 ± 20 *  

 DM  –  25.5 ± 1.3  346 ± 20 
 Rapamycin  27.4 ± 0.2  319 ± 17 

  *Denotes  p  < 0.05 compared to untreated controls  
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41.4        Discussion 

 In the present study, mTOR inhibition in control animals resulted in increased 
 mitochondria oxygen consumption during oligomycin incubation, demonstrating 
mitochondria uncoupling, i.e., decreased effi ciency of the mitochondria. Mitochondria 
uncoupling is the process of protons being transported across the mitochondria 
inner membrane without resulting in the production of ATP. However, mitochon-
drial uncoupling results in decreased mitochondria membrane potential, which may 
have benefi cial effects by reducing the production of reactive oxygen species. This 
is accomplished at the expense of increased mitochondrial oxygen consumption to 
sustain suffi cient cellular ATP levels. There are several different proteins that can 
cause mitochondrial uncoupling, including uncoupling protein (UCP)-1–5 and the 
adenine nucleotide translocator (ANT) [ 6 ,  15 ,  16 ]. Interestingly, UCP-2 protein 
expression is elevated and activity increased in mitochondria from diabetic kidneys, 
which has been shown to result in increased mitochondrial oxygen usage [ 6 ,  17 ]. 

 One limitation of the protocol used in this study is that rapamycin administration 
to the control animals caused hyperglycemia. Hyperglycemia is a registered side 
effect of rapamycin and has been reported in patients as dose-dependent [ 18 ,  19 ]. It 
cannot be ruled out that this contributed to the reported fi ndings. 

 Interestingly, no effect of mTOR inhibition was observed in mitochondria from 
diabetic rats, suggesting that there are other pathways in addition to the mTOR 
pathway regulating mitochondria function in diabetic kidneys. One mechanism 
known in the diabetic kidney is the regulation by oxidative stress of UCP-2, result-
ing in mitochondria uncoupling [ 6 ,  17 ]. 

 In conclusion, inhibition of mTOR results in uncoupling of mitochondria iso-
lated from control kidneys but not in mitochondria from diabetic kidneys. The dif-
ferent effects of mTOR inhibition in control and diabetic animals are interesting and 
will be investigated in further studies. Additionally, to solidify a role of the mTOR 
pathway in regulating mitochondrial uncoupling and the development of diabetic 
nephropathy, a lower dose of rapamycin, which does not cause hyperglycemia in 
control animals, is needed.     
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Abstract Inhaling or ingesting hydrogen (H2) gas improves oxidative stress- induced 
damage in animal models and humans. We previously reported that H2 was con-
sumed throughout the human body after the ingestion of H2-rich water and that the 
H2 consumption rate (VH2

) was 1.0 μmol/min/m2 body surface area. To confirm this 
result, we evaluated VH2

during the inhalation of low levels of H2 gas. After measur-
ing the baseline levels of exhaled H2 during room air breathing via a one-way valve 
and a mouthpiece, the subject breathed low levels (160 ppm) of H2 gas mixed with 
purified artificial air. The H2 levels of their inspired and expired breath were mea-
sured by gas chromatography using a semiconductor sensor. VH2

 was calculated 
using a ventilation equation derived from the inspired and expired concentrations of 
O2/CO2/H2, and the expired minute ventilation volume, which was measured with a 
respiromonitor. As a result, VH2

 was found to be approximately 0.7 μmol/min/m2BSA, 
which was compatible with the findings we obtained using H2-rich water. VH2

 varied 
markedly when pretreatment fasting to reduce colonic fermentation was not 
employed, i.e., when the subject’s baseline breath hydrogen level was 10 ppm or 
greater. Our H2 inhalation method might be useful for the noninvasive monitoring of 
hydroxyl radical production in the human body.
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42.1  Introduction

Hydroxyl radicals (OH) among reactive oxygen species (ROS) are highly reactive 
and deleterious on biological systems. Therefore, the estimation of oxygen radical 
production is clinically important because oxygen radicals are closely associated 
with numerous diseases such as reperfusion injury, metabolic syndrome, and isch-
emic heart disease. Because OH radicals are short-lived in the body, numerous stud-
ies have focused on the development of analytical methods for assaying their 
reaction end products. However, very few reports have estimated the in vivo produc-
tion rate of ROS in the human body [1].

On the other hand, it has been reported that inhaling or ingesting hydrogen (H2) 
gas improves oxidative stress-induced damage in the brain [2], heart [3], liver [4], 
and other organs [5]. Several lines of evidence suggest that among ROS, exogenous 
H2 is selectively trapped by OH, although the reaction mechanism remains unclear. 
These reports suggest that exogenous H2 binds to oxygen radicals. In fact, Ohsawa 
et al. [1] demonstrated an arterial-venous H2 concentration difference during the 
inhalation of H2 in rats and suggested that the H2 had been incorporated into tissues.

However, very few studies have reported direct evidence as to whether exoge-
nous H2 is consumed in the human body. We previously hypothesized that the H2 
consumption observed after the ingestion of H2-rich water might be associated with 
oxygen radical production in the human body. Therefore, we examined H2 con-
sumption after the ingestion of H2-rich water and reported that 59 % of the H2 mol-
ecules were exhaled and 38 % or less were consumed in the human body; thus, the 
H2 consumption rate was determined to be 1.0 μmol/min/m2 body surface area [6].

To confirm our previous result and reduce the time required to assess subjects’ 
H2 consumption rates, the present study evaluated H2 consumption during the inha-
lation of low levels of H2 gas.

42.2  Methods

42.2.1  Subject and Experimental Setup

A 55-year-old adult volunteer participated in this study. For 7 of the 11 experiments, 
the subject refrained from consuming food, supplements, and drugs for at least 15 h 
before the experiments in order to decrease colonic fermentation. The subject was 
allowed to drink water during this period. The remaining four experiments were 
performed after lunch.

After measuring their baseline levels of exhaled H2 (baseline FEH2
) during room 

air breathing via a one-way valve and mouthpiece, the subject breathed low levels 
(140–180 ppm) of H2 gas mixed with purified artificial air.

On the experimental day, the subject rested in a sitting position, wore a nose clip 
and mouthpiece, and breathed room air for 6 min in order to allow us to measure the 
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baseline FEH2
 for 6 min and then breathed low levels of H2 gas mixed with artificial 

air. The expiratory minute volume was continuously measured using a respiromoni-
tor (RS330, Minato Medical Science Co., Ltd., Osaka, Japan). Every 2 min, exhaled 
breath was collected for 30 s in a Douglas bag, and a breath sample was immedi-
ately transferred to a gas-tight glass syringe so that H2 analysis could be performed 
using a biogas analyzer (TRIlyzer 3000, Taiyo Ltd, Osaka, Japan). Prior to the pres-
ent experiment, we confirmed that there was no significant loss of H2 from the sub-
ject’s respiratory circuit.

42.2.2  Calculations

When colonic fermentation is reduced by overnight starvation, it can be assumed 
that the baseline FEH2

 remains constant during H2 inhalation. Therefore, the H2 
consumption rate (VH2

) is determined as follows:

 
V V F V F Baseline FH I IH E EH EH2 2 2 2

= - -( )
 

(42.1)

where VI and VE denote the inspired and expired minute ventilation volumes, 
respectively. All volumes were measured under standard pressure, temperature, and 
dry conditions. The fractional H2 concentrations of inspired and expired breath are 
expressed as FIH2

 and FEH2
, respectively. The abbreviations used for the other 

parameters are listed in Table 42.1. The ventilation equation for inert gases was as 
follows:
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Substituting VI from Eq. 42.1 into Eq. 42.2 gives Eq. 42.3 for VH2
 as follows:
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Therefore, VH2
 can be easily calculated by measuring baseline FEH2

, FIH2
, FIO2

, 
FICO2

, FEH2
, FEO2

, FECO2
, VI  and VE .

Table 42.1 Parameter abbreviations

Baseline FEH2
Fractional concentration of breath H2 during room air breathing

F F FIH IO ICO2 2 2
, , Fractional concentrations of inhaled H2, O2, and CO2 during H2 inhalation

F F FEH EO ECO2 2 2
, , Fractional concentrations of exhaled H2, O2, and CO2 during H2 inhalation

VI Inspired minute volume during H2 inhalation
VE Expired minute volume during H2 inhalation
VH2

H2 consumption during H2 inhalation
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42.3  Results

When colonic fermentation was reduced by overnight starvation, i.e., when the subject’s 
baseline FEH2

 was <10 ppm, the H2 concentration of their inspired breath ( FIH2
) was 

164.4 ± 13.7 ppm, and after the inhalation of H2 gas, the concentration of exhaled H2 
( FEH2

) increased to a similar level (164.8 ± 12.2 ppm) within 4–6 min. However, as 
shown in Table 42.2, the subject’s H2 consumption rate (VH2

) was calculated to be 
0.71 ± 0.47 μmol/min/m2 body surface area or 16.3 ± 10.8 nmol/min/kg body weight, 
which agreed well with the results we previously obtained using hydrogen-rich water.

In the other four trials, which were not preceded by starvation, when the subject 
did not maintain their baseline FEH2

 below 10 ppm, VH2
 varied more than when the 

baseline FEH2
 level was < 10 ppm, as shown in Fig. 42.1.

42.4  Discussion

The present study confirmed that H2 was consumed in the human body during the 
inhalation of low levels of H2 gas. VH2

 varied markedly when the baseline FEH2
 

level was 10 ppm or greater; however, when the baseline FEH2
 level was reduced to 

<10 ppm by overnight starvation, the mean VH2
 rate was compatible with previous 

results obtained with H2- rich water.
H2 molecules are not involved in metabolic pathways in the human body, except 

those that occur in the bacterial flora in the colon. We previously reported that pre-
treatment with antibiotics did not affect VH2

 [6]. Furthermore, we observed that H2 
loss from the skin surface was negligible and that the administration of vitamin C 
decreased VH2

 after the ingestion of H2-rich water in a dose-dependent manner [6]. 
Thus, we confirmed that H2 was consumed after the ingestion of H2 water. The pres-
ent study detected a similar VH2

 during H2 inhalation. It has been reported that H2 
is a weak but selective scavenger of hydroxyl radicals. Therefore, these pieces of 
evidence lead us to speculate that exogenous H2 binds to OH radical and that VH2

 
reflects the OH production rate in the human body, at least to some extent.

Physicochemical studies have reported the temperature dependence of rate constants 
in the reaction of H2 + OH → H + H2O from 250 to 1,050 K [7, 8]. The experimental 
activation energy is 4.0 kcal/mol for this reaction [9], suggesting that the reaction 
proceeds even at room temperature (298 K), although the reaction rate is slow. It is 
likely that the H2 + OH → H + H2O reaction could take place in the mitochondrial 
temperature and be accelerated due to its special biological properties. However, the 
detailed reaction mechanism in living cells remains unclear. Thus, further basic 
studies are needed to elucidate these reactions.

In Eq. 42.1, it is assumed that the baseline FEH2
 was constant at lower levels, i.e., 

after colonic fermentation had been decreased by food intake restriction prior to the 
experiment. As shown in Fig. 42.1, when the baseline FEH2

 was 10 ppm or higher, 
VH2

 varied markedly. This variability seemed to depend upon the change in breath 
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H2 induced by abdominal fermentation during the measurement period. It is well 
recognized that a higher concentration of breath H2 is caused by the acceleration of 
colonic fermentation accompanied by increased contraction of the colon, the pres-
ence of undigested food in the colon, and the resultant changes in internal pressure 
[10]. Therefore, we consider that the present method should be used in reduced 
colonic fermentation conditions, i.e., in clinical settings involving surgery, intensive 
care, or health screening. Further refinement is needed to ameliorate the inconve-
nience of this method, as is clinical evidence that indicates that VH2

 reflects ROS 
production throughout the whole body.

The present method took 10–20 min to complete, which is significantly shorter 
than the VH2

 measurement time in our H2-rich water method (more than 60 min). 
As there is no current method for directly measuring whole body OH production, 
the present method could be used for real-time monitoring as an indirect index that 
reflects the OH production rate in the whole human body. Further studies are needed 
to clarify the clinical significance of our VH2

 measurement method.

42.5  Conclusion

We have developed a new method for estimating H2 consumption in the whole 
human body involving the inhalation of low levels of H2 gas. Repeated measure-
ments indicated that the H2 consumption rate was approximately 0.7 μmol/min/
m2BSA, which was compatible with that obtained using H2-rich water. Hydrogen 
consumption might be closely associated with oxygen radical production in the 
human body.

Fig. 42.1 Left: Changes in the exhaled hydrogen concentration during the breathing of room air 
and low levels of hydrogen gas (see Table 42.1 for an explanation of the abbreviations). Right: 
Relationship between hydrogen consumption ( VH2

) and baseline breath hydrogen ( FEH2
) levels

A. Shimouchi et al.
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    Abstract     The coupling of upstream oxidative processes (glycolysis, beta- oxidation, 
CAC turnover) to mitochondrial oxidative phosphorylation (OXPHOS) under the 
driving conditions of energy demand by the cell results in the liberation of free 
energy as ATP. Perturbations in glycolytic CAC or OXPHOS can result in pathology 
or cell death. To better understand whole body energy expenditure during chronic 
ketosis, we used a diet-induced rat model of ketosis to determine if high-fat- 
carbohydrate- restricted “ketogenic” diet results in changes in total energy expendi-
ture (TEE). Consistent with previous reports of increased energy expenditure in 
mice, we hypothesized that rats fed ketogenic diet for 3 weeks would result in 
increased resting energy expenditure due to alterations in metabolism associated 
with a “switch” in energy substrate from glucose to ketone bodies. The rationale is 
ketone bodies are a more effi cient fuel than glucose. Indirect calorimetric analysis 
revealed a moderate increase in VO 2  and decreased VCO 2  and heat with ketosis. 
These results suggest ketosis induces a moderate uncoupling state and less oxidative 
effi ciency compared to glucose oxidation.  
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43.1         Introduction 

 Our complete understanding of the regulation and coupling of glucose consumption 
to oxidative metabolism is essential to discerning the pathophysiology of many 
mitochondrial-related diseases. Normal metabolism involves the ability of the 
organism to adapt to variations in fed and fasting conditions, as well as changes in 
hormonal control. Abnormal metabolism often involves nutritional and enzymatic 
defi ciencies resulting in “metabolic-related” diseases. All mammalian cells con-
sume glucose as an oxidative substrate through glycolysis by producing pyruvate 
(or lactate). Under aerobic conditions, the entry of pyruvate into the citric acid cycle 
(CAC) results in its complete oxidation to CO 2  and H 2 O. 

 Although glucose is the major metabolic fuel, alternate energy substrates such 
as ketone bodies, can serve as effi cient metabolic fuel sources for most organs 
(except liver). Ketone bodies are produced as a result of hepatic fatty acid oxida-
tion (via beta-oxidation) during conditions of glucose sparing. The ability of the 
liver to generate ketone bodies as a supplemental or alternative fuel for other 
organs is especially important under certain nutritional conditions, such as with 
fasting, starvation, feeding of a ketogenic diet (high fat, carbohydrate restricted) 
and development. The use of ketogenic diets in the human population continues 
to receive attention due to its neuroprotective benefi ts [ 1 ], especially in children 
and adolescents with epilepsy [ 2 ]. Evidence for the mechanisms of the ketogenic 
diet continues to be explored in animal models. While it is documented in humans 
and rodents that the ketogenic diet results in loss of overall body weight, what 
remains unclear is its effect on energy expenditure in relation to total body mass 
and lean body mass. Studies in mice have reported that following the ketogenic 
diet, mice had higher energy expenditure compared to counterparts fed the stan-
dard chow control diet [ 3 ,  4 ]. Conversely, when the ketogenic diet was fed to 
obese humans, the result was a decrease in energy expenditure following a signifi -
cant decrease in weight [ 5 ]. 

 We sought to determine if there is an increase in energy expenditure in a rat 
model of ketosis as previously observed in mice. VO 2 , VCO 2 , and heat (energy 
expenditure) were measured over 22 h (light-dark cycle) in rats fed standard (STD) 
or ketogenic (KG) diets following a 3-week dietary regime.  

43.2     Methods 

 The experimental protocol employed by this study was approved by the Institutional 
Animal Care and Use Committee (IACUC) at Case Western Reserve University. 

A. Prince et al.



325

43.2.1     Animals and Diet Regime 

 Male Wistar rats (~ 28 days old; 150 ± 10 g) were purchased from Charles River 
Laboratories International, Inc. After 1 week of acclimation to the CWRU animal 
facility climate, rats were fasted overnight to initiate ketosis and then placed on 
either STD ( n  = 4) or KG ( n  = 4) diets (STD Teklab 8664; KG no. D12369b, Research 
Diets, New Brunswick, NJ, USA). Ketosis was confi rmed via ketone body analysis 
(BHB) with tail blood sample and ketone meter. The macronutrient composition of 
the diets (% kcal), STD versus KG, are as follows: 27.5 versus 89.5 fat, 52.6 versus 
0.1 carbohydrate, and 20.0 versus 10.4 protein.  

43.2.2     Energy Expenditure and Body Composition 
Measurements 

 Indirect calorimetry was performed using the Oxymax system (Columbus 
Instruments’ Comprehensive Lab Animal Monitoring System (CLAMS), Columbus, 
OH). VO 2 , VCO 2 , heat (energy expenditure), and the respiratory quotient (RQ) were 
determined. All measurements were taken without fasting; animals had free access 
to food and water. The experiments ran over 22 h, from approximately 12 p.m. to 
10 a.m. (12-h dark cycle, 6 p.m. to 6 a.m.). Fat-free mass was estimated in each 
animal using dilution analysis; deuterium-labeled water was injected into the peri-
toneal cavity, and the dilution was determined by mass spectrometry analysis of the 
total body water ( 2 H 2 O) assayed from a small blood sample [ 6 ].  

43.2.3     Statistical Analysis 

 Data are expressed as mean ± SD. Results were assessed using two-tailed unpaired 
Student’s  t -test. Signifi cance was defi ned as  P  < 0.05.   

43.3     Results 

43.3.1     Physiological Variables 

 The number of days rats were on the diet prior to the experiment and corresponding 
changes in body weight and composition are shown in Table  43.1 . The average 
weight of the KG-fed rats trended lower than the STD diet group.

43 Oxidative Metabolism: Glucose Versus Ketones
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43.3.2        Energy Expenditure Using Indirect Calorimetry 

 Rats on the KG diet had signifi cantly higher levels of oxygen consumption (VO 2 ) 
and lower levels of carbon dioxide production (VCO 2 ) compared to the STD diet 
when normalized to kg body weight, Fig.  43.1a . A similar response was observed 
when data were normalized per animal (data not shown). As expected, the respira-
tory quotient during the light-dark cycles were lower in the KG diet group (KG, 
RQ = 0.71 vs. STD, RQ = 0.94;  P  < 0.05) which was consistent with increased fat 
oxidation compared to carbohydrate oxidation, Fig.  43.1b .

43.4         Discussion 

 In this study, 3 weeks of feeding the ketogenic diet resulted in decreased total body 
energy expenditure with increased fat oxidation. The change in energy expenditure 
is most likely not refl ective of decrease in body mass. Kennedy et al. [ 4 ] described 
comparable body weights in both ketogenic and calorie-restricted mice despite dif-
ferences in calories consumed. However, evaluation of 24-h heat production using 
the CLAMS apparatus confi rmed that ketogenic-diet-fed animals had 11 % higher 
energy expenditure than the STD mice (kcal/h). Another study in human adoles-
cents found no signifi cant changes in resting energy expenditure [ 2 ]. 

 Our fi ndings of increased VO 2  and decreased VCO 2  suggest a slight uncoupling 
of oxygen consumption to ATP production (as measured by decreased energy 
expenditure). This is consistent with increased uncoupling protein activity and KG 
diet regime [ 7 ,  8 ], through the activation of mitochondrial uncoupling proteins. In 
summary, our preliminary results of a 3-week feeding of a KG diet in rats suggest 
ketosis induces an overall decrease in energy expenditure which we postulate may 
be linked to increased uncoupling protein activity. This response could be advanta-
geous towards reducing reactive oxygen species during oxidative stress conditions, 
such as with stroke. However, the effects of diet-induced ketosis on individual organ 
systems, such as brain and liver, continue to be explored [ 9 ,  10 ].     

   Table 43.1    Physiological variables   

 Standard diet (STD)  Ketogenic diet (KG) 

  Weight (g)   365.9 ± 26  331.0 ± 30 
  Δ weight (g)   165.2 ± 12  145. 0 ± 13 
  Fat-free mass (%)   a    61.4 ± 2.0  60.3 ± 2.7 
  Lean body mass (g)   a    224.5 ± 1.2  199.6 ± 0.9 
  Age (days)   74.0  72.3 
  Length of time on diet (days)   23.5  21.3 

  Δ Change in weights after 3 weeks of feeding diets compared to day 1 
  a Fat-free and lean body mass was estimated using the deuterated water-dilution 
method [ 6 ]  

A. Prince et al.
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  Fig. 43.1    Indirect calorimetry was assessed by measurements of VO 2 , VCO 2  (ml/kg/h) (panel  a ) ,  
heat (kcal/kg/h), and respiratory quotient (RQ) (panel  b ). Values are mean ± SE; * indicates signifi -
cant difference ( P  < 0.05) compared to STD diet group       
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Abstract We describe the extension of a computational model of blood flow and 
metabolism in the piglet brain to investigate changes in neonatal intracellular brain 
pH during hypoxia-ischemia (HI). The model is able to simulate near-infrared spec-
troscopy (NIRS) and magnetic resonance spectroscopy (MRS) measurements 
obtained from HI experiments conducted in piglets. We adopt a method of using 
31P-MRS data to estimate of intracellular pH and compare measured pH and 
 oxygenation with their modelled counterparts. We show that both NIRS and MRS 
measurements are predicted well in the new version of the model.

44.1  Introduction

Experimental studies have shown a shift in brain pH following hypoxia-ischemia 
(HI) – the deprivation of oxygen supply [1]. HI is a major cause of perinatal brain 
injury [2]. Modest changes in pH can result in alterations to protein structures and 
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therefore affect the function of membrane channels and enzymes crucial to many 
vital cellular functions.

Piglets are often used as models of human neonates in experimental studies 
involving anoxic and/or hypoxic and ischaemic insults. In order to investigate HI 
and to better understand the results from these experiments, we have built a compu-
tational model of blood flow and metabolism in the neonatal piglet brain (BrainPiglet) 
[2]. This model is an adaptation and extension of an earlier model of the adult 
human brain [3]. The model is used to simulate near-infrared spectroscopy (NIRS) 
and magnetic resonance spectroscopy (MRS) data – two non-invasive methods used 
to monitor brain tissue oxygenation, haemodynamics and metabolism during HI 
experiments. We have recently extended the model further, by simulating carotid 
artery occlusion [4] and intracellular brain pH (BrainPiglet v2). In this chapter, we 
(i) describe the main dynamics of intracellular H+ ions incorporated in order to 
model pH, (ii) explain the methods used to obtain an estimate of brain pH from 
31P- MRS measurements and (iii) validate the model by comparing pH data from HI 
experiments in piglets with model-simulated pH.

44.2  Experimental Methods and Protocol

All experiments were done under UK Home Office Guidelines (Animals [Scientific 
Procedures] Act, 1986) and were approved by the Institute of Neurology, University 
College London. In this study, 1-day-old piglets were ventilated and anaesthetised. 
Inflatable occluders were surgically placed around the carotid arteries, and arterial 
partial pressures of oxygen and carbon dioxide, blood glucose and heart rate were 
maintained at a normal level. Baseline MRS and NIRS were first acquired before 
transient HI was induced for ~1 h, by inflating the occluders and reducing fractional 
inspired oxygen (FiO2) to 12 % (normal value 21 %). The occluders were released 
10–20 min after β-NTP (a correlate of ATP) had reduced by ~70 %, and FiO2 was 
subsequently increased to normalise blood saturation. 31P-MRS and broadband 
NIRS were acquired every 1 min during the baseline period, during HI and for a 
further ~2 h to monitor recovery from HI [5]. This study is ongoing. As of August 
2012, data were obtained from 22 piglets.

NIRS measures changes in the concentrations of oxy- and deoxy-haemoglobin in 
blood (HbO2, HHb). Variations in cerebral blood volume are marked by changes in 
total (oxy- and deoxy-) haemoglobin concentration. We use MRS (either proton 
(1H) or phosphorus (31P)) to observe variations in by-products of cellular metabolism 
such as inorganic phosphate (Pi), phosphocreatine (PCr), adenosine triphosphate 
(ATP) and lactate (a marker of anaerobic metabolism). More specifically, we 
employed 31P-MRS to estimate intracellular pH via the chemical shifts of Pi, phos-
phoethanolamine (PEt) and ATP (pHPi, pHPEt and pHATP respectively). We have used 
the following titration curves for pHPi and pHPEt [5]:

T. Hapuarachchi et al.



333

 
pH pHpi

p

p
PEt

PE1

1

= +
−
−









 = +6 77

3 29

5 68
5 62510 10. log

.

.
, . log

δ
δ

δ tt

PEt

−
−







3 190

6 946

.

. δ  
(44.1)

where δPi is the chemical shift difference between PCr resonance and an amplitude 
weighted mean of the Pi resonances [5]. PEt has been observed to be a major com-
ponent of the phosphomonoester (PME) peak, and hence, δPEt is calculated as the 
chemical shift in PME relative to PCr [5]. Consequently, the mean of pHPi and pHPEt 
was adopted as the overall pHPi − PEt measurement. We used the MAGPAC programme 
(magnesium and pH from ATP calculation [5]) to calculate pHATP from the chemical 
shifts of α-NTP, β-NTP and γ-NTP. In addition, we continuously record systemic 
variables such as arterial blood pressure (Pa), arterial oxygen saturation (SaO2), 
breathing rate and heart rate.

44.3  Model

We have developed a mathematical model of blood flow and metabolism, placing 
emphasis on the physiology of the brain. It consists of a set of algebraic relations and 
differential equations, describing cerebral blood flow and oxygenation and oxygen 
and energy metabolism on a cellular level. This system of equations incorporates 
~100 parameters and ~25 variables. Pa, SaO2 and arterial carbon dioxide (PaCO2) are, 
where available, used as inputs. The model is then able to simulate changes in NIRS-
measured HbO2 and HHb and MRS-measured Pi, PCr and ATP. It also models changes 
in the cerebral metabolic rate of oxygen consumption (CMRO2) and lactate. Blood 
flow is modelled as three compartments – arteries and arterioles, capillaries and veins 
– with varying conductances and radii. We recently added an extra compartment to 
represent the supply of blood into the arteries [4]. By varying the radius of this new 
compartment, we can simulate the carotid artery occlusion that results in ischemia. In 
order to simulate pH in our model, we altered eight reactions as detailed in Table 44.1, 
to represent the main dynamics of H+ions. Changes are shown in bold. Mitochondrial 
and cytoplasmic protons are modelled separately as Hm and Hcyt. Similarly, we also 
differentiated between cytoplasmic and mitochondrial NAD and NADH concentra-
tions. p1, p2 and p3 represent the number of protons pumped in each reaction, a3r the 
concentration of reduced cytochrome a3 and CuA,o the concentration of oxidised cyto-
chrome-c-oxidase. Cr represents creatine, gluc glucose, Lac lactate, and Py Pyruvate.

For simplicity, we have kept the total concentrations of cytochrome and NAD at 
either oxidised or reduced state constant. Therefore, only one oxidisation state is 
included in the model equations above. We have not modelled the conversion of 
flavin adenine dinucleotide (FAD) in the TCA cycle, which utilises mitochondrial 
protons. To compensate, we incorporated 5/3 Hm to the left hand side of the 
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oxidative phosphorylation equation (Table 44.1 (i)). On the right hand side of the 
equation, an additional four protons are pumped into the cytoplasm by complex II. 
The rate of reaction for glycolysis (Table 44.1 (iv)) was also altered to account for 
the new reactants. Similar to the mitochondrial proton buffer in the previous model 
[2], we have added a simple proton buffer in the cytoplasm. Furthermore, we intro-
duced the malate-aspartate shuttle, which transports electrons produced by glycoly-
sis in the cytoplasm across the NADH-impermeable mitochondrial membrane to be 
used in oxidative phosphorylation. During this enzyme-driven process, NADH in 
the cytoplasm is oxidised to NAD, while NAD in the mitochondrial matrix is 
reduced to NADH. We simplified this system and modelled it as a mass action reac-
tion (44.2). The rates for the forward and backward reactions are k_MAshut and 
k_nMAshut, respectively (Eqs. 44.4 and 44.3). Table 44.2 lists the new parameters 
that have been added to the model, as necessitated by the changes above.

 
H NAD NAD Hcyt cyt m+ → +

 
(44.2)

 
k nMAshut

k MAshutNADH

Keq MAshutNADHcyt
−

−

−

=
 

(44.3)

Table 44.2 New parameters and their values

Parameter Description Value Source

Km_glucNN Km for NAD in the caricature of glycolysis 1.0 [3]
Keq_MAshut Equilibrium constant for the malate-aspartate shuttle 10.0 [3]
NADcytn Normal concentration of NAD in the cytoplasm 359 [6]
NADHcytn Normal concentration of NADH in the cytoplasm 50 [6]

Table 44.1 Mitochondrial and cytoplasmic reactions modified to simulate intracellular pH

Mitochondria Cytoplasm

(i) Oxidative phosphorylation

2 1
5

3

2 1 4

Cu p H

NAD p H

A o m

cyt

′ + +





→ + +( )
P H Cu a r p Hm A o cyt2 24 4 3→ + +′

o Cu p HA o m2 24+ + →′

(iv) Glycolysis

2 2 2

2 2 4

ADP P gluc NAD

ATP Py H

i cyt

cyt

+ + +

→ + +

(ii) Tricarboxylic acid cycle

py NAD H Hcyt m+ + →5 4
(v) PCr to ATP conversion: 

PCr ADP H ATP Crcyt+ + → +

(iii)  Protons reenter mitochondria (via leak  
and complex V): H Hcyt m→

(vi) Pyruvate to lactate conversion

py H Lac NADcyt cyt+ → +
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44.4  Results

The steady-state output of the model for cerebral blood flow (CBF) and cytoplasmic 
and mitochondrial pH with increasing SaO2 are illustrated in Fig. 44.1. Normal 
average brain pH is ~7 [1]. Pa and SaO2 data from the piglet experiments were used 
as inputs into the model. PaCO2 was not recorded in this instance; however, as the 
piglets were ventilated with controlled CO2 concentrations, we have assumed PaCO2 
remains constant at 40 mmHg. Due to space constraints, we present in Fig. 44.2 
results from only one piglet (LWP180). We used the Morris method to determine 
the most influential parameters and the SciPy Powell method to detect the optimum 
values of these parameters to achieve a good fit [7]. Consequently, we increased the 
values of three parameters in our model; the normal total haemoglobin concentra-
tion (Xtot_n) was increased from 5.40 to 6.298 mM, the concentration of cyto-
chrome c oxidase (CCO) in tissue (cytox_tot_tis) from 0.0022 to 0.004257 and the 
normal oxidised fraction of CuA (a_frac_n) from 0.67 to 0.75. Other piglets show 
similar results.

44.5  Discussion

The BrainPiglet model has been extended to simulate the biochemistry affecting 
intracellular brain pH and shown to successfully predict 31P-MRS pH measurements 
in addition to other metabolic changes. The steady-state simulations (Fig. 44.1) may 

Fig. 44.1 Steady-state model simulations of (a) cerebral blood flow (CBF) and (b) pH against 
arterial oxygen saturation (SaO2)
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be used to validate the behaviour of the model. In Fig. 44.1a, the model replicates a 
common relationship between CBF and SaO2, similar to results published earlier 
[2]. The drop in pHPi − PEt seen in Fig. 44.1b is indicative of acidosis brought about by 
a deprivation of oxygen. We have shown successful simulations of metabolic and 
pH changes in the neonatal brain of one piglet during HI (Fig. 44.2). For a good fit 
of modelled to measured HbO2 and HHb three parameters were optimised – the 
total concentration of haemoglobin in the blood, CCO and the fraction of blood 
flowing through the carotid arteries were slightly increased. This implies there is a 
higher concentration of oxygen supplied to the cell than previously modelled. Such 
biological parameters may also vary from one individual to another and so can be 
altered to suit each individual patient. We must note that the comparison of mea-
sured and simulated pH is not as straightforward. Although we specifically model 
intracellular cytoplasmic and mitochondrial pH, 31P-MRS provides an average esti-
mate of brain pH in a select area comprised of blood, tissue and various cells. It is 
not yet possible to clearly distinguish between the different components with this 
technique of measurement. It may have been anticipated that the modelled cytoplas-
mic pH fits well with the measured pHPi − PEt data, as Pi is said to concentrate in the 
cytoplasm. We also observe in our pHATP measurement, albeit noisy, an alkaline rise 

Fig. 44.2 Measured arterial oxygen saturation (SaO2, a) and blood pressure (Pa, b) used as inputs 
to the model; NIRS and MRS measurements (solid line) from one piglet (LWP180) compared with 
modelled results (dashed and dotted lines) (c–e); simulated ATP (f). pHATP in (e) calculated from 
MRS measurements of α-NTP, β-NTP and γ-NTP
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which is concurrent with the modelled mitochondrial pH during HI. These changes 
occur in tandem with a drop in proton motive force across the mitochondrial mem-
brane – less cytoplasmic protons flow back into the mitochondria, rendering the 
cytoplasm more acidic.

There are a number of limitations to our model. The oxygen-haemoglobin 
 dissociation curve determines the binding affinity of haemoglobin to oxygen, acting 
as a biological buffer. However, this rate varies with changes in blood pH; we hope 
to model this concept in future. In addition, there is possibly a greater variation in 
pH throughout the brain than that observed in the measurements.

We have effectively modified our model of neonatal brain metabolism and circu-
lation to simulate brain pH. By investigating further, we hope to gain a better under-
standing of physiological processes during oxygen deprivation. In due course, we 
aim to adapt the model to the human neonatal brain.
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Abstract We have developed a computational model to simulate hypoxia- ischaemia 
(HI) in the neonatal piglet brain. It has been extended from a previous model by add-
ing the simulation of carotid artery occlusion and including pH changes in the cyto-
plasm. Here, simulations from the model are compared with near-infrared spectroscopy 
(NIRS) and phosphorus magnetic resonance spectroscopy (MRS) measurements from 
two piglets during HI and short-term recovery. One of these piglets showed incom-
plete recovery after HI, and this is modelled by considering some of the cells to be 
dead. This is consistent with the results from MRS and the redox state of cytochrome-
c-oxidase as measured by NIRS. However, the simulations do not match the NIRS 
haemoglobin measurements. The model therefore predicts that further physiological 
changes must also be taking place if the hypothesis of dead cells is correct.
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45.1  Introduction

Hypoxia-ischaemia (HI) is a major cause of brain damage in neonates. Piglets are 
often used as models to investigate the processes occurring during HI and to test 
treatments. We have previously developed a computational model to simulate oxygen 
deprivation in the neonatal piglet brain [1]. This model has been extended to allow 
simulations of HI induced by carotid artery occlusion. We are able to use the model to 
compare with data from near-infrared spectroscopy (NIRS) and magnetic resonance 
spectroscopy (MRS). These two non-invasive modalities have been used simultane-
ously to monitor newborn piglets subjected to HI. The model allows the measurements 
to be analysed together and the relationships between them to be explored.

45.2  The Model

The model simulates circulation and metabolism in the neonatal brain. It is an exten-
sion of a model which has previously been used to investigate anoxia in piglets [1]. 
A schematic diagram of the model is shown in Fig. 45.1. The metabolic part of the 
model simulates metabolites both in the cytoplasm and the mitochondria. The mito-
chondrial part of the model focuses on the redox state of the electron transport chain, 
in particular cytochrome-c-oxidase (CCO). The cytoplasmic part of the model 
focuses on energy metabolism and includes simplified descriptions of glycolysis 
and ATP use. The model is able to simulate the variables which are measured by 
MRS including ATP, phosphocreatine (PCr), inorganic phosphate (Pi) and lactate 
concentrations. It has also been extended to simulate pH changes in the cytoplasm.
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Fig. 45.1 Schematic diagram of the model. CA and VA refer to the carotid and vertebral arteries
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The circulatory part of the model allows simulation of the NIRS haemogolobin 
measurements. It has been extended to allow simulation of carotid artery occlusion. 
This was done by adding an extra compartment to represent all the arteries supply-
ing the brain. The main arteries responsible for this are the carotid arteries: in adult 
humans it is estimated that 80 % of the cerebral blood supply flows through them 
[2]. In the model, this fraction (cf) determines the conductance of the supplying arte-
rial compartment (G0) during carotid artery occlusion by

 
G G cf0 0 1= −, ( )n  

(45.1)

where G0,n is the conductance when there is no occlusion which is set by

 
G G Gf n0 =

 
(45.2)

where Gn is the normal conductance of the cerebral arterial compartment. The ratio 
Gf is difficult to obtain from the literature, so was set by examining the results of the 
simulations. The change in modelled cerebral blood flow (CBF) as a function of 
G0/G0,n is shown in Fig. 45.2. Three different values for the fraction Gf are shown. 
When the Gf is large, the CBF remains high until the conductance is only a small 
fraction of its normal value. When Gf is small, the relationship becomes more linear. 
From examining this curve, a value of 4 was chosen for G0.

45.3  Methods

The simulations were compared with modelled data from experiments involving pig-
lets less than 24-h-old. The piglets were anaesthetised and mechanically ventilated. 
Their arterial oxygen saturation (SaO2) and mean arterial blood pressure (MABP) 
were continuously monitored. The piglets were also monitored with NIRS to measure 
the change in concentration of oxyhaemoglobin (ΔHbO2), deoxyhaemoglobin 
(ΔHHb) and oxidised cytochrome-c-oxidase (ΔoxCCO). In addition, measure-
ments of nucleotide triphosphate (NTP) which is mainly ATP, PCr and Pi were 
recorded as a fraction of the exchangeable phosphate pool (EPP) by 31P-MRS. After 
10 min of baseline measurements, vascular occluders surrounding both carotid 
arteries were inflated and the inspired oxygen fraction (FiO2) was reduced to 12 %. 
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When the β-NTP peak had fallen to 50 % of its baseline value, FiO2 was titrated to 
maintain the β-NTP peak between 30 % and 50 % of its baseline height for 12.5 min. 
Following this, the occluders were deflated and FiO2 was returned to normal. 
Measurements were continued for approximately another 2 h.

The measured SaO2 and MABP were used as inputs to the model, and its outputs 
were compared with the NIRS and MRS measured variables. A Morris sensitivity 
analysis was used to identify which parameters had the most important effect on fitting 
the modelled signals to the measured signals. The results showed that the most impor-
tant parameters were those representing the concentration of the measured quantities, 
i.e., the blood haemoglobin concentration, the tissue concentration of cytochrome-c-
oxidase and the normal concentrations of ATP, PCr and Pi. These parameters were 
adjusted to best match the modelled and measured signals for the individual piglets.

Not all piglets showed recovery of the ΔoxCCO signal and the 31P-MRS signals 
following the insult. One hypothesis to explain this is that some of the cells have 
died. In order to simulate this, the model was altered so that a fraction of the cells d 
were treated as dead following the insult. In these cells, CCO was assumed to be 
completely reduced and all exchangeable phosphate was assumed to be in the form 
of Pi. It was also assumed that no oxygen was consumed in the dead cells, so that the 
modelled rate of oxygen transfer from the capillaries to the mitochondria was 
reduced to 1 − d of its normal rate. Several of the model outputs were also changed:
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(45.3)

45.4  Results

Figure 45.3 shows the simulated and measured signals for a piglet (LWP180) which 
showed recovery following HI. The fraction of dead cells d was set to 0. Figure 45.4 
shows the same signals but for a piglet (LWP188) which did not recover. For these 
simulations, d was set to 0.4.

45.5  Discussion

The model has been used to simulate NIRS and MRS measurements during HI. The 
model is able to simulate carotid artery occlusion. It is known that with only one 
carotid artery occluded, there is no change in CBF in piglets. Measurements of CBF 
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when both arteries are occluded (and there is no change in oxygen saturation) 
include 75 % [3] and 45 % [4] of the baseline value. However, these experiments 
also involved changes in blood pressure. The modelled value lies between these two 
values, but more data are necessary to validate this part of the model.

The model is well able to simulate the magnitude of changes during HI. The time 
course of all the metabolic signals show that the model is predicting the recovery of these 
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signals to baseline faster than is seen in the measured signals. A possible reason for this 
is that there are physiological changes occurring during HI which are not modelled.

The difference in recovery time is even more pronounced in the piglet which did 
not fully recover. However, the final values of the modelled ΔoxCCO, NTP/EPP, PCr/
EPP and Pi/EPP are similar to their measured equivalents. This is consistent with a 
fraction of the cells being dead. The model allows the consequences of this assumption 
on other signals to be investigated. It predicts that the overall rate of oxygen metabo-
lism (CMRO2) would drop compared to baseline, which would cause the oxygen 
extraction fraction to fall and hence ΔHbO2 to rise and ΔHHb to fall as seen in 
Fig. 45.4. However, this is not what is seen in the measurements, which suggests that 
there are other physiological changes occurring after HI if the assumption of cell death 
is correct. Possibilities for this include a large increase in CMRO2 in the functioning 
cells, perhaps caused by mitochondrial uncoupling, or that blood may no longer be 
perfusing the whole brain. Alternatively, the cells may not be dead but functioning at a 
reduced capacity, or spatial differences between the measurements and pattern of cell 
death may give misleading results. Finally, the experimental results may have been 
affected by changes in the haematocrit of the piglet. Further investigation with the 
model and analysis of data from more piglets will help to answer these questions.
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    Abstract     Raised intracranial pressure (ICP) is a key concern following acute brain 
injury as it may be associated with cerebral hypoperfusion and poor outcome. In 
this research we describe a mathematical physiological model designed to interpret 
cerebral physiology from neuromonitoring: ICP, near-infrared spectroscopy and 
transcranial Doppler fl ow velocity. This aims to characterise the complex dynamics 
of cerebral compliance, cerebral blood volume, cerebral blood fl ow and their regu-
lation in individual patients. Analysis of data from six brain-injured patients 
produces cohesive predictions of cerebral biomechanics suggesting reduced cerebral 
compliance, reduced volume compensation and impaired blood fl ow autoregula-
tion. Patient-specifi c physiological modelling has the potential to predict the key 
biomechanical and haemodynamic changes following brain injury in individual 
patients, and might be used to inform individualised treatment strategies.  

46.1         Introduction 

 Primary brain injury causes changes in cerebral biomechanics, haemodynamics and 
metabolism which threaten cerebral perfusion and potentiate secondary hypoxic- 
ischaemic injury. Raised intracranial pressure (ICP) is a key component of cerebral 
pathophysiology, and ICP monitoring is the most prevalent neuromonitoring modal-
ity used to guide therapy, because intracranial hypertension is frequently associated 
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with cerebral hypoperfusion and poor outcome. ICP is not a discrete physiological 
process but a combination of complex underlying pathophysiology involving cerebral 
compliance, blood fl ow regulation, cerebral blood volume regulation and cerebro-
spinal fl uid dynamics [ 1 ]. Because of the rigid confi nes of the skull, an increase in 
any volume (brain, blood volume, cerebrospinal fl uid) must be compensated by 
reduction in another. However, these compensatory mechanisms are often exhausted 
following brain injury, leading to low compliance, exponential increases in ICP and 
brain hypoperfusion. Understanding these processes and their effect on cerebral 
oxygen delivery holds the key to providing optimal therapy after brain injury. 

 Increasingly, mathematical physiological modelling has been used to understand 
these complex processes in individual patients; this can synthesise physiological 
predictions from complex datasets that signal processing-based techniques cannot. 
Neuromonitoring has the capacity to report different aspects of these processes: 
(1) ICP is commonly measured invasively with a sensor placed into brain parenchyma, 
(2) transcranial Doppler ultrasound of the middle cerebral artery (Vmca) is a non- 
invasive surrogate of cerebral blood fl ow, and (3) near-infrared spectroscopy (NIRS) 
is a non-invasive optical technique that measures haemoglobin species that refl ect 
cerebral haemodynamic and metabolic function. 

 Ursino et al. [ 2 ] extensively investigated a simplifi ed biomechanical model 
describing ICP and Vmca dynamics for clinical data, but a major limitation of this 
model is the absence of any neuromonitoring surrogate of blood volume. We have 
previously described the BrainSignals model [ 3 ] of cerebral haemodynamics, oxy-
genation and metabolism used for the interpretation of Vmca and NIRS data. This 
does not simulate conditions of reduced compliance or ICP because it is predomi-
nantly used for interpreting data from healthy volunteers. The aim of this research 
is to describe a model which can be used to interpret clinical recordings of ICP, 
Vmca and NIRS in brain-injured patients simulating and reporting measures of the 
reduced compliance which may inform therapy.  

46.2     Methods 

 We have extended the BrainSignals model, described in [ 3 ] adding a dynamic 
representation of ICP and cerebral blood volume using equations described in [ 2 ,  4 ]. 
The principal modifi cations are:

•    ICP is simulated from the interaction between cerebral blood volume, the non- 
linear intracranial pressure-volume relationship and the dynamics of cerebrospi-
nal fl uid production/absorption.  

•   Cerebral arterial volume is described by a single arterial resistance and volume 
which responds to systemic blood pressure and carbon dioxide and oxygen 
delivery, and represents a balance between intra-arterial pressure, vessel elas-
tance and ICP.  

•   Venous volume is described as a Starling resistor in two compartments represent-
ing the intracerebral veins and venous sinuses. Volume changes are  predominantly 
mediated through distal resistance induced by ICP changes.    
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 The key model parameters of physiological signifi cance with regard to the 
biomechanical function are:

•    Cerebral elastance ( k_E ): this describes the exponential nature of the cerebral 
pressure-volume relationship. Increasing elastance results in dramatic increases 
in the exponential rise in ICP with volume changes.  

•   Cerebrospinal fl uid conductance ( G_o ): this describes the resistance to fl uid 
absorption into the venous circulation and represents the ability of cerebrospinal 
fl uid absorption to compensate for volume and ICP changes. A low  G_o  impairs 
the effectiveness of compensation for volume changes and elevates ICP.  

•   Cerebral autoregulation: controls the ability to maintain stable cerebral blood 
fl ow. As cerebral perfusion pressure falls, arterial vasodilation maintains fl ow. 
The parameter  k_aut  describes the strength of arterial dilation, while  P_an  
modifi es the pressure at which autoregulation becomes effective. This activity is 
a key determinant of cerebral blood volume and fl ow, thus is essential to simulate 
this scenario.    

46.2.1     Model Testing 

 Six sedated, ventilated, brain-injured patients demonstrating spontaneous blood 
pressure variability were identifi ed from a larger multimodal monitoring study. The 
patients were selected on the basis of providing clear changes in monitored Vmca, 
NIRS and ICP for model interpretation. NIRS monitoring was performed using the 
NIRO 100 (Hamamatsu Photonics KK, Japan) ipsilateral to Vmca (DWL Doppler 
Box, Compumedics, Germany) and intraparenchymal ICP monitoring. NIRS- 
measured normalised total haemoglobin index (nTHI) was derived using spatially 
resolved spectroscopy and represents an absolute scaled estimate of total haemo-
globin concentration ([HbT]), a surrogate of cerebral blood volume. Invasive 
arterial blood pressure from a radial artery catheter, end tidal CO 2  (ETCO 2 ) and 
pulse oximetry data were collected using an IntelliVue monitor (Philips, N.V., 
Netherlands). Signals were fi ltered with a low-pass 0.1-Hz fi fth-order Butterworth 
fi lter to remove respiratory variation and high-frequency noise, synchronised and 
downsampled to 1 Hz. Arterial blood pressure, pulse oximetry and ETCO 2  (approx-
imating arterial CO 2 ) were used as model inputs. These produced simulated outputs 
for ICP, Vmca and [HbT] which were compared with their measured counterparts 
ICP, Vmca and nTHI. 

 Optimisation was performed by a simulated annealing algorithm comparing the 
difference between measured signals and simulated outputs for ICP, Vmca and 
[HbT]. Optimal values for model parameters (  k_E ,  G_o ,  k_aut ,  P_an ) resulting 
from this process summarise the physiological dynamics that best characterise the 
measured signals. The difference between measured signals and simulated outputs 
is described as the mean absolute difference between the two. Improvement in the 
model fi t after optimisation is expressed as the percentage difference between simu-
lated outputs and measured signals at basal parameter settings and optimised 
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parameter settings, divided by their basal value. Signal processing-derived indices 
are also reported for comparison: (1) RAP is an index of cerebral volume compen-
sation calculated from the correlation of the fi rst harmonic of the ICP waveform 
with the mean ICP and refl ects pathophysiology encoded by  k_E  and  G_o , and (2) 
the mean velocity index (Mx) is an index of cerebral autoregulation calculated from 
the linear correlation coeffi cient between blood pressure and Vmca and reports a 
similar process to  k_aut .   

46.3     Results 

 Our modifi ed model reproduced ICP, Vmca and nTHI signals with acceptable accu-
racy through modifying a limited set of parameters that characterise cerebral biome-
chanics ( k_E ,  G_o ,  k_aut ,  P_an ). The mean absolute difference for Vmca 
(2.62+/−1.52 cm/s), ICP (1.77+/−1.28 mmHg) and nTHI (0.013+/−0.015 au) is 
small and within the error of the measurement techniques where this has been 
defi ned [ 5 ], indicating acceptable model performance. An example dataset is shown 
in Fig.  46.1  demonstrating the difference in model output at basal parameter values 
and post-optimisation. The individual parameter values suggest impaired autoregu-
lation ( k_aut , [75 % basal]), increased elastance ( k_E , [355 % basal]) and reduced 
cerebrospinal fl uid compensation ( G_o , [22 % basal]) are required to explain the 
measured signals.

   Individual dataset results are shown in Table  46.1 . Variation in all parameters 
was required to characterise the physiological processes that explain the measured 
ICP, Vmca and nTHI. In datasets 2–6, this achieved a high level of accuracy. Dataset 
1 was more problematic, and there was a much larger difference between measured 
and modelled nTHI (0.044 au) and Vmca (5.55 cm/s). The mean parameter values 
demonstrated increased elastance ( k_E , [673 % basal]) and impaired cerebrospinal 
fl uid conductance ( G_o  [21 % basal]) which is consistent with the mean RAP 
(0.79+/−0.17), indicating impaired volume compensatory reserve. Impaired auto-
regulation is also predicted ( k_aut  [61 % basal]) and ( P_an  [95 % basal]). This 
agrees with the mean Mx (0.40+/−0.30) suggesting impaired autoregulation.

46.4        Discussion 

 We have demonstrated a simplifi ed model of cerebral biomechanics, haemodynam-
ics and metabolism which can be applied to clinical data from brain-injured patients 
and predicts key biomechanical features of cerebral pathophysiology. Parameter 
values for elastance ( k_E ), cerebrospinal fl uid conductance ( G_o ) and cerebral 
autoregulation ( k_aut ,  P_an ) constitute a fi ngerprint of cerebral dynamics from 
individual brain-injured patients which summarise the function of the system and 
are in agreement with signal processing-based measures of cerebral volume 
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compensatory reserve (RAP), autoregulation (Mx) and the expected pathophysiol-
ogy in this group. Model-enhanced interpretation progresses beyond the capacity of 
derived indices, predicting true physiological processes, and might be used clini-
cally in two separate ways. Firstly, these parameters constitute biomarkers of cere-
bral compliance, volume compensation and autoregulation which indicate pathology 
and might deliver prognostic information or guide treatment intervention [ 6 ]. They 
also defi ne the function of a complex system: using this fi ngerprint, interventions 
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  Fig. 46.1    Measured signals and simulated outputs are shown demonstrating the difference 
between measured ICP, Vmca and nTHI and simulated outputs at basal parameter values (pre- 
optimisation) and at optimal values (post-optimisation) for  k_aut ,  P_an ,  k_E ,  G_o  (patient 2 
Table  46.1 ). These parameter values suggest impaired cerebral autoregulation ( k_aut < 1.0), 
increased elastance ( k_E > 0.11) and reduced cerebrospinal fl uid conductance ( G_o  < 0.0019) are 
required to explain the measured signals, a fi nding consistent with brain injury       
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such as changes to blood pressure, carbon dioxide and oxygenation might be 
investigated in silico to assess the effect on cerebral oxygen delivery to guide appro-
priate clinical interventions [ 5 ,  7 ]. 

 Metabolic aspects involve additional complexity and will require additional 
work to devise a computationally effective analytic approach which is able to 
explain the metabolic components in NIRS signals (oxyhaemoglobin, deoxyhaemo-
globin, cytochrome c oxidase). One dataset in this investigation was more diffi cult 
to simulate; this could be related to our model (oversimplifi cation, model inaccura-
cies, ineffective optimisation) or monitoring factors (optical complexity in injured 
brain affecting NIRS signals, regional variation in physiology). It is unrealistic to 
expect a simplifi ed model to be applicable to all situations, and this has been a 
recognised limitation of other models. Our study examined only six patients, but 
this allowed extensive assessment of model performance, which would be challeng-
ing in greater numbers. Future research is required to investigate this model in larger 
numbers, particularly validating in a number of physiological contexts. 

 Model-enhanced interpretation of cerebral compliance and autoregulation delivers 
cohesive physiological predictions based on ICP, Vmca and NIRS that summarises 
biomechanics of brain injury in individual patients. Clinical intervention based on 
fully informed physiological prediction may facilitate individualised therapy, maxi-
mising the benefi t of available treatments.     
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    Table 46.1    Summary of model performance predicting ICP, Vmca and nTHI and parameter 
values required to do this. Individual parameter values representing autoregulation ( k_aut ,  P_an ) 
and cerebral compliance ( k_E ,  G_o ) are shown for each patient (basal values in brackets). Mean 
parameter values suggest impaired autoregulation (reduced  k_aut ) and reduced cerebral compliance 
(elevated  k_E , reduced  G_o ). This process leads to a small mean absolute difference between 
measured and modelled signals (∆Vmca, ∆ICP, ∆nTHI) and improvement in the difference 
compared with basal parameter values   

 Patient   k_aut  (1.0)   P_an  (100)   k_E  (0.11)   G_o  (0.0019) 
 ∆Vmca 
(cm/s) 

 ∆ICP 
(mmHg)  ∆nTHI (au) 

 1  0.63   87.49  0.17  7.06 × 10 −4   5.55  0.58  0.044 

 2  0.75   80.06  0.39  4.26 × 10 −4   1.38  2.72  0.010 

 3  1.00   99.99  0.15  7.13 × 10 −4   2.93  0.81  0.007 

 4  0.01  100.00  0.17  2.00 × 10 −4   1.96  0.65  0.010 

 5  0.99   99.99  0.26  1.99 × 10 −4   2.06  3.88  0.004 

 6  0.25  100.00  3.31  2.14 × 10 −4   1.87  0.98  0.003 

 Mean (sd)  0.61 (0.40)   94.59 (8.70)  0.74 (1.26)  4.10 × 10 −4  
(2.48 × 10 −4 ) 

 2.62 (1.52)  1.77 (1.28)  0.013 (0.015) 

 Improvement 
(%) 

 80 % (14 %)  79 % (12 %)  31 % (29 %) 
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Abstract Transcranial near-infrared spectroscopy (NIRS) provides an assessment 
of cerebral oxygen metabolism by monitoring concentration changes in oxidised 
cytochrome c oxidase Δ[oxCCO]. We investigated the response of Δ[oxCCO] to 
global changes in cerebral oxygen delivery at different source-detector separations 
in 16 healthy adults. Hypoxaemia was induced by delivery of a hypoxic inspired gas 
mix and hypercapnia by addition of 6 % CO2 to the inspired gases. A hybrid optical 
spectrometer was used to measure frontal cortex light absorption and scattering at 
discrete wavelengths and broadband light attenuation at 20, 25, 30 and 35 mm. 
Without optical scattering changes, a decrease in cerebral oxygen delivery, resulting 
from the reduction in arterial oxygen saturation during hypoxia, led to a decrease in 
Δ[oxCCO]. In contrast, Δ[oxCCO] increased when cerebral oxygen delivery 
increased due to increased cerebral blood flow during hypercapnia. In both cases the 
magnitude of the Δ[oxCCO] response increased from the detectors proximal (mea-
suring superficial tissue layers) to the detectors distal (measuring deep tissue layers) 
to the broadband light source. We conclude that the Δ[oxCCO] response to hypoxia 
and hypercapnia appears to be dependent on penetration depth, possibly reflecting 
differences between the intra- and extracerebral tissue concentration of cytochrome 
c oxidase.
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47.1  Introduction

Transcranial near-infrared spectroscopy (NIRS) provides a measure of cerebral 
oxygen delivery by monitoring concentration changes in oxygenated (Δ[HbO2]) 
and deoxygenated haemoglobin (Δ[HHb]), non-invasively. Concentration changes 
in oxidised cytochrome c oxidase (Δ[oxCCO]) can also be derived with NIRS. 
Cytochrome c oxidase (CCO) is the terminal electron acceptor in the mitochondrial 
respiratory chain, and being responsible for over 95 % of oxygen metabolism, it is 
instrumental in aerobic ATP synthesis and in maintaining mitochondrial function 
[1]. Since in the short term the total concentration of CCO does not change, changes 
in the Δ[oxCCO] signal track changes in the CCO redox state, which essentially 
reflects the balance between cerebral energy supply and demand [2]. Thus, 
Δ[oxCCO] is an appealing target for bedside monitoring, for the assessment of 
regional cerebral metabolic status and oxygen utilisation.

Technical complexities are associated with the measurement of Δ[oxCCO] in the 
adult brain, in the presence of significantly higher concentrations of haemoglobin, 
most notably the possible interference of changes in optical scattering with the 
NIRS measurements [3, 4] and the insufficient chromophore separation by the algo-
rithm used to convert optical density into concentration changes [3, 4]. A hybrid 
optical spectrometer (pHOS) with the capacity for measurements at multiple inter-
optode distances (and thus at multiple depths) and accompanying algorithm 
designed to address the above issues have recently been developed by our group [5]. 
The capacity for multi-distance Δ[oxCCO] recordings would contribute consider-
ably to the interpretation of this measurement, by determining if there is a distance/
depth-dependent response of Δ[oxCCO] in the adult head [6–8].

The aim of the present study was to investigate the multi-depth response of 
Δ[oxCCO] to global changes in cerebral oxygen delivery driven by systemic 
hypoxia and hypercapnia. We hypothesised that Δ[oxCCO] would show an incre-
mental response with increasing source-detector separation, mirroring potential 
differences in the extra- and intracranial distribution of this chromophore.

47.2  Methods

47.2.1  Study Population

A total of 16 adult healthy volunteers were studied (Table 47.1). The studies were 
approved by the local ethics committee and all subjects provided written informed 
consent.
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47.2.2  Protocol

Hypoxaemia was induced by delivery of a hypoxic gas mix, using a sequential gas 
delivery circuit. Following 5 min of air inhalation (‘baseline’), nitrogen was added 
to the inspired gas and titrated to produce a progressive reduction in arterial oxygen 
saturation (SpO2) to 80 %, whilst maintaining constant end-tidal partial pressure of 
carbon dioxide (EtCO2). SpO2 was sustained at 80 % for 5 min, before returning the 
inspired gas to room air. Upon reaching normoxia, 5 min of baseline completed the 
sequence. Hypercapnia was induced by addition of 6 % CO2 to the inspired gas mix, 
after 5 min of initial baseline. This mix was inhaled for another 5 min, before the 
inspired CO2 fraction was returned to 0. When normocapnia was restored, 5 min of 
baseline concluded the protocol.

47.2.3  Instrumentation

The pHOS, described in more detail elsewhere, was used for frontal near-infrared 
measurements during changes in the composition of the inspired gases [5]. The 
pHOS combines frequency domain (FD) and broadband (BB) components and can 
measure light absorption and scattering at discrete wavelengths (690, 750, 790 and 
850 nm), together with BB light attenuation in the range 504–1,068 nm. Each pHOS 
optode incorporates an FD channel (source-detector spacing 30 and 35 mm) and BB 
channel (source-detector spacing 20, 25, 30 and 35 mm). One optode positioned 
ipsilateral to other cerebral monitoring was used. Each sampling cycle of the pHOS 
lasts 3.2 s, and BB and FD measurements are sequential. Systemic recordings 
included beat-to-beat SpO2, continuous measurements of inspired/expired oxygen 
and CO2 partial pressure and middle cerebral artery flow velocity, measured with 
transcranial Doppler ultrasonography.

Table 47.1 Patient demographics and systemic variables

Hypoxia Hypercapnia

n 15 12
Age 30 (22–35) 30 (25–34)
Gender 10 male 8 male

Baseline End challenge Baseline End challenge

SpO2 (%) 97 (93–100) 80 (70–86)* 98 (93–100) 97 (93–100)
EtCO2 (kPa) 5.5 (3.9–6.4) 5.2 (4.2–6.4)* 5.5 (4.5–6.0) 7.8 (6.3–9.2)*

Vmca  
(Δ% from rest)

0 14.3 (−5.4–53.2)* 0 57.4 (21.8–87.0)*

Table entries are mean (range)
*P < 0.05
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47.2.4  Data Analysis

Data analysis was performed in Matlab (version R2010b, Mathworks). Δ[HbO2], 
Δ[HHb] and Δ[oxCCO] were determined from the 780–900 nm portion of the BB 
attenuation change data using the UCLn algorithm, which is based on the modified 
Beer-Lambert law. Differential pathlength factor (DPF) was assumed to be 6.26 [9] 
and its wavelength dependence was accounted for [10]. Changes in total haemoglo-
bin concentration were defined as Δ[HbT] = Δ[HbO2] + Δ[HHb] and in haemoglo-
bin difference as Δ[Hbdiff] = Δ[HbO2] − Δ[HHb]. The concentrations were linearly 
detrended for removal of baseline drift and low-pass filtered with a fifth-order 
Butterworth filter (cut-off frequency 0.08 Hz). The absorption (μa) and reduced scat-
tering (μs′) coefficients were quantified from the FD measurements.

Inspired and end-tidal gas partial pressures were derived from the positive and 
negative envelopes of the partial pressure waveforms. Separately for each volunteer, 
the beginning of the induction to hypoxia/hypercapnia and end of hypoxia/hypercapnia 
were identified from the O2/CO2 envelopes, with the period between the two points 
denoted as ‘challenge’. To enable data averaging across subjects despite potential 
variation in the timing of their response, the challenges were the split into eight 
phases; hypoxia was split into four equal phases corresponding to the gradual fall in 
SpO2 and another four corresponding to the plateau of 80 % SpO2, whilst hypercap-
nia was split in eight equal phases. These eight phases represented time intervals 
‘2–9’ of each challenge. Time interval ‘1’ corresponded to the baseline immediately 
prior to the induction, whilst time intervals ‘10–17’ covered the period after the end 
of the challenge; all these intervals mirrored in duration interval ‘2’. Representative 
optical and systemic data for each of the 17 time intervals were derived by averaging 
the last 9*3.2 s worth of data of the corresponding 17 data segments.

47.2.5  Statistical Analysis

SPSS was used (version 18.0, IBM). Normality was assessed with Q-Q plots. 
Repeated measures ANOVA tests with Greenhouse-Geisser correction determined 
whether the group means overall changed significantly between time points 1 and 
17. Post hoc tests with Bonferroni corrections established the time points with a 
statistically significant change compared to point 1. Average data are expressed as 
mean ± SD and statistical significance was assumed at P < 0.05.

47.3  Results

Summary demographic data, separately for the two challenges, are given in 
Table 47.1. The table also includes group data at baseline and at the end of the 
challenge (time point 9) for a number of systemic parameters.
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Group grand averages of the time courses of Δ[oxCCO], Δ[HbT] and Δ[Hbdiff] 
as measured during hypoxia by the two extreme detectors are shown in Fig. 47.1a. 
During hypoxia, the detector distal to the light source recorded a decrease in 
Δ[oxCCO] (P < 0.001), in agreement with previous studies [6], which was accom-
panied by an increase in Δ[HbT] (P < 0.001) and decrease in Δ[Hbdiff] (P < 0.001). 
In terms of directional changes, the findings were qualitatively similar for all detec-
tors, but the magnitude of the Δ[oxCCO] response to hypoxia gradually increased 
from the proximal to the distal detectors.

Figure 47.1b displays the group time courses of Δ[oxCCO], Δ[HbT] and 
Δ[Hbdiff] during hypercapnia. The distal detector registered an increase in 
Δ[oxCCO] (P < 0.001), in agreement with previous studies [11], accompanied by an 
increase in both Δ[HbT] (P < 0.05) and Δ[Hbdiff] (P < 0.001). These trends were 
similar for all detectors, but the magnitude of the Δ[oxCCO] response to hypercap-
nia gradually increased from the proximal to the distal detectors.

No changes in μs′ (P = NS for all wavelengths) were measured during hypoxia or 
hypercapnia.
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Fig. 47.1 (a) Grand averages of the time courses of Δ[HbT], Δ[Hbdiff] and Δ[oxCCO] measured 
by the detectors distal (top) and proximal (bottom) to the light source, over the 15 volunteers that 
participated in the hypoxia challenge. The corresponding arterial oxygen saturation trace (SpO2) is 
also provided for reference. The small symbols on top of each plot indicate statistical significance 
with respect to point 1 (P < 0.05) for the parameters plotted in matching symbols. (b) Grand aver-
ages of the time courses of Δ[HbT], Δ[Hbdiff] and Δ[oxCCO] measured over the 12 volunteers 
that participated in the hypercapnia challenge. The corresponding end-tidal CO2 trace (EtCO2) is 
also provided for reference. The small symbols on top of each plot indicate statistical significance 
with respect to point 1 (P < 0.05)
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47.4  Discussion and Conclusions

These first multi-depth Δ[oxCCO] measurements during global changes in cerebral 
oxygen delivery have revealed an increase in the amplitude of the Δ[oxCCO] 
response with increasing penetration depth. This dependence is most likely mirror-
ing differences in the concentration distribution of CCO in the adult head. It has 
been suggested that ∆[oxCCO] is a brain-specific signal on account of higher con-
centrations of CCO present in the brain than the skin, due to higher mitochondrial 
density [6–8], but evidence for the existence of such a distribution in the adult head 
has not been provided before, partly because the necessary data were not techno-
logically possible to obtain in humans in vivo.

With measurements from the distal detector therefore being representative of 
cerebral events, our results support the findings of previously published studies that 
were conducted with a single source-detector pair and could thus not confirm with 
certainty that the changes in the head Δ[oxCCO] signal they reported during manip-
ulation of cerebral oxygen delivery were indeed of cerebral origin [6, 11]. In healthy 
adults, a decrease in cerebral oxygen delivery, induced by a reduction in arterial 
oxygen saturation during moderate hypoxia, was followed by a 0.24 μmolar decrease 
(median) in Δ[oxCCO], indicating reduced cellular oxygen availability [6]. We 
measured a decrease of 0.55 μmolar (median), with the same interoptode spacing as 
[6] (3.5 cm). Analogously, an increase in oxygen delivery, via increased cerebral 
blood flow during hypercapnia, was accompanied by a 0.25 ± 0.17 μmolar increase 
in Δ[oxCCO], indicating that at normoxic normocapnia CCO is not fully oxidised 
[11]. In agreement with [11], our data show an increase of 0.69 ± 0.46 μmolar at the 
same interoptode spacing (3.5 cm). Some animal data suggest that CCO is fully 
oxidised in normoxia [12]. However, our studies were carried out in healthy awake 
humans rather than anaesthetised animals, which may have a significant impact on 
the relationship between oxygen supply and demand and CCO oxidation.

The pHOS system has been specifically optimised for monitoring Δ[oxCCO], by 
combining measurements of light absorption and scattering at discrete wavelengths 
with multi-distance measurements of BB light attenuation. No change in optical 
scattering (a potential confounding influence on Δ[oxCCO] measurements) was 
measured. Moreover, the use of BB light for resolving chromophores over hundreds 
of wavelengths gave confidence that the algorithm used to convert optical density to 
concentration changes would provide sufficient chromophore separation.

We conclude that the Δ[oxCCO] response to hypoxia and hypercapnia appears 
to be dependent upon penetration depth, possibly reflecting differences between the 
intra- and extracerebral tissue concentration of CCO.
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Abstract The brain’s response to hypoxia is to increase cerebral blood flow (CBF). 
However, the molecular mechanism underpinning this phenomenon is controver-
sial. We have developed a model to simulate brain blood flow and oxygen metabo-
lism called BRAINSIGNALS. This model is primarily designed to assist in the 
interpretation of multimodal noninvasive clinical measurements. However, we have 
recently used this model to test the feasibility of a range of molecular mechanisms 
proposed to explain hypoxic vasodilation. An increase in the concentration of the 
vasodilator nitric oxide (NO) at low pO2 is a feature of many such mechanisms. One 
model suggests that mitochondrial cytochrome c oxidase (CCO) catalyzes the 
metabolism of NO. This metabolism declines at low pO2, resulting in an increase in 
the steady-state levels of NO and a consequent increase in CBF. Using 
BRAINSIGNALS we were able to model this effect. However, the increases in NO 
and CBF occurred at far lower pO2 values than predicted from physiological data 
(Rong et al. 2013 Adv Exp Med Biol. 765, 231–238). The aim of the present study 
was to test an alternative mechanism, one that actively generates NO as pO2 drops, 
namely, the reduction of nitrite to NO by deoxyhemoglobin. In this mechanism, NO 
synthesis has a maximum of NO production near the hemoglobin p50. The addition 
of this mechanism resulted in a significantly better fit to the experimental data of the 
CBF(PaO2) curve.
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48.1  Introduction

Hypoxia is a pathological situation in which the whole body or an isolated organ 
suffers from insufficient oxygen supply. In most tissues of the body, the response to 
hypoxia is vasodilation. This relationship has been studied in many systems from 
human [1] to animals, such as dogs [2] and ducks [3]. The precise shape of the 
CBF(PaO2) curve in the brain in vivo is subject to considerable experimental varia-
tion – and in the case of humans for obvious reasons, the lower limits are not readily 
explored. For the purposes of model simulation, the dog system provides some of 
the most reliable and accurate data [2] and was therefore used in this study.

Many hypotheses have been suggested to explain the mechanism of hypoxic vaso-
dilation. However, none of them have gained universal acceptance. We have devel-
oped a BRAINSIGNALS model [4] to simulate hypoxia of the brain, cerebral blood 
flow increasing as pO2 decreases [5]. We feel this model can be a useful test bed to 
compare different molecular mechanisms. In our previous work we used this model 
to test the idea that nitric oxide (NO) was the key mediator of hypoxic vasodilation. 
The BRAINSIGNALS model incorporates an increase in the radius of the blood vessel 
with decreasing pO2. Therefore, we incorporated an NO dependence on the size of 
the vessel radius [5], resulting in an NO concentration dependence on CBF.

It is not clear why NO levels should increase at low pO2, given that NO produc-
tion by the enzyme nitric oxide synthase (NOS) requires oxygen. One model sug-
gests that mitochondrial cytochrome c oxidase catalyzes the metabolism of NO [6]. 
This metabolism declines at low pO2, resulting in an increase in the overall NO 
levels and consequently an increase in CBF. Recently we used BRAINSIGNALS to 
test the feasibility of this mechanism [5]. However, using the literature value for the 
oxygen Km for NOS, we were unable to model the data adequately. The decrease in 
NO production at low pO2 dominated the decreased mitochondrial metabolism of 
NO resulting in a fall, rather than a rise in the steady-state NO concentration. We 
were able to induce a hypoxic rise in NO and hence vasodilation if we lowered the 
NOS oxygen Km. However, even then the threshold where CBF rose significantly 
occurred at a very low pO2, inconsistent with the experimental data. We therefore 
decided to test an alternative NO generation mechanism whereby deoxyhemoglobin 
actively produces NO via the reduction of nitrite in an allosteric manner, resulting 
in maximal NO production near the hemoglobin-oxygen p50 [7]. The aim of this 
study is to incorporate this mechanism into BRAINSIGNALS model to test how the 
simulated CBF(PaO2) curve fits to the experimental data.

48.2  Mathematical Model

We wish to reproduce this experimental hypoxic vasodilation with a mathematical 
model. First, we digitized the experimental data from McDowall reporting hypoxic 
vasodilation in the dog [2]. We then used a BRAINSIGNALS model [4] which is 
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available online [8] to simulate hypoxic vasodilation. BRAINSIGNALS is a two-
compartment model. The first compartment is the cerebral blood vessel, which is 
approximated as a tube with single radius r, which is determined from the equilibrium 
of forces acting on the vessel walls. The cerebral blood flow CBF is linked to r as

 
CBF P P K ra v G= −( ) 4

 
(48.1)

The second compartment is the mitochondria, where oxygen is reduced. The full 
description of mitochondrial activity is complex. First, NADH transfers electrons to 
CuAo with a reaction rate f1, forming CuAr and NAD+. CuAr then transfers electrons 
to cytochrome a3o with a rate of f2, forming a3r and CuAo. In the final step, a3r transfers 
electrons to O2 with a rate of f3. During the reaction, a3r is oxidized to a3o and oxygen 
is reduced to water. In the BRAINSIGNALS model, the whole metabolism process 
was simplified to four differential equations for four components, CuAo, Cyta3r, O2, 
and H (proton), as

 
d CuA do[ ] = −( )/ t f f4 2 1  

(48.2)

 
d Cytoa d3 2 34[ ] = −( )/ t f f

 
(48.3)

 
d O d O2 2 3[ ] = −/ /t J Vol fmit  (48.4)

 
d H d+  = − − −( )/ /t L p f p f p f VolHi1 1 2 2 3 3  

(48.5)

where the notations were defined previously [4] and also in the following 
equations.

There are two links between the two compartments: cerebral blood vessel and 
mitochondria. The first one is oxygen delivery from blood to mitochondria as

 
J CBF DO a v O a vHbO HbO O O2 2 2 2 2 2= −( ) = −( )[ ] [ ] [ ] [ ]  

(48.6)

The second link is stimuli η linked to radius of blood vessel r, which is simplified 
from several equations from the literature [4] as
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The relationship between ƞ and r is monotonic, i.e., with r increasing, η decreases 
monotonically. ƞ is linearly proportional to the O2 or NO concentration, which is 
filtered to take account of time delays from the concentration change to the blood 
vessel widening. This delay is approximated with a first-order filter as

 
d d where O or NO v t x v xx x x/ /= −( ) =t 2  

(48.8)
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In our previous work on modeling of NO-mediated hypoxic vasodilation, we 
assumed that NO is generated by nitric oxide synthase and removed by CCO. Here 
we retain that NO is removed by CCO and assume that NO is generated by deoxy-
hemoglobin shown in Fig. 48.1a as

 
HbFe deoxyHb NO H NO HbFe OH2

2
3+ − + + −( ) + + → + +

 
(48.9)

The rate of NO production is d[NO]/dt = kNO[Hb][NO2
−] and kNO absorbs oxygen 

dependence of [Hb2+] into this coefficient. This reaction rate is oxygen concentra-
tion dependent for a combination of reasons. The concentration of the substrate 
deoxyhemoglobin increases as pO2 falls. However, the intrinsic reaction rate of 
nitrite with the deoxyheme group is lower in the form of the hemoglobin tetramer 
(T state) that predominates at low pO2. This results in a complicated “inverted U” 
dependence of NO production on pO2. In order to describe this phenomenon math-
ematically, we need to use the Monod-Wyman-Changeux (MWC) model of the 
allosteric transition in hemoglobin. Three parameters in the MWC model [9] are: a 
dimensionless oxygen concentration α = pO2/KR, a conformation equilibrium con-
stant L = T0/R0, and a dissociation constant ratio c = KR/KT, where KR and KT are 
defined as the microscopic dissociation constants of oxygen from these states of 
hemoglobin, respectively. kR and kT are the microreaction rate constants of the unli-
ganded R-state and T-state heme sites with nitrite, respectively:

 
k

k L c k

L cNO
R T=

+ + +
+ + +

( ) ( )

( ) ( )

1 1

1 1

3 3

4 4

a a
a a  

(48.10)

48.3  Results and Discussions

The normal cerebral blood flow of dog was reported as 47 ml/min/100 g [10]. 
Conventionally hemoglobin-oxygen affinity is characterized experimentally by the 
Hill parameters. For example, oxygen affinity of dog hemoglobin was represented 
by Hill coefficients n = 2.63 and p50 = 31 mmHg [11]. However, the full MWC 
model is necessary to describe the hemoglobin nitrite reductase activity. However, 
it is not trivial to obtain the MWC parameters L, c, and KR from the Hill parameters. 
The MWC model parameters L = 100,605, c = 0.0138179, and KR = 1.61253 mmHg 
were obtained from fitting the maximum gradient of the Hill plot (n = max[dlog(Y/
(1−Y))/dlog(α)] = 2.63) and the oxygenation Y(p50 = 31 mmHg) = [α(1 + α)3 + Lcα 
(1 + cα)3]/[(1 + α)4 + L(1 + cα)4] = 0.5.

There is no consensus value for the intrinsic rate constants for NO production by 
R-state and T-state hemoglobin [12]. However, we were able to obtain reasonable 
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Fig. 48.1 (a) Schematic diagram of the changes to the BRAINSIGNALS model. The chemical 
reaction rates for NO generation by deoxyhemoglobin are kR = 18 M−1 s−1 and kT = 0.33 M−1 s−1. 
The chemical reaction rates for competitive inhibition of cytochrome oxidase by NO are 
kNOon = 0.04 nM−1 s−1 and kNOoff = 0.16 s−1. The chemical reaction rates for uncompetitive inhibition 
are kNOreac = 2.0 × 10−4 nM−1 s−1 and kv = 0.75 s−1. (b) The macro bimolecular nitrite reductase activity 
of hemoglobin as a function of oxygen partial pressure. The solid line represents the overall rate 
constant and is the sum of the R-state rate constant (dotted line) and T-state rate constant (dashed 
line). For calculation of the nitrite reduction rate constant, the MWC model parameters used were 
L = 100,605 and c = 0.0138179 and KR = 1.61253 mmHg
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Fig. 48.2 (a) Experimental CBF(PaO2) in dogs was reported by McDowall [2]. The solid line is 
the simulated CBF(PaO2) using the BRAINSIGNALS model with NO generated by NOS 
(Km = 0.00003 mM) [5] and the dashed line with NO generated from nitrite by deoxyhemoglobin 
as Eq. 48.10 (kR = 18 M−1s−1 and kT = 0.33 M−1s−1). (b) As 2A but for the fit kT (only) was changed 
to 6.6 M−1 s−1
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fits to literature data using kR = 18 M−1 s−1 and kT = 0.33 M−1 s−1. Combining these 
values with the MWC parameters previously calculated, the nitrite reductase activity 
of deoxyhemoglobin can be expressed as a function of pO2 (Fig. 48.1b). As expected, 
the contribution of the overall nitrite reductase activity from deoxyhemoglobin mol-
ecules in T-state hemoglobin increases monotonically as pO2 falls, whereas that 
from the deoxyhemes in the R state at first increases and then decreases as the con-
centration of this form of the tetramer falls off at low pO2.

An experimental CBF(PaO2) in dogs (dotted curve) was constructed from 
McDowall [2]. We then incorporated the nitrite reductase mechanism of NO pro-
duction into the BRAINSIGNALS model and simulated hypoxic vasodilation 
(Fig. 48.2). NO removal was modeled in a cytochrome c oxidase-dependent manner 
as described previously [5]. The solid line in Fig. 48.2a is the simulated CBF(PaO2)
curve with NO levels generated by NOS and removed by cytochrome c oxidase [5]; 
the dashed line incorporates NO production from nitrite by deoxyhemoglobin rather 
than from NOS. We can see that there is now an improvement in the fit, but the 
threshold where CBF rises significantly is still at too low a pO2.

As there are no current data reporting on dog hemoglobin nitrite reductase activity, 
the values of kR and kT (Fig. 48.2a) were simply set from measurements of the 
human protein. Therefore, we felt justified in heuristically varying kR and kT to see 
if we could obtain an improved fit. A simple change of kT (alone) to 6.6 M−1s−1 was 
sufficient to result in a close fit of the model to the data (Fig. 48.2b). We are cur-
rently investigating whether such a large (20-fold) interspecies difference in kT is 
biochemically reasonable.

48.4  Conclusions

During this study we modified our two compartment BRAINSIGNALS model to 
derive a single equation linking external stimuli to the radius of the blood vessel. We 
then derived a compact equation to express the hemoglobin nitrite reductase activ-
ity. Using these equations we determined that hypoxic vasodilation in the brain can 
be modeled assuming nitric oxide is produced by hemoglobin and consumed by 
mitochondrial cytochrome c oxidase and that the resulting steady-state concentra-
tion controls the blood vessel diameter. However, it is as yet not clear that this rep-
resents a unique solution to the problem nor that the precise rate constants required 
to fit the data are biochemically reasonable.
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  Abstract     The design of a new non-invasive hybrid microwave-optical tissue 
 oxygenation probe is presented, which consists of a microwave biocompatible antenna 
and an optical probe. The microwave antenna is capable of inducing localised heat in 
the deep tissue, causing tissue blood fl ow and therefore tissue oxygenation to change. 
These changes or thermal responses are measured by the optical probe using near-
infrared spectroscopy. Thermal responses provide important information on thermo-
regulation in human tissue. The fi rst prototype of the biocompatible antenna was 
developed and placed on the human calf for in vivo experiments. The measured results 
include oxy-, deoxy- and total haemoglobin concentration changes (ΔHbO 2 /ΔHHb/
ΔHbT), tissue oxygenation index and the normalised tissue haemoglobin index for 
two human  subjects. Both ΔHbO 2  and ΔHbT show an increase during 5 min of micro-
wave exposure. The thermal response, defi ned as the ratio of the increase in ΔHbT to 
the time duration, is 7.7 μM/s for subject 1 (fat thickness = 6.8 mm) and 18.9 μM/s for 
subject 2 (fat  thickness = 5.0 mm), which may be infl uenced by the fat thicknesses. In 
both subjects, ΔHbO 2  and ΔHbT continued to increase for approximately another 
70 s after the microwave antenna was switched off.  
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49.1         Introduction 

 The body temperature of living organism is maintained at a constant level via  metabolic 
processes. Excessive heat can be carried away by the increased blood fl ow, as a result 
of dilated local blood vessels. The aim of this study was to investigate the change in 
blood volume and oxygenation caused by the controlled temperature elevation in the 
deep tissue including skin, fat and muscle, which can be achieved by the newly devel-
oped hybrid microwave-optical probe. The non-invasive hybrid probe exploits a new 
type of biocompatible antenna to induce a local temperature rise in muscle. The 
 heating of tissues causes vasodilation and changes the local tissue oxygenation, which 
can be measured by an optical probe using near-infrared spectroscopy. Current non-
invasive thermoregulation investigations into vascular diseases, such as Raynaud’s 
phenomenon and systemic sclerosis, involve only external heating on the skin [ 1 ]. 
The  capability of heating deep tissues such as muscle from within will provide new 
information about the pathophysiology of these vascular diseases. Another potential 
application is to aid the differentiation of certain types of tumour from normal tissues, 
e.g. upon heating, certain tumour blood fl ow (and therefore tissue oxygenation) has 
less capacity to increase compared to normal tissue because tumour blood vessels are 
already extremely dilated even without heating [ 2 ]. The hybrid probe can also improve 
the understanding of microwave diathermy, a therapy technique commonly used to 
treat muscle suffering from sports injuries, to help optimise its therapeutic effi cacy and 
avoid undesirable side effects [ 3 ]. In our application, the peak temperature required for 
local deep tissue  heating is 41 °C (for comparison, a hot bath is approximately 
40–41 °C). It has been shown that a temperature of 41 °C is enough to initiate an 
increased muscle blood fl ow [ 3 ]. As the proposed applicator is not temperature 
 controlled and relies on theoretical and simulation predictions, the induced heating is 
4 °C below the margins of 45 °C for safety reasons.  

49.2     Material and Methods 

49.2.1     Microwave Antenna Design 

 Unlike the conventional microwave diathermy applicator, the hybrid microwave 
antenna is compact, conformal and low power [ 4 ]. The hybrid probe is to be placed 
on the skin surface of either the forearm or the calf. The design of the microwave 
antenna requires careful consideration of the dielectric properties of the skin, fat and 
muscle layers. Apart from the microwave frequency, the shape and dimension of the 
various components (the metallic patch, dielectric substrate and superstrate) in the 
microwave antenna can all affect the distribution of heat in the skin, fat and muscle. 
In particular, a type of superstrate, which acts as a coupling layer to the skin and is 
an electrical and thermal insulator, has been chosen to minimise any microwave 
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refl ections at the skin surface to avoid skin overheating. Through computer simula-
tions and lab experiments, the design of the hybrid probe, which consists of the 
microwave antenna and the optical source and detectors, has been optimised as 
shown in Fig.  49.1a .

49.2.2        The Biological Thermal Model 

 Human tissues generate heat by metabolism, and blood fl ow can carry heat away. These 
factors need to be considered in our application. A series of simulations were per-
formed using the transient and thermal solver of CST Microwave Studio 2102, based 
on the fi nite integration technique. To obtain an accurate approximation of the thermal 
distribution, it is essential to include the electrical and thermal properties of the tissues. 
The conversion of electromagnetic energy into heat in biological tissue was modelled 
by the Pennes bioheat equation, which takes many factors into consideration, including 
the specifi c heat capacity, density, thermal conductivity, body temperature, blood 
 temperature metabolic heat generation and capillary blood perfusion coeffi cient [ 5 ]. 

 The simulation model in Fig.  49.1b  shows the temperature distribution in the biologi-
cal tissue model. The model consists of three layers, i.e. the skin, fat and muscle layers, 
with the corresponding thicknesses of 2, 10 and 50 mm. The simulation has open 
 thermal boundaries at a background temperature of 20 °C and the simulation corre-
sponds to 20 min after microwave exposure. The simulated two- dimensional thermal 
distribution in the model has taken metabolism and perfusion into consideration. The 
peak temperature is confi ned to a local area in the muscle at a maximum temperature of 
41.3 °C, which is suffi cient to cause dilation in the blood vessels. The peak temperature 
was recorded at 17 mm under the skin layer. It is worth mentioning that thermal distribu-
tion in the biological tissue varies as a function of fat thickness and operating  wavelength, 
and there are particular cases that hot spots can be formed in the fat layer [ 6 ].  

  Fig. 49.1    Simulation model: ( a ) antenna design with the integrated detectors and emitter and 
( b ) transient thermal distribution at the peak point inside the muscle       
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49.2.3     The Optical Probe 

 The changes in tissue oxygenation caused by tissue heating are measured using an 
optical monitor based on near-infrared spectroscopy. This kind of optical monitor has 
been widely used to measure tissue oxygenation in the muscle and brain. In this pre-
liminary study, a commercially available NIRO-100 tissue oxygenation monitor 
(Hamamatsu Photonics KK, Japan) was used which can measure ΔHbO 2 /ΔHHb,  tissue 
oxygenation index (TOI) and normalised tissue haemoglobin index (nTHI) by exploiting 
near-infrared light at three wavelengths (775, 813 and 853 nm). The version of the opti-
cal probe used here employed optical fi bres to transmit and collect light at the measure-
ment site and contained no metallic parts. The source- detector spacing was set to 37 mm 
to ensure suffi cient light penetration. The differential pathlength factor (DPF) of 4.94 
was used in the modifi ed Beer-Lambert law for the conversion of measured data [ 7 ].  

49.2.4     In Vivo Experiment Protocol 

 The hybrid probe was housed in rectangular foam for minimal interference with the 
antenna as shown in Fig.  49.2 . The rectangular foam was not included in the simula-
tion, so the actual skin/foam interface temperature may be higher than the simulation 
result because of the lower thermal dissipation in air, but it would not signifi cantly 
alter the deep muscle heating induced by the microwaves. The hybrid probe was 
placed and wrapped with bandage around the calf muscle as shown in Fig.  49.2c . Two 
adult subjects participated in the experiments. The fat thickness at the measurement 
site was measured with an ultrasound scanner for both subjects and shown in 
Table  49.1 . The experiment procedure consists of (i) an initial rest, duration of 1 min, 
(ii) followed by 5 min of microwave exposure and (iii) then 5 min of rest with the 
microwave switched off. The study was approved by the UCL Ethics Committee.

  Fig. 49.2    Hybrid probe design and the in vivo experiment: ( a ) the biocompatible antenna with the 
integrated optical emitter and detector, ( b ) the hybrid probe housed inside a foam casing being 
placed on the calf and ( c ) the hybrid probe secured on the calf with bandage during the 
experiment       
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    Table 49.1    Measured results for each subject   

 Subject 
 Fat layer 
thickness (mm) 

 Thermal response 
ΔHbT (μM/s)  Latency (s) 

 1  6.8  7.7 × 10 −3   70.0 
 2  5.0  18.9 × 10 −3   69.5 

  Fig. 49.3    Measured time series of a subject: ( a ) concentration change in oxy-/deoxyhaemoglobin, 
( b ) total haemoglobin concentration, ( c ) tissue oxygenation index and ( d ) normalised tissue hae-
moglobin index       

49.3          Results and Discussion 

 The results of one subject are depicted in Fig.  49.3  which show both ΔHbO 2  and 
ΔHbT increased during the 5 min of microwave exposure. The thermal response has 
been defi ned as the ratio of the total increase of ΔHbT to the time duration (5 min) 
and can be calculated by taking the gradient of a regressed straight line which best 
fi tted the portion of ΔHbT when microwave was on. After the microwave was 
switched off, both ΔHbO 2  and ΔHbT continued to rise for approximately another 
70 s which has been defi ned as ‘latency’. During this time, blood vessels remained 
dilated until blood perfusion takes suffi cient heat away that tissue temperature is 
back to normal, at which point, blood vessels began to constrict and ΔHbT to drop. 
The latency may therefore be related to perfusion and thermoregulation. Both the 
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thermal response and latency were listed in Table  49.1 . The thermal response of 
subject 1 is lower than that of subject 2. Apart from a genuine difference in physiol-
ogy, another explanation is the partial volume effect in the ΔHbT signal caused by 
the two subjects’ different fat thicknesses. The fact that ΔHHb shows no signifi cant 
change in Fig.  49.3a  indicates that vasodilation occurs primarily in the arterial blood 
vessels. The TOI measurement in Fig.  49.3c  shows numerous oscillations with no 
particular patterns with microwave heating. The nTHI as depicted in Fig.  49.3d  
shows a decrease during microwave exposure; this seemingly suggests that there 
was a reduction in blood volume which contradicts the earlier results. However, this 
decreasing nTHI could be caused by a localised blood volume increase which led to 
the (fi rst) optical detector nearer to the emitter recording a higher optical attenuation 
than the other (second) optical detector did (recall nTHI is calculated based on 
attenuation slope recorded by two closely placed detectors [ 8 ]). This would result in 
a smaller attenuation slope and therefore a seemingly lower nTHI. This effect is 
more prominent when the local blood volume increase is closer to the fi rst detector 
which in our case means a more superfi cial heating.

49.4        Conclusions 

 The aim of this study was to develop a hybrid microwave-optical probe to investigate 
the thermal response in deep tissue including skin, fat and muscle. The design of the 
hybrid probe was based on extensive computer simulations that have taken metabolism 
and perfusion into consideration. Our simulation results have shown that the current 
design can successfully induce a local temperature rise to around 41.3 °C in the muscle. 
This temperature is suffi cient to cause a thermal response, i.e. increased blood fl ow, and 
therefore, tissue oxygenation changes, which can be measured by the optical probe. 
The fi rst prototype of the hybrid probe has been developed and used for in vivo 
 measurements on two subjects. Upon the application of microwaves, a thermal response 
in terms of an increasing ΔHbT has been successfully detected. In future study, the 
microwave antenna will be cooled to minimise any heating in the skin and fat layers 
which will allow the thermal response of muscle to be investigated exclusively.     
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    Abstract     Quantum dots (QDs) are the semiconductor crystal with a nanometer 
 particle size that emit fl uorescence of a size-dependent wavelength. In this study, we 
examined whether  l -cysteine-capped CdTe quantum dots (QD580, diameter ~4 nm) 
might be used as an optical probe for intracellular oxygen (O 2 ) in cultured cells. 
QD580 was successfully introduced in cultured COS-7 cells by incubating cells with 
10 nM QD580 for 5–60 min at 37 °C. Cells were exposed to 20 % O 2  (0.5 h), then 
0.5 % O 2  or 20 % O 2  (1 h), and fi nally 20 % O 2  (0.5 h) gases. We found signifi cant 
increases in the fl uorescence intensity at 0.5 % O 2 . However, when compared with 
QD580 in buffer solution, QD580 fl uorescence in cells was considerably weak and 
vulnerable to repeated excitation light exposures. The present study demonstrated 
the potential of  l -cysteine-capped CdTe QDs as a nanoscale probe for intracellular 
O 2  in cultured cells. Further improvement of the QD is necessary for quantitative 
assessment of O 2  in the cell.  

50.1         Introduction 

 Quantum dots (QDs) are the semiconductor crystal with a nanometer particle size. 
Quantum dots have been introduced in bioscience as a novel fl uorescent probe [ 1 ]. 
Recently, Xia et al. [ 2 ] demonstrated that CdTe QDs covered with  l -cysteine exhibit 
reversible changes in both the magnitude and wavelength of the fl uorescence 
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according to the concentration of O 2  in the buffer solution. Then, we questioned 
whether these QDs might be a novel probe for intracellular O 2  in cultured cells. 
Thus, the aim of the present study is to demonstrate that the fl uorescence of 
 l -cysteine - capped  CdTe QDs loaded into cultured cells changes according to the 
cellular O 2  level.  

50.2     Methods and Results 

50.2.1     General 

  l -cysteine-capped CdTe QDs were synthesized by the bottom-up approach and kept 
in phosphate buffer solution (5 μM, pH = 10 ~ 11). We used the  l -cysteine-capped 
CdTe QDs with a diameter of ~4 nm (QD580). In the buffer solution, the emission 
wavelength was ~578 nm with 73 nm FWHM. 

 A fi broblast cell line COS-7 was cultured on 13-mm diameter, 0.15-mm thickness 
cover glasses (CultureCoverGlass®, Matsunami) in DMEM (Sigma) supplemented 
with 10 % fetal calf serum and antibiotics. The QD580-loaded cells on the 
CultureCoverGlass® were covered with a 10-μl hepes-Tyrode buffer solution 
(pH = 7.4 at 37 °C) and placed in the airtight measuring cuvette in which humidifi ed 
gas containing 0.1 ~ 20 % O 2  was supplied at 2 ml/min. The measuring cuvette was 
placed on the stage of an inverted microscope (IX-71, Olympus). All the experiments 
were conducted at 37 °C. 

 The QD was excited at 440 nm and the fl uorescence image at 595 nm was captured 
using a 16-bit cooled CCD camera (SV512, PixelVision) attached to the microscope. 
Due to the relatively weak QD fl uorescence in the cell, exposure duration was set to 
5 s. All the image processing was carried out off-line using IPLab (Scanalytics) 
software.  

50.2.2     QD Loadings 

 To optimize QD580 loading in COS-7 cells, we fi rst assessed the cytotoxicity of the 
QD by examining morphological changes in the cell (using the phase contrast optics 
in the microscope) while changing QD580 concentration in the culture medium 
(10 nM or 50 nM). Then, the magnitude of QD580 fl uorescence was determined for 
5-, 15-, 30-, or 60-min incubation with 10 nM QD580. Prolonged incubation with 
QD580 damaged the cell. Changes in the cell shape were evident in >1-h incubation 
with 50 nM QD580 or >3-h incubation with 10 nM QD580. For 10 nM QD580, the 
magnitude of the fl uorescence in the cell was comparable irrespective of the loading 
duration between 5 and 60 min, indicating very rapid uptake of QD580 in COS-7 
cells (Fig.  50.1 ). From these results, the cells were incubated with 10 nM QD580 for 
30 min in the experiments described below.
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50.2.3        Photo Bleaching 

 In most inorganic fl uorescent dyes, the fl uorescence gradually diminishes after 
repeated exposure to excitation light (photo bleaching). Photo bleaching can be a 
considerable artifact in the fl uorescence measurement. Thus, we determined the 
magnitude of photo bleaching in  l -cysteine-capped CdTe QDs with ~3-nm diameter 
(QD545). In COS-7 cells loaded with QD545, a 5-s exposure to the excitation light 
(440 nm) was repeated every 1 min, 5 times. Oxygen concentration in the measuring 
cuvette was either 0.5 % or 20 %. The fl uorescence was considerably attenuated after 
repeated excitations in such a way that the magnitude of the fl uorescence levelled off 
to <50 % of the initial intensity after fi ve exposures. Interestingly, attenuated QD545 
fl uorescence appeared to recover when consecutive excitations were separated by 
longer time intervals: at 0.5 % O 2 , the fl uorescence dropped to 78 ± 8 % of the initial 
level for a 1-min time interval between excitations, while for a 10-min interval, the 
fl uorescence signifi cantly increased to 91 ± 12 % of the initial level ( t -test,  p  < 0.05). 
The results were similar in QD580.  

50.2.4     O 2  Dependence of QD Fluorescence 

 Next, we examined whether QD580 fl uorescence changes according to the O 2  level 
in the cell. The cells were superfused with 20 % O 2  gas for 30 min and the fi rst 
QD580 fl uorescence measurement was conducted. Then, the O 2  concentration in 
the superfusion gas was reduced to 0.5 % and sustained for 1 h so that the cellular 

  Fig. 50.1    Intracellular 
localization of QD580 in 
COS-7 cells. The QD580 
fl uorescent image was 
superimposed on the phase 
contrast image. Because the 
particle size is extremely 
small (~4 nm), the present 
phase contrast image only 
visualizes QDs accumulated 
to a suffi cient amount in 
intracellular structures such 
as lysosomes       
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O 2  was equilibrated with the superfusion gas, and the second measurement was 
 conducted. Lastly, the cell was superfused with 20 % O 2  for 30 min and the fl uores-
cence measurement was conducted (“O 2  challenge”). As the control to the “O 2  
challenge,” similar fl uorescence measurements were carried out with fi xing the O 2  
concentration at 20 %. 

 Figure  50.2  illustrates changes in the magnitude of QD580 fl uorescence. In the 
control experiment, QD580 fl uorescence decreased to 82 ± 13 % of the fi rst measure-
ment ( n  = 25), whereas in the “O 2  challenge,” (0.5 % O 2 ) QD580 fl uorescence showed 
a signifi cant increase (112 ± 18 % of the fi rst measurement,  n  = 31) compared to the 
control. Additionally, in the “O 2  challenge” experiment, the fl uorescence intensity at 
605 nm was signifi cantly increased compared to the fl uorescence at 585 nm, indicating 
a rightward shift of the fl uorescence peak during hypoxia.

50.3         Discussions 

 In the present study, we demonstrated that  l -cysteine-capped CdTe QDs can be 
 easily introduced in COS-7 cells, and the magnitude of QD580 fl uorescence in 
COS-7 cells changes according to O 2  transitions between 0.5 % and 20 %. These 
results indicate a potential of  l -cysteine-capped CdTe QDs as an optical probe for 
intracellular O 2 . However, for ultimate nanoscale intracellular O 2  imaging, optical 

  Fig. 50.2    Elevation of QD580 fl uorescence in O 2  challenge. Data are represented in mean ± SD. 
Differences in the fl uorescence level were tested using unpaired  t -test where  p  < 0.05 is considered 
signifi cant.  NS  not signifi cant       
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characteristics of QD580, particularly when residing inside cells, await thorough 
investigation. For example, we noticed that the fl uorescence intensity of QD580 in 
cells is considerably low compared with that in the buffer solution. Comparing at a 
similar local concentration, the magnitude of the QD580 fl uorescence in COS-7 
cells was only 3 % of QD580 in the buffer solution. Furthermore, while photo 
bleaching of QD580 fl uorescence was minimal in buffer solution, the fl uorescence 
of QD580 in cells appeared quite sensitive to repeated exposure to excitation light. 
We presume that the intracellular milieu has a considerable effect on the optical 
properties of QDs, particularly those covered with organic molecules such as amino 
acids as in the present study. 

 Another technical challenge is the quantifi cation of the O 2  levels using intracellular 
QD580. In the present study, we compared QD580 fl uorescence between 20 % O 2  and 
0.5 % O 2  where QD580 fl uorescence at 20 % O 2  was regarded as a reference. In this 
case, because more than 30 min was required for cellular O 2  to reach the equilibrium to 
the test gas, these two separate fl uorescence measurements at two different cellular O 2  
levels are relatively time consuming and not suitable for practical uses. This problem 
may be resolved by the use of two different QDs with different O 2  sensitivity and 
 fl uorescent wavelength. For example, we simultaneously loaded  l -cysteine-capped 
CdTe QDs (O 2  sensitive, fl uorescence at 580 nm) and glutathione-capped CdSe/ZnSe 
QDs (O 2  insensitive, fl uorescence at 540 nm). Fluorescence of each QDs was success-
fully separated spatially in the fl uorescent image of the cell. Thus, O 2 -dependent 
changes in QD580 fl uorescence may be quantitatively assessed by a single fl uorescence 
measurement where QD540 fl uorescence is used as a reference. 

 In conclusion, the present study certainly demonstrated a potential of  l -cysteine- 
capped  CdTe QDs as a nanoscale probe for intracellular O 2  in cultured cells. Further 
improvement of the QD is necessary for quantitative assessment of O 2  in the cell.     
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    Abstract     We describe our solution for removal of the low-density lipoprotein (LDL) 
depot contained in proteins and lipids as a ‘druggable’ target for atherosclerotic car-
diovascular diseases by neutron dynamic therapy (NDT), which we developed using 
boron tracedrugs for NDT against bovine serum albumin as a model protein. Thus, 
we examined, among our developed boron tracedrugs, a boron- containing curcumi-
noid derivative UTX-51, to destroy freshly isolated human LDL dynamically under 
irradiated thermal neutron to obtain a decreased intensity of band of LDL treated 
with UTX-51 and thermal neutron irradiation in their SDS- PAGE and electrophoresis 
analysis. These results suggest that UTX-51 might be a novel candidate of ‘beyond 
chemical’ therapeutic agents for atherosclerotic cardiovascular disease.  

51.1         Introduction 

 We are currently studying the medicinal chemistry of boron tracedrugs we have 
developed, which are examples of next-generation ‘on-demand traceable’ drugs 
[ 1 – 3 ]. In the early stages of drug discovery and development, medicinal chemistry 
researchers made a great effort to evaluate the pharmacokinetics (PK) of drug can-
didates. Recently, increased demand for PK studies has encouraged researchers to 
develop drugs with superior traceability. Traditionally, radiolabeled compounds 
have been studied for these purposes. These, however, have two inherent problems: 
their half-life and the specifi c regulations for use by experimental facilities. These 
problems have increased the need for medicinal chemists to develop traceable drugs 
that do not require radioisotope labeling themselves. We had the idea of developing 
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tracedrugs with boron atoms embedded in their scaffold. This idea was based on our 
previous drug design studies for the development of hypoxia-targeting boron-10 
( 10 B) carrier compounds for boron neutron capture therapy (BNCT) [ 4 ].  10 B, a natu-
rally occurring and stable isotope (19.9 %), possesses neutron capture activity that 
produces a prompt γ-ray when irradiated by a thermal neutron. The  10 B concentra-
tion can be measured by neutron-induced prompt γ-ray spectroscopy (NIPS) to 
detect the actual localization of boron tracedrugs. 

 Here, we discuss our boron tracedrug approach to the development of dynamic 
drugs for neutron dynamic therapy (NDT); we termed these drugs ‘neutron dynamic 
therapeutics’. We present an overview of our concept of a boron tracedrug for NDT 
(Fig.  51.1 ). Neutrons attack  10 B in boron tracedrugs bound to macromolecules such 
as proteins, DNA/RNAs, sugars, and lipids and generate a vast amount of energy 
that subsequently decomposes the boron tracedrugs and their adjacent molecules.

   We previously designed the boron tracedrugs UTX-42, UTX-43, and UTX-44, 
which possess antioxidant potency [ 5 ]. In order to explore their additional potential 
and the destructive physical power exerted by weak thermal neutrons, thermal neutron 
irradiation of bovine serum albumin (BSA) treated with UTX-42 and UTX-44 and the 
newly designed boron tracedrugs UTX-47, UTX-50, and UTX-51 was performed to 
cause destructive dynamic damage of BSA during thermal neutron irradiation [ 5 ,  6 ]. 

 Atherosclerosis causes lethal disease due to cerebral and myocardial infarction 
and its prevention is a very important issue in industrial countries. Its key player, 
low-density lipoprotein (LDL), accumulates inside the artery walls with increased 
endogenous cholesterol that can impede blood fl ow and thereby compromise trans-
portation of oxygen and nutritional elements to organs. This depot should be 
removed for the prevention and treatment of atherosclerosis. We describe our solu-
tion for removal of the LDL depot contained in proteins and lipids by neutron 
dynamic therapy using boron tracedrugs for NDT against BSA as a model protein. 
Thus, we examined, among our developed boron tracedrugs, a boron-containing 
curcuminoid derivative UTX-51, to destroy a freshly isolated human LDL dynami-
cally under irradiated thermal neutron.  

  Fig. 51.1    Schematic images of boron tracedrugs and neutron dynamic therapy ( NDT )       
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51.2     Materials and Methods 

51.2.1     UTX-51 and Materials 

 UTX-51 (Fig.  51.2 ) was synthesized in our laboratory and all other chemicals were 
purchased from Tokyo Chemical Industry Co. Ltd, Wako Pure Chemical Industries 
Ltd., and Sigma-Aldrich.

51.2.2        Molecular Orbital Calculations 

 The  ab initio  MO calculation was performed with B3LYP hybrid density functional 
in conjugation with the 3-21G (d) basis set using the Gaussian 03 suite programs 
[ 7 ]. Visualization of the molecular geometries calculated by Gaussian 03 was car-
ried out with GaussView 3.0 [ 8 ].  

51.2.3     Neutron Irradiation 

 UTX-51 was used for the LDL irradiation study. The fi nal concentration of the boron 
tracedrugs was 100 μM (diluted with pH 7.0, wide-range buffer from 2.0 mM boron 
tracedrug stock solution in DMSO), and 10 mg/ml BSA stock solution was made up 
in phosphate-buffered saline (PBS). Thermal neutron irradiation was performed. 
The neutron fl uence was measured from the radioactivation of gold foils at the front 

  Fig. 51.2    Boron tracedrugs, a boron-containing curcuminoid derivative, UTX-51, and its molecu-
lar orbitals, HOMO and LUMO, and their eigenvalues (eV)       
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of the sample tubes, and the average neutron fl uence determined from the measured 
values was used. Contaminating γ-ray doses, including secondary γ-rays, were mea-
sured with thermoluminescence dosimeter powder at the front of the sample tubes. 
The absorbed dose was calculated using the fl ux-to-dose conversion factor [ 9 ].   

51.3     Results and Discussion 

 We designed boron-containing curcuminoid UTX-51 as a model compound of boron 
tracedrug for NDT to destroy LDL and LDL-related lipoproteins. We thought that 
the boron-containing curcuminoid compound, UTX-51, could be an effective candi-
date as a model compound of boron tracedrug for NDT because of curcumin, which 
binds a variety of proteins [ 10 ,  11 ]. Since curcumin may bind its targets in a non-
competitive manner, its affi nity does not need to be in the low molar range, such as 
nanomolar concentration, to cause a destructive effect by neutron dynamic therapy. 
First, we designed boron-containing curcuminoid UTX-51, compared to those of its 
parent natural product curcumin, using molecular orbital (MO)-based molecular 
modelling method using Gaussian 03 with B3LYP/6-31G (d). The lowest unoccu-
pied MO (LUMO) and the highest occupied MO (HOMO) of UTX-51, as shown in 
Fig.  51.2 , were not localized at the boron connection site like curcumin. Its energy 
levels of the LUMOs ( E  LUMO ) and HOMO ( E  HOMO ) had general values. Thermal neu-
tron irradiation was conducted at the Kyoto University Research Reactor Institute 
(KURRI). SDS-PAGE was performed to detect the decomposition of LDL (46 μg) 
treated with UTX-51and thermal neutron irradiation. Electrophoresis-based analysis 
indicated a decrease in the intensity of the bands for LDL treated with UTX-51 (at 
doses of 2 and 20 nmol) and thermal neutron irradiation as shown in Fig.  51.3 .

  Fig. 51.3    Dynamic effects of boron tracedrug UTX-51 to human LDL under thermal neutron irra-
diation. Irradiation condition: UTX-51: 2.00, 20.0 nmol; LDL, 46 μg; Thermal neutron (absorbed 
dose 1.9 Gy; time 45 min). Human LDL treated with boron tracedrug UTX-51 on SDS- PAGE gel 
stained with Coomassie Brilliant Blue ( CCB ) and band intensity.    Band intensities were measured 
with SWEDAY JustTLC software (control = 1.00). ( a )  10 B/LDL = 2,500:1; ( b )  10 B/LDL = 25:1; 
( c )  10 B/LDL = 250:1       
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51.4        Conclusions 

 To the best of our knowledge, we present data showing for the fi rst time that the 
boron tracedrug UTX-51 causes destructive dynamic damage of LDL during ther-
mal neutron irradiation. We also suggest that boron tracedrugs can be used as neu-
tron dynamic therapeutics for LDL-related pathological associated disease and 
other protein-protein interaction diseases [ 12 ,  13 ].     
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Abstract The aim of this study was to develop a simple technique for objective 
assessment of mental stress levels by measuring hemoglobin concentration changes 
in the bilateral prefrontal cortex (PFC) at rest, employing two-channel near-infrared 
spectroscopy (NIRS). Each subject was instructed to think about nothing in particu-
lar for 3 min and then to complete the State-Trait Anxiety Inventory (STAI) test. 
Next, NIRS measurements were taken and the left/right asymmetry of PFC activity 
at rest was evaluated by calculating the proposed Laterality Index at Rest (LIR). 
There was a significant positive correlation between the LIR and STAI score in 39 
subjects. The present method allowed evaluation of mental stress level from NIRS 
data in the PFC at rest.

52.1  Introduction

The incidence of stress-induced psychological and somatic diseases has been 
increasing rapidly in industrialized societies, and it is important to clarify the neu-
rophysiological mechanisms of stress response in order to establish effective stress 
management methods. A simple, noninvasive method for assessment of stress 
response and for evaluation of the efficacy of relaxation methods is required for this 
purpose. We have previously used near-infrared spectroscopy (NIRS) for investiga-
tion of neurophysiological mechanisms of mental stress and to evaluate relaxation 
methods. We found that the prefrontal cortex (PFC) plays an important role in stress 
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response; asymmetry of PFC activity measured by NIRS correlated with behavioral 
and somatic responses to mental stress [1–4]. In this study, we employed NIRS to 
evaluate the asymmetry of PFC activation during activity at rest without any task, 
using a newly developed parameter, Laterality Index at Rest (LIR). We also investi-
gated the correlation between LIR and anxiety level evaluated with the State-Trait 
Anxiety Inventory (STAI) test.

52.2  Materials and Methods

52.2.1  Experimental Settings

The study population comprised 39 subjects (29 women; 10 men); 19 were 20–24 
years old and 20 were 60–79 years old. Written informed consent was obtained 
from each subject on forms approved by the ethical committee of Nihon University 
School of Medicine. Each subject was seated in a comfortable chair in a dimmed 
room, and we measured oxy- and deoxy-Hb concentration changes in the bilateral 
PFC with a two-channel NIRS (PNIRS-10, Hamamatsu Photonics K.K., 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. One trial consisted of the following steps. First, 
each subject completed the STAI questionnaire before NIRS measurements. Second, 
calibration of the equipment was performed. Third, the subject was told that the 
preparation period (1 min) would begin. Fourth, the subject was instructed to rest 
quietly for 3 min: rest period. This corresponds to the analysis period. Figure 52.1 
schematically depicts the experimental protocol.

52.2.2  Data Analysis

In order to analyze left/right asymmetry of PFC activity at rest, we calculated the 
laterality scores. Consider

 
D = DoxyR oxyR

t analysis interval tmin min
Î  

(52.1)

 
D DoxyL oxyL

t a l tmin min=
Î nalysis interva  

(52.2)

where ΔoxyRt and ΔoxyLt denote oxy-Hb concentration changes of the right and the 
left PFC. The quantities defined by Eqs. 52.1 and 52.2 are the variations with respect 
to their minimum values, so that they are always nonnegative. Based on these quan-
tities, we defined the Laterality Index at Rest (LIR) as follows:
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LIR
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(52.3)

The numerator of Eq. 52.3 consists of the difference between oxy-Hb concentra-
tion changes of the right and the left PFC summed over the analysis period (3 min). 
It is convenient if such index is normalized in such a way that the resulting numerical 
values are in [−1, +1]. The normalization constant is defined by the sum, instead of the 
difference, of oxy-Hb concentration changes of the right and the left PFC. It should be 
noted that if we had used ΔoxyRt and ΔoxyLt per se, instead of the variations from their 
minimum values, then the denominator could be zero or near zero where the target 
quantity diverges. It should also be noted that if the normalization constant becomes 
negative, then the index does not make much sense and makes it difficult to interpret 
the index. The quantities defined are schematically illustrated in Fig. 52.1. A positive 
LIR indicates that the right PFC is more active at rest than the left PFC, on average, 
while a negative LIR indicates that the left PFC is more active at rest than the right 
PFC, on average. We then analyzed the relation between LIR and STAI state scores.

Fig. 52.1 The experimental protocol is illustrated in the left panel. Calibration refers to the fact 
that the hemoglobin concentration values are set to reference value so that measurement can start. 
The panel on the right shows typical traces of ΔoxyLt and the minimum value of ΔoxyLmin. As 

exemplified by the red arrow, the quantities defined by Eq. 52.2 are the variations with respect to 
the minimum value. The concept is the same for ΔoxyRt
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52.3  Results

All subjects exhibited fluctuations of oxy-Hb in the bilateral PFC at rest. The  amplitude 
varied among the subjects; Fig. 52.2 shows typical examples of ΔoxyRt and ΔoxyLt 
in subjects with high (60) and low (28) STAI scores. There was a significant positive 
correlation between exp (LIR) and STAI scores (r = 0.513, p = 0.0008). One reason 
for considering exp (LIR) instead of LIR is that we found that the correlation coef-
ficient of STAI with exp (LIR) was larger than that with LIR. Generally, properties 
of a random variable change under coordinate changes. Fig. 52.3a shows the scatter 

Fig. 52.2 The left panel shows typical examples of ΔoxyRt and ΔoxyLt in a subject with a high 
STAI score (60). The right panel shows typical examples of ΔoxyRt and ΔoxyLt in a subject with a 
low STAI score (28)
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plot of exp (LIR) against STAI score for all 39 subjects. This indicates that the right 
PFC was more active at rest than the left PFC, corresponding to a higher anxiety 
level. In order to examine a possible effect of aging on the correlation between LIR 
and STAI, we analyzed the correlation in the young group (n = 19, 20–24 years) and 
the older group (n = 20, 60–79 years) separately. In the young group there was a 
significant positive correlation between the exp (LIR) and STAI state score 
(r = 0.525, p = 0.021) (Fig. 52.3b). In the older group we found a similar positive 
correlation between the exp (LIR) and STAI state scores (r = 0.536, p = 0.015) 
(Fig. 52.3c). This suggests that aging has no significant effect on the correlation. In 
the present project, at least, we have not found an index of interest for deoxy-Hb.

Fig. 52.3 (a) All STAI versus exp (LIR). Scatter plot of values of exp (LIR) against STAI test 
scores of all 39 subjects. Larger values of exp (LIR) indicate that the right PFC was more active at 
rest than the left PFC, corresponding to a higher anxiety level. (b) Scatter plot of exp (LIR) against 
STAI score for 19 young subjects. (c) Scatter plot of exp (LIR) against STAI score for 20 older 
subjects. Correlation lines are shown in black. Correlation coefficient of STAI with exp (LIR) was 
larger than that with LIR. Generally, the properties of a random variable change under coordinate 
changes
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52.4  Discussion

Subjects with right-dominant oxy-Hb changes at rest, evaluated in terms of LIR, 
showed higher STAI scores, while those with left-dominant oxy-Hb changes at 
rest showed lower STAI scores. In NIRS activation studies, changes of oxy-Hb 
during activation imply evoked changes of regional cerebral blood flow (rCBF) 
in response to neuronal activation, since changes in oxy-Hb are correlated with 
changes in rCBF [5]. NIRS measurements during the resting condition have 
shown that a change in oxy-Hb occurred without a change in total Hb [6, 7]. In 
addition, simultaneous measurement of NIRS and electroencephalography 
(EEG) showed an increase of oxy-Hb when the EEG showed alpha 2 wave (10–
13 Hz) and a decrease of oxy-Hb when the EEG showed alpha 1 wave (7–9 Hz) 
[7]. These observations indicate that changes in oxy-Hb at rest reflect changes 
of neuronal activity at rest. The left/right asymmetry of PFC activity is corre-
lated with specific emotional responses to mental stress and personality traits 
[8–10]. It has been reported that positive and negative affective stimuli shift the 
asymmetry in PFC activity. For example, film-induced fear increases relative 
right-sided PFC activation [10], whereas induced positive affective stimuli elicit 
an opposite pattern of asymmetric activation [11]. In addition, asymmetry in 
PFC activity at rest is correlated with the emotional state [12]. Kemp et al. dem-
onstrated that patients with major depressive disorder exhibited reduced left 
frontal activity in the resting state compared with normal controls [12]. These 
results suggest that asymmetry in PFC activity at the resting state can predict the 
emotional state. The PFC plays an important role in mediating somatic responses 
to stress via projections to the neuroendocrine and autonomic centers in the 
medial hypothalamus [13]. Interestingly, regulation of stress response is differ-
entially mediated by the right and left PFC, which is similar to regulation of 
emotional responses. Here, NIRS data demonstrated that right-dominant PFC 
activity during stress tasks was associated with hyperactivity of the stress 
response system, while left-dominant PFC activity was associated with small 
stress responses [1–4]. However, further studies are needed to clarify the rela-
tion between the right/left asymmetry of PFC activity at rest and the stress 
response system. Finally, it should be noted that concentration changes in oxy-
Hb measured by NIRS reflect blood flow changes in both intra- and extracere-
bral tissues including the skull and skin. Recent studies demonstrated that the 
scalp-related hemodynamic changes are locked into the functional activation 
tasks [14]. In addition, some of the oxy-Hb oscillation could be systemically 
driven. For example, systemic blood pressure fluctuations significantly altered 
NIRS recordings through expression in extracranial tissues and within the brain 
itself [15]. Further studies are necessary to clarify these effects on the present 
NIRS data.
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    Abstract     The reduced oxygen in tumors (hypoxia) generates radiation resistance 
and limits tumor control probability (TCP) at radiation doses without signifi cant 
normal tissue complication. Modern radiation therapy delivery with intensity- 
modulated radiation therapy (IMRT) enables complex, high-dose gradient patterns, 
which avoid sensitive human tissues and organs. EPR oxygen images may allow 
selection of more resistant parts of a tumor to which to deliver more radiation dose 
to enhance TCP. EPR O 2  images are obtained using injected narrow-line, low relax-
ation rate trityl spin probes that enable pulse radiofrequency EPR O 2  images of 
tumors in the legs of mice, rats, and rabbits, the latter exceeding 4 cm in size. Low 
relaxation rates of trityls have enabled novel T 1 -, rather than T 2 -, based oximetry, 
which provides near absolute pO 2  imaging. Tomographic image formation and fi l-
tered back projection reconstruction are used to generate these images with fi xed, 
linear stepped gradients. Images obtained both with T 2  and T 1  oximetric images 
have demonstrated the complex in vivo mechanism explaining the unexpected effi -
cacy of TNFerade, a radiation-inducible adenoviral construct to locally produce 
TNF-induced vascular as well as radiation damage [1, 2]. The unexpected effi cacy 
of large-dose radiation fractions is seen to be due to an interaction between host 
microvasculature and tumor cells producing a prompt (15 min) postradiation 
hypoxia, paralyzing tumor cell repair, and sensitizing tumors. Finally, cure of 
tumors treated to a single 50 % control dose shows a signifi cant dependence on EPR 

    Chapter 53   
 Radiation Oxygen Biology with Pulse 
Electron Paramagnetic Resonance Imaging 
in Animal Tumors 

             Gage     Redler    ,     Martyna     Elas    ,     Boris     Epel    ,     Eugene     D.     Barth    , 
and     Howard     J.     Halpern    

        G.   Redler •       B.   Epel •       E.  D.   Barth •       H.  J.   Halpern (*)      
  Center for EPR Imaging In Vivo Physiology ,   Chicago ,  IL ,  USA    

  Department of Radiation Oncology ,  University of Chicago ,   Chicago ,  IL ,  USA   
 e-mail: h-halpern@uchicago.edu   

    M.   Elas    
  Center for EPR Imaging In Vivo Physiology ,   Chicago ,  IL ,  USA   

  Department of Radiation Oncology ,  University of Chicago ,   Chicago ,  IL ,  USA   

  Department of Molecular Biology ,  Jagiellonian University ,   Krakow ,  Poland    



400

O 2  image hypoxic fractions, best shown with the fraction of voxels less than 10 Torr 
(HF10). We show that these O 2  images provide a quantitative basis for measuring 
tumor and normal tissue response to abnormally low O 2  levels. Measurements of 
vascular endothelial growth factor (VEGF) production in a specifi c syngeneic 
mouse fi brosarcoma, FSa versus fraction of tissue voxels with pO 2  less than 10 Torr, 
produced a slope of 0.14 pg VEGF protein/mg total protein/% HF10. We argue that 
this quantifi cation may be diagnostic of tumor versus normal tissue, and it may be 
etiologic in the development of malignancy.  

53.1         Introduction 

 There are at least two reasons why images of local pO 2  in living animal tissues 
might be of general interest. The fi rst is the importance of lack of oxygen in a large 
number of disease processes, including myocardial infarction, stroke, and cancer. 
The second reason for interest in local pO 2  oxygen images lies in the insight, in 
vivo, that such images may provide between an environmental stimulus or condition 
and the genetic response to it at the tissue and organismal level. 

 Hypoxia in cancer has been associated with resistance to genotoxic cancer treat-
ments. Hypoxic resistance to radiation has been known for over a century, starting 
with the historic observations of Schwarz in 1909 [ 3 ]. The systematics of this 
evolved in the 1920s and 1930s with the work of Holthusen [ 4 ], as well as Gray, 
Conger, and others in the 1940s and 1950s [ 5 ], the quantifi cation of the effect in 
cellular systems [ 6 ], and the appreciation of its applicability to human cancers, in 
particular the more recent work by Vaupel et al. [ 7 – 10 ]. 

 The molecular biology of genetically induced cellular signalling has been the 
focus of most biologists for the past fi ve decades [ 11 ]. Over the past two decades, 
the homeostatic centrality of the maintenance of adequate molecular oxygen has 
been recognized in the role of hypoxia-inducible factor, HIF, a master regulator of 
organismal signalling response to oxygen inadequacy [ 12 ]. The information leading 
to these conclusions has been obtained on either the cellular level or on the whole 
animal level. Heterogeneity of oxygen levels has not been addressed, particularly in 
tumors. The heterogeneity of tumor pO 2 , shown in EPR O 2  images [ 13 ,  14 ] as well 
as needle electrode measurements of tumors, e.g., [ 15 ], requires the use of images 
to fully elucidate the relationship between the stimulating condition, hypoxia, and 
the genetic response. 

 We argue that in vivo images provide a robust means by which quantitative 
assessment of the unperturbed local oxygen environment can be made and then 
registered with the molecular signals that respond to the environment. This will 
form the basis of a quantitative stimulus–response model of the molecular response 
to the environment. Local abnormalities in this stimulus–response relationship may 
be etiologic in disease process. Such abnormalities may be based in abnormal 
 transcription, as is assumed by most molecular biologists. This ultimately assumes 
that the only active agent in disease process is the genome. However, we argue that 

G. Redler et al.



401

this is a simplifi ed model, and it ignores a number of aspects of tissue and cell 
 environment that can be disrupted and contribute to disease process. For example, 
vessel dysfunction, particularly microvessel dysfunction, can interfere with inter-
cellular communication as part of paracrine and endocrine signalling processes. 
Intracellular protein glycation markedly affects endothelial function [ 16 ] and can 
have a similar effect on autocrine signalling and carcinogenesis [ 17 – 19 ]. These 
mechanisms may interfere with diffusion or translocation of signals. They will then 
change the relationship between the environmental trigger and the molecular 
response. They will change, for example, the dose–response relationship between 
local concentrations of oxygen and the HIF1-associated signal response elements. 
By concentrating solely on the relationship between hypoxia and HIF1 response 
and disregarding other possible environmental factors, we can approximate such a 
response as a simple linear function. In this simplifi ed model, HIF1-associated sig-
nal (e.g., VEGF) would increase linearly as the pO 2  diminishes. There may be a 
normal slope or intercept in this relationship. Disease process may be refl ected in 
alterations of the slope or intercept seen in the correlation between pO 2  and signal.  

53.2     Methods 

 Electron paramagnetic resonance (EPR) O 2  imaging ( EPROI)  gives quantitative 
localized pO 2  images of various tumors in syngeneic mice, rats, and rabbits [ 20 – 22 ]. 
The oxygen broadening of narrow EPR spectral lines, or, equivalently, the increase 
in relaxation rates of electron magnetization, reports the pO 2  with 1–2 Torr resolu-
tion in image voxels as small as 1 mm 3  [ 13 ,  23 ]. We have found remarkable freedom 
from toxicity in 283 mice injected with the pO 2  reporter molecule OX063 (GE 
Healthcare) used to acquire the data reported here. OX063 is extracellular in its 
distribution and is rapidly cleared from the body through renal excretion with a half- 
life of ~5 min. It appears to be selectively retained in tumors with a half-life of ~30 
min. This bodes well for eventual application for human subjects. OX063 and the 
partially deuterated O 2  reporter OX063 d24 , also known as OX071, have very limited 
dependence on viscosity. We have found that, by using pulse sequences that image 
the longitudinal relaxation rate, R 1  (R 1  = 1/T 1 , where T 1  is the longitudinal relaxation 
time), self-relaxation of the trityl spin probe is reduced to well within the 1 Torr 
uncertainties of our image voxel pO 2  values. EPROI:

    1.    Correlates point by point with Oxylite measurements [ 13 ]   
   2.    Signifi cantly sharpens the tumor cure prediction (along with dose in bivariate 

analysis) [ 20 ]   
   3.    Independently distinguishes sensitive from resistant animal tumors treated with 

a single-dose magnitude, the 50 % tumor control dose, TCD 50 , in two tumor 
types   

   4.    Provides in vivo measurement of the rapid postradiation hypoxia induced via 
vascular apoptosis in response to large fraction radiation [ 24 ]    
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  Other in vivo oxygen or hypoxia imaging modalities include  19 F MRI and 
 18 F-misonidazole and  64 Cu-ATSM positron emission tomography (PET). PET can 
be used for human studies.  19 F MRI is presently used only in animal studies. Neither 
of these other imaging modalities or other available in vivo animal O 2  images pro-
vide such a combination of accuracy in the voxel pO 2 , lack of confounding biologic 
variability, and low level of invasiveness and toxicity. 

 Hypoxia in EPROI has been locally correlated with concentrations of the hypoxia 
protein vascular endothelial growth factor (VEGF) in biopsies stereotactically reg-
istered with the pO 2  images. These methods of registration and VEGF quantifi ca-
tion have been described previously [ 21 ].  

53.3     Results 

 In Fig.  53.1 , obtained with natural isotopic abundance OX063 as the oxygen 
reporter, we show the correlation between the fraction of voxels with pO 2  less than 
10 Torr (HF10) and the concentration of VEGF in biopsies obtained from 12 fi bro-
sarcomas grown intramuscularly in the legs of C3H mice to volumes of 0.5 ml 
(10 mm equivalent diameters), as previously described [ 21 ]. For each biopsy, the 
absolute concentration of VEGF was determined from the specimen. There were 
~75 pO 2  image voxels to obtain statistics from for each biopsy sample. This allowed 
us to compute the HF10, which appeared to be the most reliable statistic among 
mean pO 2 , median pO 2 , HF10, HF5, and HF2.5. Uncertainties in the HF10 and in 

  Fig. 53.1    Correlation between hypoxia, defi ned by the percentage of voxels in the biopsy with 
pO 2  less than 10 Torr as determined from the EPR oxygen image, and the VEGF concentration in 
pictograms per microgram of total protein       
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the VEGF concentration from each sample are shown in Fig.  53.1 . The Pearson 
product–moment correlation coeffi cient, R = 0.75, provides a basis for establishing 
the fraction of variation in the samples that is due to true interdependence. The 
regression slope of the tumor tissue response is 0.14 pg VEGF/mg tumor 
tissue/%HF10. This is a measure, although undoubtedly a simplifi ed one, of the 
signal response by tumor cells to produce more vascular endothelial cells in response 
to local hypoxia, as measured by percentage HF10. The heterogeneity of tumor pO 2 , 
as shown in EPROI [ 13 ,  14 ] as well as needle electrode measurements of tumors 
[ 15 ], requires the use of images to defi ne local tumor pO 2  and HF10. Because of the 
large variation of pO 2  and HF10 between the 20 μl biopsy volumes obtained in the 
study (typically 2 per tumor, one high and one low pO 2 ), a relatively small number 
of samples achieved signifi cance, as seen in Fig.  53.1 .

53.4        Discussion and Conclusions 

 This correlation between stereotactic biopsy-derived VEGF concentrations and 
biopsy sample HF10 values from registered EPROI provided statistically signifi cant 
correlation between the two values. We argue that this slope, 0.14 pg VEGF/mg 
tumor tissue/%HF10, is a measure of tissue and tumor response to hypoxia. 
Although normal tissue measurements remain to be generated, we argue that this 
may be not only different, and a diagnostic of the difference between tumor and 
normal tissue, but that it may be etiologic in the development of malignancy. The 
dysfunctional chaos of tumor growth may stimulate either a reduced or an enhanced 
tissue response. EPROI may provide the basis for quantifi cation of this response and 
introduce a new, quantitative aspect for evaluating tumor versus normal tissue 
response to the hypoxic environment.     
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    Abstract     We demonstrate the optimisation of wavelengths for the imaging of 
 cortical haemoglobin oxygenation with broadband RGB refl ectometry. Wavelengths 
were chosen in order to minimise the likely crosstalk and optimise the signal-to- 
noise ratio by simulating effects of different combinations of wavelengths on the 
condition number of the resulting extinction coeffi cient matrices. The results 
obtained were evaluated experimentally for four combinations of commercially 
available LED combinations and compared with data from the literature.  

54.1         Introduction 

 When using RGB (red, green, blue) refl ectometry to record small changes in hae-
moglobin oxygenation associated with neurometabolic and neurovascular coupling 
[ 1 ], the quality of the calculated concentrations of oxygenated and deoxygenated 
haemoglobin (oxyHb, deoxyHb) in terms of signal-to-noise ratio (SNR) and cross-
talk depends mainly on the wavelength-dependent experimental parameters like the 
sensitivity spectra of the detector and light source as well as the tissue under inter-
rogation. While the extinction spectra of haemoglobin and the optical path length 
are given by the optical properties of the tissue and the sensitivity spectra of the 
detector is given by available CCDs, the light source can be adapted to improve the 
performance of the setup. Therefore, the choice of the illumination system and its 
emission spectrum is a crucial factor for RGB refl ectometry. 

 To optimise the wavelengths in the visible range, we fi rst simulated the 
effects of combinations of wavelengths with different bandwidths on the condi-
tion number as a measure of SNR and crosstalk for a three-wavelength system 
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and for two different RGB cameras. After this theoretical examination, a condition 
number analysis was done for commercial high-power colour LEDs. Furthermore, 
the theoretical fi ndings were evaluated and compared for different combinations of 
high-power LEDs to confi rm the connection of condition number with crosstalk and 
noise by measurements on a tissue-simulating phantom and biological tissue.  

54.2     Methods 

 Crosstalk is mainly caused by using the wrong sensitivity spectra for the light 
source, detector and optical path length, and this has the same effect as calculating 
the haemoglobin concentrations with the wrong extinction spectra. On the other 
hand, noise is mainly caused by physical effects like changes in the intensity of the 
illumination due to thermal fl uctuations or ambient light. Again, the infl uence of 
these effects can be reduced by an appropriate choice of wavelengths. 

 The calculation of changes in haemoglobin concentrations depends in large 
parts on the extinction coeffi cient matrix  E . For RGB refl ectometry,  E  is deter-
mined by the haemoglobin extinction spectra and the integral of the product of the 
optical characteristics of the imaging system and the tissue over the broad wave-
length bands for the RGB detectors [ 2 ]. Haemoglobin concentration changes are 
then obtained by matrix inversion from experimental attenuation changes. This 
illustrates the importance of  E  as it includes all basic parameters and the descrip-
tion of the physiological and physical conditions of the measurement setup. From 
the parameters that defi ne  E , mainly the light source spectra can be varied for 
optimisation. To fi nd the best combination of wavelengths for a three-wavelength 
spectroscopy system, the condition number of the matrix  E  is analysed as an objec-
tive parameter for its quality. For any matrix, the condition number is defi ned as 
the ratio of its largest singular value to the smallest singular value [ 3 ]. Here we 
calculated C as the inverse of the condition number (cond) of  E , (C = 1/cond( E )). 
A value of C close to 1 indicates a well-conditioned matrix, while a value close to 
0 signifi es that higher errors and crosstalk are likely. Therefore, the aim is to fi nd a 
combination of three wavelengths that gives a high value of C for the correspond-
ing  E  matrix.  

54.3     Simulation of a Three-Wavelength System 

 For a three-wavelength system, C was calculated for all permutations of the wave-
lengths λ 1 , λ 2  and λ 3 , with each wavelength varied between 400 and 700 nm. The 
spectra of the simulated light sources were assumed to be of Gaussian shape with 
full widths at half maximum (FWHM) varying from 3 to 49 nm. The spectral detec-
tor characteristic of two CCD cameras (A311fc, Basler AG, Germany and 
AD-080GE, Jai A/S, Denmark) was included. 
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 In Fig.  54.1 , C is shown for both cameras as a function of λ 1  and λ 2  and a FWHM 
of 11 nm. As it gives the highest value of C, the third wavelength was fi xed at 
λ 3  = 472 nm. From the fi gure, it can be read that the highest C, and therefore the 
most promising combination, is for λ 1  around 600 nm and λ 2  between 600 and 
700 nm. The differences in C for the two CCDs are caused by the different sensitiv-
ity spectra of the cameras. Therefore, the spectral characteristic of the illumination 
system has to be adapted to the CCD.

   One more choice of inverse condition numbers as greyscale images for two per-
mutated and one static λ3 for the Jai CCD is given in Fig.  54.2 . A set of images for 
the FWHMs of 11 and 31 nm is given for the static λ3 of 450, 500, 550, 600 and 
650 nm. When considering the FWHM of the wavelengths, it is noticeable that with 
growing bandwidths the inverse condition numbers decrease. Another effect is that 
the areas of good condition numbers seem to smear out due to the increasing effects 
of overlapping spectra.

  Fig. 54.1    Inverse condition numbers C as function of λ 1  and λ 2  and a fi xed λ 3  = 472 nm with a 
FWHM of 11 nm for sensitivity spectra of the cameras Jai AD-080GE and Basler A311fc       

  Fig. 54.2    Inverse condition number C as a function of λ 1  (x-axis, 400–700 nm) and λ 2  (y-axis, 
700–400 nm) for fi xed λ 3  between 450 and 650 nm, with FWHM of 11 and 31 nm. The sensitivity 
spectra of the camera Jai AD-080GE were used       
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54.4        Selection of Commercial LEDs Based 
on Matrix Condition 

 The condition number analysis served as a fi rst guess for the selection of  commercial 
high-power colour LEDs with an electrical power of at least 3 W and wavelength 
bands separated by at least 30 nm for using the Jai CCD as detector. For this, pub-
lished emission spectra were used as well as spectra measured with a lab spectrom-
eter (USB 2000, Ocean Optics Inc., Dunedin, USA). Four LED modules M1–M4 
were looked at in detail: M1 is a complete LED module (LZ4, LED Engin) with an 
integral electrical power of 10 W. Module M2 is a combination of three LEDs with 
emission peaks separated by more than 50 nm. In the spectral band between 500 and 
630 nm, the extinction coeffi cients of oxyHb and deoxyHb have a very specifi c 
shape; therefore, M3 was chosen as the best combination of wavelengths within this 
band. M4 was chosen as the best combination with C higher than for M3. Here the 
best combination is defi ned as the best compromise between a high C and luminous 
fl ux. The measurement showed that the real characteristics of the LEDs differ from 
those stated in the data sheets. For this reason, the calculations for the four modules 
were performed again with the measured values for their peak wavelength and 
FWHM. 

 In Table  54.1a , a comparison is given for different LEDs and for the measured 
values (lab) and those published in the data sheets (pub) as well as the inverse condi-
tion numbers. The C values are markedly different for the modules M1–M4 and for 
the published and measured LED emission spectra. This indicates that a measure-
ment of the LED spectra is recommended for a best RGB-refl ectometry system.

     Table 54.1    Commercial LEDs of the assembled modules M1–M4. The peak wavelengths and the 
FWHM of their emission spectra are given based on own measurements (lab) and the data sheets 
(pub). The values of C are given when including the JAI CCD detector spectra   

 M  LED 

 λ (nm)  FWHM (nm)  C 

 lab  pub  lab  pub  lab  pub 

 M1  LED Engin LZ4 blue  460  460  34  20  0.093  0.194 
 LED Engin LZ4 amber  594  590  15  20 
 LED Engin LZ4 red  630  625  17  20 

 M2  Philips LUXEON Rebel b  480  470  32  20  0.118  0.127 
 Avago Tech. ASMT-Ax3x g  523  525  46  20 
 Avago Tech. ASMT-Ax3x a  608  590  18  15 

 M3  Avago Tech. ASMT-Ax3x g  523  525  46  20  0.182  0.149 
 Avago Tech. ASMT-Ax3x a  608  590  18  15 
 Osram Platinum Dragon r  650  625  22  20 

 M4  Luxeon LUXEON Rebel b  483  470  33  20  0.326  0.303 
 Avago Tech. ASMT-Ax3x a  608  590  18  15 
 LED Engin LZ1 r  647  623  23  15 
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54.5        Experimental Evaluation of Choice of Wavelengths 

 To back up the fi ndings of the condition number analysis, we experimentally tested 
the magnitude of errors induced by ambient light. To this end, all LEDs of the four 
modules M1–M4 were adjusted to the same radiant fl ux, a white balance of the 
CCD camera was done and the gain adjusted for equal count rates for the R-, G- and 
B-detector channels. In the fi rst test, the surface of a silicone, tissue-simulating 
phantom of known optical properties was imaged, followed by imaging of the skin 
of a subject’s arm during arterial cuff occlusion, i.e. during large changes in haemo-
globin concentrations. Ambient light was induced by an additional LED (PL6N- 
3LFx 3 W RGB, ProLightOpto Tech. Corp., Taiwan) by either simultaneously 
(‘white disturbance’) or sequentially (‘RGB disturbance’) switching on its RGB 
emitters. This disturbance was adjusted to change the CCD count rates by 10 %. 
The deviations of the haemoglobin values by this additional illumination were aver-
aged for oxyHb and deoxyHb and are summarised in Table  54.2  as errors in haemo-
globin in arbitrary units.

   The errors in haemoglobin due to the ambient light (Table  54.2 ) show large vari-
ations for the modules M1–M4. When averaging the data for each module, there is 
a strong correlation with the condition number, i.e. 1/C (correlation coeffi cient 0.98 
for lab-based C). When the condition numbers are based on the published spectra 
(see Table  54.1 ), the correlation is much weaker (correlation coeffi cient = 0.30).  

54.6     Implications for Imaging Systems 

 The described condition number analysis gives indications for the quality of an RGB 
system for the assessment of haemoglobin, and the experimental data support this 
claim. In the literature, the common approach for the imaging of cortical haemoglo-
bin is a combination of a monochromatic CCD and a fi lter wheel setup that allows a 
sequential illumination with a number of narrowband wavelengths. Therefore, the 
condition number assessment has been extended to some of the systems described in 
the literature when the emission wavelength characteristics are given. 

    Table 54.2    Errors in haemoglobin (arbitrary units;  a.u. ) induced by ambient 
light of the evaluation measurements for modules M1–M4 for phantom data 
and in vivo skin data during arterial cuff occlusion. For comparison, the C 
values of Table  54.1  are given   

 M  C lab 

 Errors in haemoglobin (a.u.) 

 Phantom  In vivo 

 White  R + G + B  White  R + G + B 

 M1  0.093  1.825  4.278  2.277  4.003 
 M2  0.118  1.247  3.495  1.665  3.110 
 M3  0.182  1.013  3.030  1.124  2.943 
 M4  0.326  0.778  2.192  1.034  2.428 
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 The results are summarised in Table  54.3 , where the different systems are sorted 
for ascending C. According to this table, our previous RGB-refl ectometry setup [ 2 ] 
is comparable to some and weaker than other systems of the literature. When opti-
mising the illumination spectra and selecting module M4, the results indicate that 
the RGB approach is comparable to or better than what has been used in the 
literature.

   For this reason, it seems reasonable to make use of the simplicity and reliability 
of a RGB-refl ectometry setup for imaging of cortical haemoglobin.     
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Abstract To expand applicability of pulse oximetry in low-acuity ambulatory 
 settings, the impact of motion on extracted parameters as saturation (SpO2) and 
pulse rate (PR) needs to be reduced. We hypothesized that sensor motion relative to 
the skin can be used as an artifact reference in a correlation canceller to reduce 
motion artifacts in photoplethysmograms (PPGs), in order to improve SpO2 and PR 
measurements. This has been proven true in in vivo measurements, where forehead 
PPGs have been obtained while subjects are walking on a treadmill and relative 
sensor motion has been measured via self-mixing interferometry. By using relative 
motion in a normalized least mean square algorithm, the standard deviation of SpO2 
and PR errors is on average reduced by 31 % and 13 %, respectively.

55.1  Introduction

Pulse oximetry is widely applied in medical care to measure peripheral arterial 
 oxygen saturation (SpO2) and pulse rate (PR). SpO2 is derived from red (RD) and 
infrared (IR) photoplethysmograms (PPGs), and PR from either.

At present, use of pulse oximeters is spreading in low-acuity ambulatory set-
tings, e.g., to obtain temporal SpO2 patterns of chronic lung disease (CLD) patients 
during activities of daily living. Temporal SpO2 patterns can be used to advance 

Chapter 55
Improving Pulse Oximetry Accuracy 
by Removing Motion Artifacts 
from Photoplethysmograms Using Relative 
Sensor Motion: A Preliminary Study

R.W.C.G.R. Wijshoff, M. Mischi, P.H. Woerlee, and R.M. Aarts

R.W.C.G.R. Wijshoff (*) • M. Mischi • R.M. Aarts 
Department of Electrical Engineering, Signal Processing Systems group, Eindhoven 
University of Technology, Den Dolech 2, Eindhoven 5612 AZ, The Netherlands
e-mail: R.W.C.G.R.Wijshoff@tue.nl; M.Mischi@tue.nl; R.M.Aarts@tue.nl 

P.H. Woerlee 
Patient Care Solutions, Philips Research, High Tech Campus 34, Eindhoven 
5656 AE, The Netherlands
e-mail: Pierre.Woerlee@philips.com



412

understanding of CLD and to improve oxygen therapy [1–3]. In addition, heart rate 
variability (HRV) can be derived from a PPG, e.g., to assess dynamic characteristics 
of the patient’s autonomic nervous system [4].

As PPGs are highly susceptible to motion, ambulatory oximetry and PPG derived 
HRV can be severely affected by motion artifacts [1, 4]. We hypothesized that 
motion artifacts in PPGs correlate with sensor motion relative to the skin. Therefore, 
relative sensor motion can be used as a reference for motion artifacts in a correlation 
canceller, in order to reduce motion artifacts in PPGs. This enables more reliable 
beat-to-beat SpO2 and PR measurements. Relative sensor motion is measured via 
self-mixing interferometry (SMI) in a laser diode, which has been added to a com-
mercially available forehead pulse oximetry sensor.

This chapter focuses on reflective pulse oximetry sensors, because these sensors 
are most practical to measure relative sensor motion. Commercially available fore-
head sensors have been employed to obtain PPGs during walking from healthy vol-
unteers. Forehead measurements have the advantage of being less affected by 
vasoconstriction, which can cause weakly pulsatile PPGs to be measured peripher-
ally, e.g., in the fingers [5]. Additionally, forehead sensors are more stable during 
motion as compared to finger sensors [6].

55.2  Methods

Forehead PPGs were measured in five healthy male volunteers (35.6 ± 11.3 years) 
while walking on a treadmill at speeds between 4 and 8 km/h to generate repetitive 
motion artifacts that can be expected in ambulatory settings. Each speed was main-
tained for 2 min and was preceded and followed by a 1-min period during which the 
subject stood still. Figure 55.1 gives an overview of the measured signals. Forehead 

Fig. 55.1 Overview of the measured signals: forehead PPGs (RD and IR) are obtained with a 
commercial sensor to which a laser diode has been added to measure relative sensor motion; PR 
and SpO2 are derived from the forehead PPGs; HR is determined from a single-lead ECG as PR 
reference; an SpO2 reference is obtained from the index finger using the FAST-SpO2 algorithm

R.W.C.G.R. Wijshoff et al.
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PPGs were obtained with a Nellcor Oxisensor II RS-10, which was attached using 
an adhesive and a headband. SpO2 and PR were derived on a beat-to-beat basis: 
SpO2 via the ratio of the DC-normalized RD and IR pulse amplitudes [7] and PR 
from the IR PPG by defining a pulse at the average of the time instances of the sys-
tolic slope and the diastolic and systolic portions. References for SpO2 and PR were 
obtained via an SpO2 clip on the index finger and a single-lead ECG, respectively. 
Motion of the reference SpO2 clip was minimized during walking. The Philips 
FAST-SpO2 algorithm was used to obtain the reference SpO2. Heart rate (HR) was 
derived from the R-peaks in the ECG.

To measure motion of the forehead sensor with respect to the skin via SMI, an 
850 nm vertical-cavity surface-emitting laser diode (VCSEL) with a monitor diode 
was added to the commercial forehead sensor (Fig. 55.1). The algorithm to measure 
motion via SMI is explained in detail in [8] and will only be described shortly. 
During relative motion, the laser light that is backscattered by the skin is Doppler 
shifted with Doppler phase φd. Furthermore, the laser injection current is amplitude 
modulated. Therefore, when the Doppler-shifted light re-enters the laser cavity, the 
monitor diode measures a signal proportional to sin(φd) around the modulation fre-
quency and a signal proportional to cos(φd) around the second harmonic of the 
modulation frequency. After demodulating these signals to baseband and normal-
izing their amplitudes, the sensor motion Δxsmi can be determined from the Doppler 
phase by counting the number of Doppler cycles:
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with discrete time index k, Doppler frequency fd[k] (Hz), and sampling time Δτ (s). 
Further, arctan2(.) refers to an arctangent implementation that takes into account in 
which quadrant the Doppler signals are located. Each phase change of 2π rad in 
φd[k] corresponds to a full Doppler cycle, and the sign of the phase change depends 
on the direction of motion. Motion cannot be measured in absolute units, because 
the time-varying angle between laser beam and skin is not exactly known.

Relative motion is subsequently used in a normalized least mean square (NLMS) 
algorithm [9] to reduce the motion artifacts in the PPGs (Fig. 55.2). Here, all signals 
are down-sampled to 100 Hz. First, the PPG photodiode signal vPD[k] is passed 
through a 0.3-Hz high-pass filter (HPF) and delayed. Second, the motion artifact 
estimate is subtracted, giving eo[k]. The artifact estimate is obtained from  
Δxsmi- s[k] = 10−5Δxsmi[k] (of comparable magnitude as vPD[k]) via FIR filter h[k] of 
Nf = 101 coefficients. The low frequent signal is added to eo[k] again to determine 
SpO2 from the cleaned PPGs. The optimum FIR filter is obtained iteratively via:
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with step-rate parameter μ = 5.10−3 and a = 10−6. The filtered PPG has been delayed 
by (Nf − 1)/2 samples to allow for symmetrical FIR filters.
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55.3  Results

As shown in the red PPG’s spectrogram in Fig. 55.3e, walking causes additive 
motion components at the full swing (±1 Hz) and step frequencies (±2 Hz), as well 
as their harmonics. These motion components result in an amplitude modulation of 
the PPG as shown by the dashed curve in Fig. 55.3a. Consequently, PR and SpO2 
oscillate around the references, as shown by their differences ΔPR (circles, 
Fig. 55.3b) and ΔSpO2 (circles, Fig. 55.3c), SpO2 showing the strongest oscillation. 
Furthermore, relative sensor motion (Fig. 55.3d) indicates that the sensor moves at 
the step rate.

By using relative sensor motion as an artifact reference in an NLMS algorithm 
(Fig. 55.2), motion artifacts can be largely removed from the PPGs, as shown by the 
spectrogram of the cleaned red PPG in Fig. 55.3f. Here, a strong reduction of the 
step-rate component at ±2 Hz has been achieved, and a small reduction of the 
motion components at ±1 Hz and ±3 Hz. As a result, the cleaned PPG’s amplitude 
is more stable (solid curve in Fig. 55.3a), and the oscillatory pattern in PR and SpO2 
determined from the cleaned PPGs is reduced (stars in Fig. 55.3b and c, respec-
tively). The magnitude frequency response of the converged FIR filter that achieves 
this artifact reduction shows resonances at ±1 Hz, ±2 Hz, and ±3 Hz (Fig. 55.3g).

The effect of motion on PR and SpO2 and the performance of the NLMS algo-
rithm vary over the subjects (Fig. 55.4). The difference with the reference (mean ± SD) 
for PR (ΔPR) and SpO2 (ΔSpO2) is determined in baseline when the subject is 
standing still before and after walking (triangles), during walking (circles), and after 
the NLMS algorithm has been applied (stars). Only measurement results are shown 
(12 out of 25) in which PR did not coincide with step rate and in which the RMS 
amplitude of Δxsmi during motion was at least three times larger compared to base-
line. Motion increases the PR SD most in subjects 1 and 5 and by 264 % on average; 
it does not introduce a bias. Motion increases the SpO2 SD in all subjects and by 
42 % on average, except for subject 3 in which the SpO2 SD decreases during 
motion. In subject 5 also the baseline SpO2 bias varies over the measurements. 
Removal of motion artifacts reduces the SpO2 SD in all cases and by 31 % on aver-
age, but the PR SD only in seven out of 12 cases and by 13 % on average.

Fig. 55.2 NLMS structure: motion artifacts ma[k] are reduced in the photodiode signal vPD[k] by 
subtracting the artifacts which are estimated from relative sensor motion Δxsmi[k] filtered by an 
FIR filter of Nf coefficients

R.W.C.G.R. Wijshoff et al.



415

55.4  Discussion

The NLMS algorithm has only been applied to measurements in which PR and step 
rate did not coincide and in which the relative motion signal was sufficiently strong. 
When PR and step rate coincide, the algorithm removes both motion artifact and 
PPG. This drawback is inherent to correlation cancelation. A relative motion signal 

Fig. 55.4 Difference (mean ± SD) between PR and PR ref. (ΔPR), and SpO2 and SpO2 ref. 
(ΔSpO2), in baseline when the subject is standing still (triangles), during walking (circles), and 
after NLMS artifact reduction (stars); change in SD as a result of NLMS artifact reduction is 
shown as a percentage

Fig. 55.3 PPG motion artifacts in subject 5 caused by walking at 6 km/h (a, dashed curve) can be 
reduced strongly (a, solid curve) via NLMS by using relative sensor motion (d) as an artifact refer-
ence; comparing the difference between PR and PR ref. (ΔPR) (b) and SpO2 and SpO2 ref. (ΔSpO2) 
(c) resulting from the corrupted (circles) and cleaned (stars) PPGs shows a larger improvement for 
SpO2 than for PR; spectrograms of the corrupted (e) and cleaned (f) RD PPG show a reduction of 
motion components at ±1 Hz, ±2 Hz, and ±3 Hz, and the magnitude frequency response of the 
converged FIR filter shows resonances at these frequencies (g)
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of poor quality may result from a small sensor to forehead motion. Differences in 
relative motion may result from intersubject differences in walking and variations in 
sensor contact force. As the same type of headband is used for all subjects, the 
head’s circumference determines the force exerted on the sensor.

Figure 55.3 shows that the steady motion component in the PPG can be strongly 
reduced via the NLMS algorithm. However, this implementation of the NLMS algo-
rithm is unable to correct for fast and relatively large sensor displacements, as hap-
pens at 20 s in Fig. 55.3e and f. Furthermore, in some subjects, PR is observed via 
SMI, in which case the NLMS algorithm can affect the PR component in the PPG.

The forehead and finger SpO2 time traces are not identical in shape, even during 
baseline, which complicates their synchronization. Therefore, ΔSpO2 is partly 
caused by synchronization issues, e.g., causing ΔSpO2 in subject 3 to be smaller 
during motion compared to baseline. Even so, Fig. 55.4 shows that walking has a 
moderate effect on PR and SpO2 derived from forehead PPGs, which can be a result 
of step rate being close to PR and the stable measurement site [6]. Further, Fig. 55.4 
shows that the improvement in PR is smaller compared to the improvement in SpO2. 
This indicates that the algorithm can improve the amplitude of the PPG waveform, 
but cannot perfectly recover its shape. Finally, intersubject differences in the effect 
of walking on PPGs, PR, and SpO2 can be a result of differences in sensor position-
ing and fixation, skin dynamics, anatomy, and the way of walking.

55.5  Conclusions

If PR and the motion frequency do not coincide, relative sensor motion measured 
via SMI can be used as an artifact reference in an NLMS algorithm to reduce motion 
artifacts in a PPG, which can improve SpO2 and PR measurements. Furthermore, 
the forehead is a stable position to measure PPGs during walking, as walking has a 
moderate effect on forehead PPGs and derived SpO2 and PR.
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    Abstract     The present study reports a semiautomatic image analysis method for 
measuring the spatiotemporal dynamics of the vessel dilation that was fl uorescently 
imaged with either confocal or two-photon microscope. With this method, arterial 
dilation induced by whisker stimulation was compared between cortical surface and 
parenchymal tissue in the vibrissae area of somatosensory cortex in awake Tie2- 
GFP mice in which the vascular endothelium had genetically expressed green fl uo-
rescent protein. We observed that a mean arterial diameter during a pre-stimulus 
baseline state was 39 ± 7, 19 ± 1, 16 ± 4, 17 ± 4, and 14 ± 3 μm at depths of 0, 100, 
200, 300, and 400 μm, respectively. The stimulation-evoked dilation induced by 
mechanical whisker defl ection (10 Hz for 5 s) was 3.4 ± 0.8, 1.8 ± 0.8, 1.8 ± 0.9, 
1.6 ± 0.9, and 1.5 ± 0.6 μm at each depth, respectively. Consequently, no signifi cant 
differences were observed for the vessel dilation rate between the cortical surface 
and parenchymal arteries: 8.8 %, 9.9 %, 10.9 %, 9.2 %, and 10.3 % relative to their 
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baseline diameters, respectively. These preliminary results demonstrate that the 
present method is useful to further investigate the quantitative relationships between 
the spatiotemporally varying arterial tone and the associated blood fl ow changes in 
the parenchymal microcirculation to reveal the regulatory mechanism of the cere-
bral blood fl ow.  

56.1         Introduction 

 Cerebral arteries of the cortical surface and parenchymal tissue are known to have 
anatomically different features. Firstly, a surface artery consists of threefold thicker 
layers of smooth muscle cells as compared to the parenchymal arteries [ 1 ]. Secondly, 
a surface artery is situated apart from the parenchymal tissue [ 2 ], whereas a paren-
chymal artery is closely surrounded with brain cells (i.e., astrocyte and microglia). 
Thirdly, a surface artery has the responsibilities to prevent blood-stealing effects on 
the adjacent vascular territories when one particular region is activated (i.e., func-
tional hyperemia) [ 3 ]. On the other hand, a parenchymal artery is dedicated to con-
trol blood supply predominantly for a specifi c vascular territory [ 4 ]. These 
differences suggest the coordinated control mechanism with the surface and paren-
chymal arteries in balancing blood supply to meet locally varying energy demand in 
the brain tissue. 

 In our previous study, we proposed a hypothesis that cortical surface vascular 
tone and parenchymal blood fl ow are individually coordinated [ 5 ]. However, no 
direct measurements of the vessel dynamics in the parenchymal tissue where the 
blood fl ow was regulated were performed. In the present study, we developed a 
method for measuring the spatiotemporally varying vessel diameter that was fl uo-
rescently imaged with either confocal or two-photon microscope. And then, we 
compared the arterial dilation between the cortical surface and parenchymal tissue 
in the vibrissae area of mouse somatosensory cortex during an induction of whisker 
stimulation [ 6 ].  

56.2     Methods 

56.2.1     Animal Experiment 

 Animal use and experimental protocols were approved by the Institutional Animal 
Care and Use Committee in National Institute of Radiological Sciences. A total of 
nine male STOCK Tg[Tie2GFP] 287Sato/J mice (20–32 g, 7–11 weeks) [ 7 ], in 
which the vascular endothelium had genetically been expressed with green fl uores-
cent protein (GFP), were used for the experiments with a chronic cranial window 
over the somatosensory cortex [ 8 ]. The animal was placed on a custom-made 
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fi xation device with maintaining awake conditions during microscopic imaging 
experiments [ 6 ]. Sulforhodamine 101 was injected intraperitoneally to mice to fl uo-
rescently label blood plasma [ 9 ]. Cortical surface vasculature was imaged with a 
confocal mode (488-nm excitation), whereas parenchymal vasculature was imaged 
with a two-photon excitation mode (900 nm) using laser scanning fl uorescent micro-
scope system (TCS-SP5 MP, Leica). Spatiotemporal dynamics of the arterial 
response to mechanically induced single whisker stimulation (10 Hz with 1.2-mm 
defl ection repeated for 5 s) was measured at depths of 0, 100, 200, 300, and 400 μm 
from the cortical surface in the activated somatosensory barrel cortex with a pixel 
resolution of 0.5 μm per pixel. In each measurement, a total of 20-s continuous 
acquisition (0.15 s per frame) was performed (5 s for pre-stimulus baseline, 5 s dur-
ing stimulation, and 10 s for poststimulus). A total of either 8 or 16 trials were 
repeatedly performed with an intertrial interval of 30 s, and the image was averaged 
over the trials to improve signal-to-noise ratio. A baseline diameter was measured by 
averaging the diameter over 5-s pre-stimulus periods, and stimulus-evoked vasodila-
tion was the diameter averaged for 1–6 s from the onset of stimulation minus the 
baseline diameter. After completion of the vascular imaging experiments, cerebral 
blood fl ow (CBF) responses to whisker stimulation (the same paradigm as the vascu-
lar imaging experiments) were also measured with laser-Doppler fl owmetry (LDF; 
FLO-C1, OMEGA FLO) over the site where the vascular response was measured.  

56.2.2     Image Analysis 

 The offl ine semiautomatic image analysis was conducted with a custom-written 
MATLAB code as follows:

    (i)    Image binarization and morphological fi ltering 
 A fi xed rectangular region of interest (ROI) was manually set for the raw 
images (Fig.  56.1 ). Median fi lter over 3 by 3 pixels was applied, and the images 
were binarized by adjusting a threshold intensity every 1 % from 1 % to 100 % 
of the maximum intensity in the image. To remove small dot noises, a binary 
closure (dilation followed by erosion) was also applied.

       (ii)    Fitting with a parallelogram or ellipse for diameter measurements 
 For the surface arteries, an edge of the vessel was fi tted with a parallelogram, 
and the vessel diameter (i.e., an external side of the vascular endothelium) was 
measured by dividing an area of the fi tted parallelogram by a length of the 
center line of the longitudinal vessel trace (Fig.  56.1a ). For the parenchymal 
arteries, an area of the vessel was approximated with an ellipse, and the diam-
eter (i.e., an inner side of the vessel) was measured with a minor axis of the 
ellipse (Fig.  56.1b ).   

   (iii)    Criteria for thresholding 
 A threshold intensity applied for the image binarization was further tested, and 
only the data that meet the following criteria were used.
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    (i)    An image does not show more than ± 3 % variations for a location of the 
gravity point of the binarized vessels over ranges of ± 5 % of the applied 
threshold intensity changes.   

   (ii)    An image does not show more than ± 0.2 μm variations for the measured 
dilation over rages of ± 5 % of the applied threshold intensity changes.         

 Data were represented as mean ± standard deviation (a number of animals mea-
sured), and a statistical signifi cance was evaluated with parametric Tukey or 
Bonferroni tests among the data obtained over depths of 0–400 μm.   

56.3     Results and Discussion 

 Typical vessel images observed with either confocal or two-photon microscopy are 
represented for the cortical surface (Fig.  56.2a ) and the parenchymal tissue 
(Fig.  56.2c ), respectively. Mean time courses of the diameter changes within selected 
ROIs (rectangles in Fig.  56.2a  and  b ) are also represented in Fig.  56.2b  and  d . 
Following the onset of whisker stimulation, the vessel signifi cantly dilated for both 

  Fig. 56.1    An image analysis for measuring the vessel diameter. A representative raw image ( left ) 
of the target surface and parenchymal arteries and its binarized one ( center ) are shown in panels  a  
and  b , respectively. A scale bar indicates 10 μm. On the cortical surface ( a ), a vessel was located 
in parallel with the image plane, and thus the diameter was calculated by dividing the vessel area 
( gray area ) by a length of the approximated center line ( a black dotted line, right ). In the paren-
chymal tissue ( b ), a major vessel connected with a surface vessel was located in a direction per-
pendicular to the image plane, which makes an ellipse shape on the image. Therefore, the diameter 
was measured as a length of the minor axis ( a black line ) for an approximated ellipse ( gray area, 
right )       
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the surface and parenchymal arteries (Fig.  56.2b  and  d ), and after cessation of the 
stimulation, the vessel returned to the pre-stimulus baseline level. We observed that 
a mean arterial diameter during a pre-stimulus baseline state was 39 ± 7 μm ( N  = 4), 
19 ± 1 μm ( N  = 4), 16 ± 4 μm ( N  = 7), 17 ± 4 μm ( N  = 9), and 14 ± 3 μm ( N  = 9) at 
depths of 0, 100, 200, 300, and 400 μm, respectively (Fig.  56.3a ). And the 
stimulation- induced dilation was 3.4 ± 0.8 μm, 1.8 ± 0.8 μm, 1.8 ± 0.9 μm, 
1.6 ± 0.9 μm, and 1.5 ± 0.6 μm at each depth, respectively (Fig.  56.3b ). These 
changes account for 8.8 %, 9.9 %, 10.9 %, 9.2 %, and 10.3 % relative to their base-
line diameters, respectively (Fig.  56.3c ). Consequently, no signifi cant differences 
( P  > 0.05) were observed for the vessel dilation rate over depths of 0–400 μm.

    Although we used different methods for determining the diameters of the cortical 
surface vessels (i.e., GFP-expressed endothelium with confocal microscopy) and 
parenchymal ones (i.e., sulforhodamine 101-labeled blood plasma with two-photon 

  Fig. 56.2    A measurement for temporal dynamics of the vessel dilation induced by whisker stimu-
lation. ( a ) A representative image showing a raw image of the GFP-expressed vascular endothe-
lium measured at a depth of 0 μm (i.e., a cortical surface). The vascular image delineates the edge 
of the target surface artery ( SA ). ( b ) Stimulation-induced dilation of the surface artery measured 
for each rectangular ROI ( a ). ( c ) Images show parenchymal microvessels (i.e., sulforhodamine 
101-labeled blood plasma) captured at cortical depths of 100, 200, and 300 μm (from  top to 
 bottom ). A target penetrating artery ( PA ) is indicated as a rectangular ROI. ( d ) Stimulation-induced 
dilation of the penetrating arteries is consistently seen across the cortical depths examined. Scale 
bar: 50 μm       
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microscopy), the effects of these methodological differences on the measurements 
could be negligible. It has been shown that a thickness of endothelial cells was less 
than 1 μm [ 10 ], which corresponds to approximately 2 pixels in our experimental 
conditions. 

 A previous report showed that a half of maximum pixel intensity within the ves-
sel cross-sectional image was threshold pixel intensity for determining an edge of 
the vessel lumen [ 11 ]. However, this criterion is subject to a variation of the inten-
sity differences between the maximum and the background non-vessel pixels, such 
as for the images captured across different cortical depths. Alternatively, we focused 
on steady points of two parameters (i.e., a location of the gravity point for extracted 
vessel cross-sectional images and a magnitude of vessel dilation) against changes of 
the threshold intensity. Because a baseline diameter decreased monotonically with 
an increase of the threshold intensity, an average error of the diameter measure-
ments was ± 0.91 μm within the ± 5 % of the selected threshold. 

 We observed 10 % dilation of the both surface and parenchymal arteries during 
whisker stimulation. According to the Hagen-Poiseuille law, it can be expected that 
10 % increase in the vessel diameter accounts for 46 % increase of the CBF (i.e., 
fl ow varies with the fourth power of a vessel diameter). In the present study, how-
ever, only 15 ± 6 % ( N  = 4) increase of the CBF induced by whisker stimulation was 
observed in the LDF experiments. These results further suggest that additional 
mechanisms participate in regulating parenchymal blood fl ow. Future study is needed 
to focus on the spatiotemporal propagations of the vasodilatory signals along the 
cortical surface and parenchymal arteries as well as additional mechanisms that may 
have a responsible role for the changes of the parenchymal blood fl ow.     

  Acknowledgments   A part of this work was supported by Special Coordination Funds for 
Promoting Science and Technology, Japan (K.M.) and JSPS KAKENHI Grant Number 24659578 
(I.K.).  

  Fig. 56.3    Baseline diameter and stimulation-induced changes compared across different cortical 
depths (0–400 μm). ( a ) Surface arteries (measured at depth 0 μm) have twofold larger baseline 
diameters ( P  < 0.05 vs. other depths) relative to the parenchymal arteries (depths 100–400 μm), 
whereas a consistent baseline diameter was observed for parenchymal arteries ( P  > 0.05). ( b ) The 
stimulation-induced arterial dilation was also twofold larger ( P  < 0.05) for the surface arteries than 
those of the parenchymal arteries. ( c ) No signifi cant differences ( P  > 0.05) in the dilation rate were 
observed over depths of 0–400 μm       
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Abstract We demonstrate a system for the simultaneous imaging of cortical blood 
flow and haemoglobin oxygenation by laser speckle contrast analysis (LASCA) and 
RGB reflectometry. The sensitivity of the system was tested by observing changes 
of haemoglobin oxygenation and blood flow in rats in response to ischaemic stroke, 
hypercapnia, hyperoxia, hypoxia, cortical spreading depression and cortical activa-
tion following forepaw stimulation.

57.1  Introduction

Optical imaging is widely used as a tool for the assessment of brain function and 
pathological tissue. Two dominant aims in neurological research are the quantifica-
tion of cortical haemoglobin oxygenation and blood flow changes as the key param-
eters for an understanding of neurometabolic-vascular coupling [1]. Illuminating 
the exposed cortex with a continuous wave light source and observing the backscat-
tered light with a CCD camera is a suitable approach for mapping of haemoglobin 
changes [2]. Another more reliable spectroscopic solution is accomplished by com-
bining a RGB (red, green, blue)-LED and a RGB-(colour) camera. It has already 
been shown that RGB reflectometry is able to record small changes in haemoglobin 
oxygenation associated with neurometabolic and neurovascular coupling [3].  
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We now extend this by integrating laser speckle contrast analysis (LASCA) to 
enable a simultaneous measurement of both parameters, haemoglobin and blood 
flow changes. For this aim we exploit the fact that these two methods use different 
spectral ranges. A commercial 2-CCD camera separates the reflected NIR (near 
infrared) laser light (for LASCA) and the reflected visible light (for haemoglobin) 
by means of a dichroic prism and images; these different wavelength ranges on two 
separate CCDs sensors. By the use of GPU (graphical processor unit), computing a 
temporal resolution of up to 15 Hz is achieved.

The sensitivity of the combined system was tested by imaging haemoglobin 
 oxygenation and blood flow changes in cortical tissue of rats.

57.2  Methods and Setup

57.2.1  RGB Reflectometry

The standard approach for the analysis of reflectance spectra is based on the 
Lambert-Beer equation. When both the (RGB-) light source and the (CCD-) detec-
tor have broad, overlapping spectra, the extinction coefficients matrix of haemoglo-
bin can be expressed by integrating the product of the known parameters of the 
tissue and spectroscopy system over the wavelength range used:

 
E D S L dji j i= ⋅ ⋅ ⋅ ⋅∫ ε λ λ λ λ λ( ) ( ) ( ) ( )

 
(57.1)

with the index i for the colour sensors of the camera, j for the single chromophores 
and ε the extinction coefficients of oxygenated and deoxygenated haemoglobin 
(oxyHb and deoxyHb). Di(λ) is the sensitivity spectra of the camera, S(λ) the nor-
malised intensity spectrum of the light source and L(λ) the mean optical path length. 
The unknown concentration changes Δc can then be obtained by matrix inversion 
from the experimental attenuation changes ΔA: Δcj = Eji

−1 · ΔAi.

57.2.2  Laser Speckle Contrast Analysis

When illuminating a surface with coherent laser light, it will appear granular to the 
observer. This effect is commonly known as speckle effect. A scattering of the laser 
light by moving particles like blood cells will cause fluctuations of the speckle pat-
tern. If these fluctuations are observed by an integrating system like a camera with 
fixed exposure time, the pattern will appear blurred. This blurring is generally quan-
tified as speckle contrast SC and defined as the quotient of the standard deviation of 
the averaged intensity of a small pixel window inside the pattern. Goodman gave a 
statistical description of speckle patterns and defined the correlation between the 
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speed of the moving particle and the speckle contrast [4]. More information about 
the methods used can be found in [5].

57.2.3  Setup of the Imaging System

A 2-CCD camera (AD-080GE, Jai A/S, Denmark; 1,024 × 768 pixels of 4.652 μm2 
size, 12 bit dynamic, 30 frames/s) in conjunction with a standard zoom-camera lens 
with f = 5.6–32 mm and f/# = 1:5.6 (Computar Corp., Japan) allowed simultaneous 
imaging of the RGB and NIR wavelength bands.

A ring of six RGB-LEDs (LZ4-00MC10, LedEngin Inc., USA) served as illumi-
nation for RGB reflectometry and an AlGaAs laser diode (ADL78901TL, Arima 
Lasers Corp., Taiwan) with a wavelength of 785 nm and 90 mW for LASCA. The 
speckle contrast was calculated as the ratio of standard deviation divided by the 
averaged intensity within sub-windows of 7 × 7 pixels. Image acquisition and con-
trol of all camera functions was programmed in LabVIEW 2010 (National 
Instruments Inc., USA). The software running on a workstation (i7 950, Intel; GTX 
480, NVIDIA) allowed an on-line calculation and display of the haemoglobin and 
flow images at up to 15 Hz.

57.3  Evaluation Measurements

For evaluation of the combined imaging system, changes in cortical blood flow and 
haemoglobin concentration were mapped with the combined imaging system. 
Information about the animal preparations can be found in [5, 6].

57.3.1  Ischaemic Stroke Caused by Injection of Macro-spheres

An ischaemic stroke was induced by injecting two macro-spheres of 300–360 μm in 
diameter into the carotid artery [6]. Figure 57.1 displays false colour images of 
changes in deoxyHb, oxyHb and flow for four times (frames) during the first minute 
after occlusion onset. Haemoglobin parameters and flow are displayed as changes 
with respect to the baseline before occlusion onset. There is a clear increase in 
deoxyHb concentration and a decrease both in oxyHb and blood flow for two differ-
ent areas. A dominating PCAO (posterior cerebral artery occlusion) and a smaller 
ACAO (anterior cerebral artery occlusion) located nearby could be identified due to 
the spatially resolved images. The observed pattern of cerebral haemoglobin and 
blood flow changes is consistent with the physiological concept of an ischaemic 
reaction following an artery occlusion by the injection of the macro-spheres.
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57.3.2  Hypercapnia, Hyperoxia and Cortical  
Spreading Depression

The imaging system was further evaluated under different oxygen supply condi-
tions. The experiment was separated into four parts for hypercapnia, hyperoxia, 
cortical spreading depression (CSD) and hypoxia (Fig. 57.2). The haemoglobin 
parameters were averaged for three regions of interest (ROIs), with the first two on 
the left hemisphere close to the excitation point of the CSD and the third on the 
right hemisphere. During hypercapnia, CO2 concentration in the supplied air mix 
was increased to 5 % with a similar systemic effect on the blood parameters in all 
ROIs. Due to its triggering effect on cortical blood flow, CO2 and flow are corre-
lated and concurrent with an increase in oxyHb and a decrease in deoxyHb. During 
the ventilation conditions of hyperoxia and hypoxia (100 % and 0 % O2 in the sup-
plied air, respectively), there are large changes in the haemoglobin concentrations 
while the effect on blood flow is small. This experiment demonstrates that the three 
measurement parameters are independent with no simple correlation between 
them. While hypercapnia, hyperoxia and hypoxia induce systemic changes, a CSD 
was triggered by a needle prick to generate a self-propagating wave of depolariza-
tion of neurons and its glial cells. This wave spreads over the left hemisphere, 
which gives rise to a time shift for the signal of the first two ROIs. For the third ROI 
on the right hemisphere, only very small changes were observed. During CSD the 
increased blood flow is correlated with an increase in oxyHb and a decrease in 
deoxyHb.

Fig. 57.1 False colour images of deoxyHb, oxyHb and flow changes following anterior cerebral 
artery occlusion and posterior cerebral artery occlusion caused by two macro-spheres
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57.3.3  Cortical Activation

To activate a somatosensory stimulation, two needle electrodes were inserted into 
the skin of the left forepaw between digits 2 and 4 and rectangle pulses (0.3 ms 
duration at amplitude of 1.6–1.8 mA at 3 Hz) delivered in stimulation trains (length 
16–20 s). The interstimulus interval was 45 s to 2 min.

In Fig. 57.3 the haemoglobin and blood flow response following cortical activa-
tion are shown for ten stimuli. The p-values (superimposed on the anatomical 
images) indicate a very high sensitivity combined with a high spatial resolution in 
the images. When averaging over the ROI, each stimulus is linked to prominent and 
strong changes in oxyHb, deoxyHb and flow. The observed pattern of a decreased 
deoxyHb concentration and an increase in both oxyHb and flow is consistent with 
the concept of neurometabolic-vascular coupling which links blood flow as well as 
blood volume and oxygenation to the higher oxygen extraction after cortical 
activation.

Fig. 57.2 Time course of changes in blood flow as well as oxyHb and deoxyHb averaged for ROIs 
on the left (upper and middle traces) and right (lower part) hemisphere of a rat during hypercapnia, 
hyperoxia, cortical spreading depression (CSD) and hypoxia

57 Simultaneous Imaging of Cortical Blood Flow…



432

57.4  Conclusion

In conclusion, a system for simultaneous spatially and temporally resolved imaging 
of haemoglobin oxygenation and blood flow with RGB reflectometry and LASCA 
was presented. It consists of a RGB-LED and a low power diode laser as light 
sources. The system is based on a two-CCD camera to separate the VIS and NIR 
spectral bands, allowing a continuous illumination and observation of signals from 
both light sources. We demonstrate that the system allows haemoglobin and blood 
flow changes to be imaged in cortical tissue for different conditions like ischaemic 
stroke, hypercapnia, hyperoxia, hypoxia, cortical spreading depression and cortical 
activation. The new system is demonstrated to have a high sensitivity combined with 
good temporal and spatial resolution. Its design offers significant advantages in 
terms of technical simplicity, reliability and robustness compared to other approaches.
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    Abstract     The goal of biological samples’ cryofi xation is to trap a metabolic state 
as it exists in vivo by rapidly stopping internal reactions. However, obtaining perfect 
quality of cryofi xation for large and high hypermetabolism organ/tissue (such as 
brain, heart) remains a challenge. The aim of this study was to develop and display 
a comprehensive and direct method to evaluate cryofi xation’s process and quality. 
Here, we adopt a delicate combination of homemade cryo-imaging system with a 
rat cardiac arrest model that can control cryofi xation time optionally. We success-
fully evaluate the cryofi xation time-related nicotinamide adenine dinucleotide 
(NADH) fl uorescence pattern of several coronal sections in rat’s brain that suffered 
from directional funnel cryofi xation procedure. Through quantitative analysis of the 
distribution map of NADH fl uorescence, we could obtain a relationship between 
cryofi xation time and well cryofi xation volume and then could deduce the cryofi xa-
tion rates and quality at different time points. Our results also demonstrated that 
dissection of the temporal muscle of rat could signifi cantly optimize the classical 
direct funnel cryofi xation protocol.  
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58.1        Introduction 

 It is very important to monitor the metabolic states in many pathophysiological 
processes accurately, such as tumor or neurodegenerative diseases. The major tools 
for obtaining metabolic information from whole organs or individuals are in vivo 
imaging techniques, including optical microscopy, positron emission tomography 
(PET), or magnetic resonance spectroscopy (MRS). However, those methods have 
limitations in resolution, sensitivity, or imaging depth [ 1 ,  2 ] and then need to be 
validated or complemented by ex vivo postmortem studies. As many intracellular 
substances relating to the respiratory chain, such as ATP, glucose, lactate, fl avin 
adenine dinucleotide (FAD), and nicotinamide adenine dinucleotide (NADH), 
undergo rapid postmortem alterations, they are prone to present some twisted prop-
erties from the natural state except for rapidly and effective tissue fi xation. 
Cryofi xation or snap freezing is the most widely used method for rapidly reducing 
or even completely ceasing postmortem metabolism in optical/electrical micros-
copy studies [ 2 – 6 ]. However, scientists are cautious about using this method in large 
  hypermetabolism     organ or tissue, such as brain and heart, because the cryofi xation 
rate and quality are diffi cult to predict and control. 

 We aimed to fi nd a way to precisely evaluate the metabolic state fi xation homo-
geneous distribution and the proximity to the natural state. We study the fi xation 
process parameters, such as fi xation time and fi xation depth, in order to develop 
optimized methods for fi xation. Here, we introduce an evaluation system on the 
basis of intrinsic NADH, a cellular endogenous molecule that participates in the 
respiratory chain of mitochondria. Its unique fl uorescence characteristics emerge as 
a sensitive indicator to evaluate change in tissue metabolism using the fl uorescence 
signal [ 7 ,  8 ]. Using a homemade NADH fl uorescence cryo-imaging system we can 
noninvasively acquire the intensity distribution of endogenous NADH fl uorescence 
in large size sample, we detected the metabolism-related pattern in the rat brain sec-
tion and then evaluated the cryofi xation quality at different cryofi xation time points 
which was controlled by periodic cardiac arrest through intravenous injection of 
potassium solution. With a rat cardiac arrest model, which can rapidly change the 
metabolic status from normal state to high reduced state in unfi xed brain tissue, we 
could indicate the metabolic state fi xation progress and quality during funnel freez-
ing of whole brain in rats. Moreover, through this evaluation system, we demon-
strated that dissection of the temporal muscle of rat brain could profoundly accelerate 
the fi xation rate and improve fi xation quality during rat brain funnel freezing.  

58.2     Methods 

58.2.1     Animal Preparation 

 Male Wistar rats (240 ± 40 g) were anesthetized by 20 % ethyl urethane (0.7 ml/100 g) 
before operation and then were randomly divided into three experimental groups.
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   Group I ( n  = 7): We monitored the changes of ECG, BP, EEG, cerebral cortex NADH 
fl uorescence, and CBF [ 8 ], in vivo during cardiac arrest of rat.  

  Group II: Twenty-one Wistar rats were divided into seven subgroups exposed to 
directional funnel freezing [ 3 ,  9 ]. A 1 ml solution of KCl (1 mol/L) was infused 
starting at 20 s, 40 s, 60 s, 80 s, 100 s, 120 s, and 140 s after the onset of freezing, 
respectively. After a total freezing time of 3 min, the animals were plunged into 
liquid nitrogen and were sectioned for NADH imaging by the cryo-imaging 
system.  

  Group III: Two Wistar rats were treated in accordance with Group II, with the 
exception of dissection of the right temporal muscle of rat brain before installing 
the funnel. 1 ml KCl was infused starting at 20 s after the onset of freezing. After 
3 min, the animals were plunged into liquid nitrogen and were sectioned for 
NADH imaging by the cryo-imaging system.     

58.2.2     Imaging System 

 We built a cryo-imaging system, which has 2 cm × 2 cm fi eld of view and 20 μm 
plane resolution. Details will be present in another paper. All brain samples were 
cryofi xated previously and sliced coronally in low-temperature environment. The 
system employs 365 nm LED to capture NADH fl uorescence image from the block 
face. The images can indicate distribution of NADH levels on the block faces.   

58.3     Results and Discussion 

 In the fi rst stage, we detected the systemic circulation stop time after cardiac arrest. 
We monitor multiparameter responses of the rat during cardiac arrest in vivo. 
Table  58.1  shows systemic circulation stopped and microcirculation suppressed in 
less than 5 s after cardiac arrest. The NADH signal presents an early dip and a 
consistent increase.

   Second, using the cryo-imaging system, we evaluated the differentiating cryo-
fi xation quality of rat brain coronal sections under different cardiac arrest treated 
time. Figure  58.1  suggests that NADH fl uorescence before cardiac arrest is lower 
than that after cardiac arrest. The fl uorescence intensity is higher in deeper tissue. 
The metabolic state of the rat brain parietal cortex was fi xed in 20 s. The metabolic 
state of most part of the rat brain will be fi xed in 60 s.

   The metabolic state cryofi xation process is too sensitive to resisting external 
intervention, such as implantation of thermocouple or injection of vascular contrast 
medium [ 10 – 12 ]. Using intrinsic NADH fl uorescence signal to demonstrate the 
cryofi xation process is a better way to avoid intervention to obtain a better fi xation 
quality. 
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 Figure  58.2  shows the relationship between cryofi xation time and cryofi xation 
depth of metabolic state. The fi tting curve in Fig.  58.2  shows that the steepest slope 
is between 20 s and 40 s, which correspond to the maximum value in the fi xation 
rate of metabolic state shown in Table  58.2 . After 40 s, the fi xation rate decreases. 
The fi xation depth of metabolic state reaches the maximum at about 8 mm in 80 s.

    In previous studies, the freezing depth changes in time were presented [ 3 ,  5 ]. 
However, the fi xation depth of the metabolic state changing with time was not stud-
ied, and hence it is impossible to differentiate the location of the metabolic state 

   Table 58.1    Time points of various parameters in rat cardiac arrest model   

 Onset time mean ± SD (s)  Peak time mean ± SD (s) 

 ECG↓  2.0 ± 0.4  60.5 ± 11.8 
 BP↓  2.4 ± 0.2  62.4 ± 9.6 
 EEG↓  –  15.9 ± 2.8 
 NADH-1↓  2.3 ± 0.5   4.0 ± 0.9 
 NADH-2↑  5.3 ± 0.8  84.6 ± 32.6 
 CBF↓  2.8 ± 0.3  31.5 ± 4.0 

  Fig. 58.1    A 1 mol/L solution of KCl was infused starting at 20 s, 40 s, 60 s, 80 s, 100 s, 120 s, or 
140 s after the onset of freezing to induce rat cardiac arrest. Scale bar 3 mm       

  Fig. 58.2    Relationship between cryofi xation time and cryofi xation depth of metabolic state. 
 Asterisks  show metabolic state cryofi xation depth of the same coronal section with corresponding 
cryofi xation time. The fi tting curve was y = −0.0012 X2 + 0.2232 × −1.4558       
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between shallow tissue and deep tissue precisely. Understanding the metabolic state 
fi xation process and characterization will help us to control or optimize the proce-
dures for sample preparation. 

 We verifi ed the validity of the cryofi xation evaluation method on the basis of 
NADH signal (Fig.  58.3 ). We dissected the right temporal muscle of rat brain; the 
right-side metabolic state fi xation depth is about 0.5–0.7 mm deeper than the left 
side (shown in Table  58.3 ). The above results confi rmed that dissection of the tem-
poral muscle can improve the metabolic state fi xation rate. Therefore we can use 
NADH fl uorescence to evaluate the cryofi xation quality.

58.4         Conclusions 

 In summary, we described the relationship between cryofi xation time and cryofi xa-
tion depth of metabolic state. We developed a cryofi xation evaluation method for rat 
brain on the basis of NADH endogenous signal. This method can accurately reveal 
the unchanged metabolism profi le of well cryofi xation samples and therefore guid-
ing further improvement of the cryofi xation method.     

  Table 58.2    Metabolic state 
cryofi xation depth and rate at 
different cryofi xation time 
points  

 Time (s)  Mean depth ± SD (mm)  Rate (mm/s) 

  20  2.21 ± 0.36  0.11 
  40  6.36 ± 0.60  0.21 
  60  8.17 ± 0.92  0.15 
  80  8.25 ± 0.67  0.10 
 100  8.71 ± 0.22  0.08 
 120  8.73 ± 0.62  0.07 
 140  8.60 ± 0.10  0.05 

  Fig. 58.3    Dissection of the right temporal muscle of rat brain. 1 ml KCl was infused starting at 
20 s after the onset of freezing. After 3 min, the animals were plunged into liquid nitrogen. The 
interval between each two images is 1.5 mm. Scale bar 3 mm       

  Table 58.3    Comparison of 
the mean cryofi xation depths 
in left and right side of rat 
brain  

 Left (mm)  Right (mm) 

 G  5.05  4.52 
 H  5.27  4.55 
 I  5.09  4.55 
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    Abstract     The application of different EMS current thresholds on muscle activates 
not only the muscle but also peripheral sensory axons that send proprioceptive and 
pain signals to the cerebral cortex. A 32-channel time-domain fNIRS instrument 
was employed to map regional cortical activities under varied EMS current intensi-
ties applied on the right wrist extensor muscle. Eight healthy volunteers underwent 
four EMS at different current thresholds based on their individual maximal tolerated 
intensity (MTI), i.e., 10 % < 50 % < 100 % < over 100 % MTI. Time courses of the 
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absolute oxygenated and deoxygenated hemoglobin concentrations primarily over 
the bilateral sensorimotor cortical (SMC) regions were extrapolated, and cortical 
activation maps were determined by general linear model using the NIRS-SPM 
software. The stimulation-induced wrist extension paradigm signifi cantly increased 
activation of the contralateral SMC region according to the EMS intensities, while 
the ipsilateral SMC region showed no signifi cant changes. This could be due in part 
to a nociceptive response to the higher EMS current intensities and result also from 
increased sensorimotor integration in these cortical regions.  

59.1         Introduction 

 Electrical muscle stimulation (EMS) is widely used during the treatment of muscle 
atrophy and neurorehabilitation. Although the effects of the application of different 
EMS current intensities on muscle function are well known, the functional cortical 
correlates of EMS-evoked movements have not been yet clarifi ed. Blickenstorfer 
et al. [ 1 ] used fMRI to measure cortical and subcortical activation responses during 
EMS of the wrist extensors/fl exors at 150 % of the individual motor threshold inten-
sity and showed a cortical activation pattern comprising the contralateral senso-
rimotor cortex (SMC) and premotor cortex, the bilateral secondary somatosensory 
cortex, the supplementary motor area, and the anterior cingulate cortex. Smith et al. 
[ 2 ] previously showed a relationship between changes in SMC activation using 
fMRI and different levels of increasing current intensity up to motor threshold dur-
ing EMS of the knee extensors. However, since neurorehabilitation commonly uti-
lizes EMS current intensities at the maximum tolerated current intensity (MTI), it is 
important to know the SMC correlates of increasing EMS current intensity from 
low (10 % MTI) to over motor threshold (50 % MTI), at MTI (100 % MTI), and 
further increases in current intensity (over 100 % MTI). Our previous study [ 3 ], 
performed with one-channel continuous-wave functional near-infrared spectros-
copy (fNIRS) over the contralateral prefrontal cortex (PFC), demonstrated EMS 
current intensity-related increases during EMS of the elbow fl exors. The aim of the 
present study was to employ multichannel time-domain fNIRS (TD-fNIRS) and 
general linear model methods, using NIRS-SPM software, to map regional absolute 
SMC and PFC oxygenation with increasing EMS current intensities.  

59.2     Methods 

59.2.1     Subjects 

 Eight healthy volunteers (40.3 ± 13.5 year) participated in this study. All the sub-
jects had no known health problems or any upper extremity muscle or joint injuries. 
The study conformed to the recommendations of the local Human Research Ethics 
Committee in accordance with the Declaration of Helsinki.  
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59.2.2     Equipment 

 EMS was carried out with the portable system CEFAR Physio 5 (DJO France SAS, 
Mouguerre, France). The device is a microcontroller-based system with 2 + 2 
current- regulated stimulation channels and is controlled with a chip card. The right 
wrist extensor muscles were stimulated with a pair of 5 × 5 cm adhesive electrodes. 
The negative electrode was located on the motor point of the right wrist extensor 
muscles, the positive one on the distal end of the muscle near the wrist. Symmetric, 
biphasic, and charged balanced rectangular pulse shapes were applied. The depolar-
izing pulses had a width of 200 μs and frequency of 30 Hz. 

 For fNIRS mapping a multichannel, dual-wavelength (690 nm and 829 nm) 
time-domain class I medical device, developed at the Department of Physics of 
Politecnico di Milano, was used [ 4 ]. Optodes were positioned over the bilateral 
SMC, with 2 channels extending onto the PFC regions: on each hemisphere fi ve 
sources and eight detection points for a total of 32 measurement channels, accord-
ing to the international 10–20 system for the EEG electrode placement. Sequential 
illumination of pairs of light sources in the left and right hemispheres every 0.2 s 
allowed for the acquisition of fNIRS signal from the 32 channels at 1 Hz. In this 
way a signal, suitable for the extrapolation of the optical parameters, was acquired.  

59.2.3     Protocol 

 At least 10 min prior to the EMS protocol, MTI was determined for each subject by 
using a series of 6–8 brief (3–5 s) electrically stimulated contractions with increas-
ing intensity. After each increase in intensity that included a visibly stronger con-
traction, the participants were asked if they could tolerate any further increase in 
intensity. MTI was then defi ned as the intensity of stimulation received when the 
subjects were no more able to tolerate an increase in intensity. 

 Each subject underwent four EMS current intensity thresholds, at 
10 % < 50 % < 100 % and over 100 % of the MTI. Each experiment consisted of an 
initial baseline (10 s), 10 stimulation blocks (10 s baseline, 20 s EMS, 10 s of recov-
ery), and a fi nal recovery (10 s), for a total experiment length of 420 s. Each 20 s 
EMS condition was composed of 1 s stimulation and 1 s rest alternatively. 

 During each experiment, pain rating was also monitored using a 10 cm visual 
analogue scale (VAS).  

59.2.4     fNIRS Signal Analysis 

 For each wavelength  λ , a reference time-domain fNIRS curve  R   0   (t;λ)  is derived by 
averaging the tracks recorded during the initial baseline period. Fitting of  R   0   (t;λ)  
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yields the reference absorption value  μ   a0   (λ) . Then, at each recording time  T  during 
the experiment, changes in the absorption coeffi cient are derived as [ 5 ]
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where  v  is the speed of light in the medium,  t  is the arrival time of photons, and 
 R(t,λ,T)  is the time-domain fNIRS curve at the recording time  T . To enhance the 
contribution from deep layers and to remove possible disturbances caused by super-
fi cial ones, a correction method based on the use of late time windows ( t  = 1,750–
2,500 ps) was also applied [ 5 ]. It is well known that depth information in TD-fNIRS 
is encoded in photons time of fl ight: early photons probe the superfi cial layers of the 
head, while late photons have a higher probability to visit deeper layers. Finally, the 
absorption coeffi cient is derived from corrected late gate intensities as

  
m l m l m lDa T a a T( ; ) ( ) ( ; )= +0    

  On the assumptions that, in the wavelengths applied here, oxygenated (O 2 Hb), 
deoxygenated (HHb) hemoglobin, and water (H 2 O) are the main chromophores 
contributing to absorption and also that H 2 O concentration is unlikely subjected to 
relevant modifi cations and thus can be considered constant, O 2 Hb and HHb concen-
tration changes are then derived by Lambert-Beer law. Then, changes in total hemo-
globin content (tHb = HHb + O 2 Hb) and oxygen saturation (SO 2  = O 2 Hb/tHb) are 
calculated. 

 Cortical activation maps for each subject and for the whole population in each 
experiment were obtained by applying general linear model (GLM) methods, by 
means of the NIRS-SPM software (  http://bisp.kaist.ac.kr/NIRS-SPM.html,     [ 6 ]) For 
any channel a design matrix was created that modeled the O 2 Hb and HHb time 
series as a linear combination of regressors plus an error term. Hypotheses on pre-
dictor variables could be tested constructing the t-statistic. Within the analysis pro-
tocol, a good trade-off between statistical reliability and temporal resolution was 
found by analyzing data with constant regressors. The task was modeled as a series 
of consecutive boxcars that represented an equal number of activation periods, cho-
sen accordingly to the different activities performed during the experiment.   

59.3     Results 

 During the EMS conditions, the VAS pain values were 0.2 ± 0.3 (10 % MTI), 1.6 ± 1 
(50 % MTI), 4.7 ± 0.5 (100 % MTI), and 7.1 ± 1 (over 100 % MTI). Figure  59.1  
shows the typical cortical oxygenation time course changes (average of 10 blocks) 
during the 100 % MTI EMS condition for Subject 1. Activation of the contralateral 
SMC channels and of bilateral PFC channels is observed.
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   Figure  59.2  shows the cortical activation maps for three EMS conditions (group 
level t-statistic,  P  < 0.001 uncorrected). The GLM analysis indicated that 50 % MTI, 
100 % MTI, and over 100 % MTI conditions signifi cantly increased the contralat-
eral SMC activation (increase in O 2 Hb and decrease in HHb) compared to rest; no 
signifi cant activation was found at 10 % MTI. Moreover, in Fig.  59.2 , a larger area 
of activation was observed (particularly for the HHb maps) with the increase of 
EMS current intensity. The ipsilateral SMC region showed no signifi cant changes at 
the group level, but some subjects had ipsilateral SMC activation in some channels. 
The same was observed for the changes in the two PFC channels.

59.4        Discussion 

 The present study, utilizing 32-channel TD-fNIRS, confi rms the fMRI fi ndings of 
Blickenstorfer et al. [ 1 ] by showing contralateral SMC activation during EMS- 
evoked wrist extensor muscle contractions at different current thresholds. 
Furthermore, the results of this study show distinct patterns of cerebral cortex 

  Fig. 59.1    Block-averaged cortical oxy- and deoxyhemoglobin time course changes on Subject 1 
during the 100 % MTI EMS condition.  Left-side panels  represent the contralateral hemisphere to 
the EMS of the right wrist extensors. The  inset  represents the optodes location on the 10–20 inter-
national system       
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activation when the EMS intensity is increased from not painful (10 % MTI), mild 
pain (50 % MTI), to extremely painful (100 % MTI and over 100 % MTI), which 
extends the fi ndings of Smith et al. [ 2 ]. It is possible that the higher contralateral 
SMC activation maps during painful EMS stimulation are due in part to a nocicep-
tive response to the higher EMS current intensities and result also from increased 
sensorimotor integration in these cortical regions. Due to the fNIRS probe arrange-
ment on the scalp (see inset in Fig.  59.1 ), the bilateral secondary somatosensory 
cortical activation could not be confi rmed [ 1 ]. It is worth noting that when the indi-
vidual subject t-statistical activation maps were analyzed at a less constrictive 
threshold ( P  < 0.05 EC correction), as utilized by Ye et al. [ 6 ]), a larger and bilateral 
area of the SMC and PFC showed activation in many subjects, suggesting a much 
greater activation of sensorimotor and pain networks [ 1 ].  

59.5     Conclusion 

 In conclusion, the results of the present study showed that the EMS-evoked wrist 
extension stimulation paradigm increased activation of contralateral SMC region 
according to the EMS intensities (over 100 % > 100 % > 50 % > 10 % MTI), while 

  Fig. 59.2    Group t-statistic ( P  < 0.001 uncorrected) cortical activation maps during the EMS condi-
tions (no activation for 10 % MTI). Each map depicts the signifi cant difference between task and 
baseline.  Top panel : projection of the 32 measurement points over the cortical area.  Middle panels , 
O 2 Hb maps,  lower panels , HHb maps       
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the ipsilateral SMC region showed no signifi cant changes. Although several studies 
demonstrated that EMS can be safely performed in the MRI scanner [ 1 ,  2 ,  7 ], fNIRS 
can be more conveniently utilized to assess the time course of the neuroplastic 
changes associated with EMS rehabilitation treatment in patients with stroke 
directly in the rehabilitation clinic.     
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Abstract The aim of this study was to develop a NIRS-based neurofeedback system 
to modulate activity in the prefrontal cortex (PFC). We evaluated the effectiveness 
of the system in terms of separability of changes in oxy-Hb and its derivative. 
Training with neurofeedback resulted in higher separability than training without 
neurofeedback or no training, suggesting that the neurofeedback system could 
enhance self-control of PFC activity. Interestingly, the dorsolateral PFC exhibited 
enhanced activity and high separability after neurofeedback training. These obser-
vations suggest that the neurofeedback system might be useful for training subjects 
to regulate emotions by self-control of dorsolateral PFC activity.

60.1  Introduction

Neurofeedback is a specific form of biofeedback, which feeds back information 
about brain activity to allow for training of subjects to achieve voluntary regulation 
of brain activity. Data for neurofeedback has been obtained by using electroen-
cephalography [1], magnetoencephalography [2], real-time fMRI [3, 4], and NIRS 
[5]. The EEG feedback system has been successfully used clinically, for example, 
in epilepsy or as a brain-computer interface (BCI); however, EEG provides only 
unreliable localization of active brain areas. MEG and real-time fMRI have high 
spatial resolution, but the systems are bulky and expensive. In contrast, NIRS is 
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compact and less expensive than MEG or fMRI and should be more suitable for 
practical use.

In the present study, we developed a NIRS-based neurofeedback system to mod-
ulate activity in the prefrontal cortex (PFC). We evaluated the effect of the neuro-
feedback system in terms of separability of changes in oxy-Hb and its derivative. 
Separability is an index that shows how easily groups can be distinguished [6, 7]. It 
can be calculated from the variance of each class (in this study, activation or deacti-
vation trajectory of oxy-Hb and its derivative) and the distance between the classes 
as described in Sect. 2.2.

60.2  Materials and Methods

60.2.1  Experimental Settings

We monitored concentration changes of oxyhemoglobin (oxy-Hb) in the bilateral 
PFC employing a multichannel NIRS (OMM 3000, Shimadzu, Japan) connected to 
a computer. This system consists of 16 light-source fibers and 16 detectors resulting 
in 48 source-detector pairs; each light source has three laser diodes with wave-
lengths of 780, 805, and 830 nm. The optodes for the NIRS were placed on the skull 
to cover the bilateral frontal lobes, including the dorsolateral PFC, employing a 
holder cap to avoid motion-related artifacts; the source-detector distance was 
30 mm.

The subjects were instructed to concentrate on the display so as to make the color 
on the screen become red. The display showed a red color when oxy-Hb increased 
above the baseline, whereas a blue color was displayed when oxy-Hb decreased 
below the baseline.

We studied 26 young adult subjects, who were classified into groups A, B, and C.
In group A (n = 14), subjects were trained to change the color on the display to 

red for 7 days using the neurofeedback system. In group B (n = 5), subjects were 
trained to do so for 7 days without the system. In group C (n = 7), subjects did not 
receive training. The subjects were trained for about 1 h a day for 1 week.

60.2.2  Data Analysis

NIRS signals are relative values; thus, it is difficult to compare changes of NIRS 
signals among subjects. We therefore calculated the Z-score of the NIRS signals 
and averaged the Z-scores (Fig. 60.1a):

 
Z

X
=

− m
s  

(60.1)
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where X, m, s  denote measurement value, mean value, and standard deviation of 
the NIRS signals, respectively.

In order to define the activated cortical area, we calculate differential values of 
oxy-Hb (i.e., d(oxy-Hb)/dt) during rest and during the task. The differential value 
was computed by finite difference with a sampling time 0.205 s. Then, we plotted a 
phase plane of oxy-Hb and its derivative (Fig. 60.1b). We defined the activated cor-
tical area as the area where both oxy-Hb concentration and differential value 
increased.

The feature quantity is identified using a vector of oxy-Hb ( poxy ) and its deriva-
tive ( �poxy ) as p = ( , )p poxy oxy� . Within-class variance, sW

2 , and between-class variance, 
s B

2 , are calculated by
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(60.3)

where n, ntask, nrest are a total number of signals of all, the task, and the rest, respec-
tively. m, mtask, mrest are an averaged vector of all signals, the task signal, and the rest 
signal, respectively.

The separability can be defined as

Fig. 60.1 Analysis of NIRS signals. Averaging using Z-score (a). Trajectory of Z-scored oxy-Hb 
and differential value (b). Evaluation of separability (c)
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Within-class variance represents an average spread in the class, and between- 
class variance represents a spread between classes [6, 7]. When the value of Js  is 
large, groups can be easily distinguished.

In order to assess the reproducibility of PFC activation, we evaluated the separa-
bility of NIRS signals during the task and rest periods (Fig. 60.1c).

60.3  Results

Figure 60.2 shows pseudo-color 2D images of the averaged Z-score of oxy-Hb in 
groups A, B, and C. In group A, the bilateral lateral PFC exhibited higher activation 
than other PFC regions after neurofeedback training. In group B, the training with-
out neurofeedback increased activity only in the left lateral PFC. No effect on PFC 
activity was observed in group C.

Figure 60.3a shows pseudo-color 2D images of separability of oxy-Hb changes 
in group A. Separability increased from 1.037 to 3.449, indicating that the subjects 
were well able to control PFC activity after training. The training effect was 
observed mainly in the lateral PFC. Figure 60.3b shows the results in group B. 
Separability increased from 0.729 to 2.080. Thus, training without neurofeedback 
was less effective than training with neurofeedback. In addition, the training effect 
was observed only in the left lateral PFC. In group C, no change was observed 
(Fig. 60.3c).

Fig. 60.2 Pseudo-color 2D images of Z-score for averaged oxy-Hb changes in groups A, B, C 
before and after training; red color indicates higher values of Z-score, while blue color indicates 
lower values of Z-score
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60.4  Discussion

We evaluated the effect of neurofeedback training on self-control of PFC activation 
by examining the separability of NIRS signals, which allows assessment of the 
reproducibility of PFC activation. We found that subjects trained with neurofeed-
back exhibited higher separability than those trained without neurofeedback or 
those who received no training. These results suggest that our neurofeedback sys-
tem could enhance self-control of PFC activity compared with training without neu-
rofeedback and no training. Interestingly, the lateral PFC exhibited enhanced 
activity and high separability after neurofeedback training.

The PFC plays a key role in both negative and positive emotional regulation via 
connections with subcortical nuclei, including the amygdala [8–10]. Specifically, 
the dorsolateral PFC is one of the brain regions implicated in emotional processing, 
particularly during downregulation of negative emotional conditions [11]. It has 
been reported that increased activity in the dorsolateral PFC was associated with 
suppression of fearful stimuli [12] and processing of positive emotional stimuli 
[13]. In addition, increased activity in the dorsolateral PFC was observed during 
modification of the intensity of emotional stimuli using cognitive strategies [14, 15]. 
These observations suggest that neurofeedback training using the present system 
might be useful for regulatory control of impulses and emotions by self-control of 
dorsolateral PFC activity.

Finally, it should be emphasized that the present neurofeedback system with 
NIRS is compact and practical for use in both normal subjects and patients with 
mental disorders. However, further studies are necessary to evaluate the psychologi-
cal effects of the system and to establish its usefulness in self-control of emotions.

Fig. 60.3 Pseudo-color 2D images of separability of oxy-Hb changes in groups A, B, C before 
and after training; red color indicates higher values of separability, while blue color indicates 
lower values of separability
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    Abstract     Precise localisation of cortical activation in the early development of the 
infant brain remains unclear. It is challenging to co-register haemodynamic 
responses during functional activation in infants with the underlying anatomy of the 
brain. We used a multispectral imaging algorithm to reconstruct 3D optical topo-
graphic images of haemodynamic responses in an infant during voice processing. 
In this chapter, we present a method for co-registering 3D optical topography 
images reconstructed from functional activation data in infants onto anatomical 
brain images obtained from MRI structurals of the individual infants.  

61.1         Introduction 

 Optical topography (OT) is a noninvasive technique which uses near-infrared light 
to study functional brain imaging in infants. Over the last 10 years, progress and 
development of this technique has led to an increase in interest in the application for 
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investigating cortical activity in the developing brain [ 1 ]. Even though in the early 
years OT was used to detect the response to basic stimuli activating the primary 
cortical areas (auditory and visual cortex), recent advances in technology shifted the 
focus to study awake infants and address topics such as biological motion process-
ing, face processing, and voice processing [ 2 – 4 ]. In these studies, OT was used to 
map haemodynamic responses during activation with specifi c regions of the cortex. 
However, co-registration between the haemodynamic response measured at the sur-
face of the head and the underlying cortical anatomy remains a challenge. This is 
primarily due to the lack in capacity for measuring brain structure for anatomical 
reference and the lack of common control points between the optical array, the head, 
and the anatomical image. 

 Furthermore, OT studies treat the data as single source–detector (channel) hae-
modynamic responses even if the data are measured from multiple channels at dif-
ferent separations. Numerous research groups have produced optical images of 
brain activity. The fi rst method, pioneered by researchers at Hitachi Medical Co., 
assumes that a change in intensity measured by a given source–detector pair has its 
origin midway between the source and detector and there is no attempt to resolve in 
the depth direction [ 5 ]. Conventional image reconstruction involves fi nding the 
optical properties of the medium from a set of measurements, which are then com-
bined to calculate the chromophore concentrations. We use a multispectral imaging 
algorithm to reconstruct haemodynamic responses and obtain 3D optical topogra-
phy images. In order to make a precise statement about cerebral specialisation dur-
ing cortical activation, it is necessary to co-register functional activation onto an 
anatomical atlas. In this chapter we describe a method for co-registering 3D optical 
topography images on 3D brain volumes rendered from MRI scans.  

61.2     Methods 

61.2.1     Protocol 

 Data from one healthy, 6-month-old infant were taken from the previously pub-
lished data where the experimental paradigm and psychological rationale for the 
work are explained in detail [ 4 ]. The infant sat on the parent’s lap while the stimuli 
were displayed on a screen. The session began with a rest period (30 s) to get famil-
iar with the experimental setup. Following this, the trials alternated one after the 
other, beginning with a 10-s baseline trial followed by a 10-s experimental trial. 
Three types of auditory experimental trials ( voice, non-voice, and silence ) were 
presented pseudorandomly to prevent anticipatory effects and to ensure the infant 
was presented with an equal number of trials per condition after every 12 trials. The 
 voice  condition included nonspeech adult vocalisations (coughing, yawning, throat 
clearing, laughing, and crying). The  non-voice  trials included naturalistic environ-
mental sounds (water running and toys such as rattles, squeaky toy, spinning balls). 
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Each stimulus sequence lasted 8 s and consisted of four different sounds (of voice 
or non-voice stimuli) presented for 0.37–2.92 s each, interleaved by short silence 
periods (of 0.16–0.24 s).  

61.2.2     Registering the Optode Positions onto a Brain Volume 

 The UCL OT system which emits at wavelengths of 770 and 850 nm was used for 
the data acquisition [ 6 ]. The sources are frequency modulated and illuminated 
simultaneously. The infant wore a custom-built OT headgear consisting of two opti-
cal imaging arrays placed on each temporal lobe. Each array consists of fi ve sources 
and fi ve detectors, providing a total of 19 source–detector pairs per array. Each array 
had 13 source–detector separations at 2 cm and 6 at 4.5 cm (Fig.  61.1 ).

   Before the infants began the study, measurements of their head circumference, 
the distance between glabella and ears and glabella and inion, were taken, and the 
location of the channels and arrays relative to these anatomical landmarks were 
recorded. The distance from the midpoint of the headband over the forehead (the 
glabella) to the midpoint of the temporal arrays (channel 9, left hemisphere; 28, 
right hemisphere) is fi xed at 11 cm and is aligned approximately with T3 and T4 of 
the 10–20 system on an average 5-month-old infant head. A fi ducial was placed 
over the glabella and photographs of the infant facing sideways and towards the 
camera were taken while wearing the headgear. 

  Fig. 61.1    The custom-made headgear consisting of two arrays. Each array has fi ve detectors ( D ) 
and fi ve sources ( S ). This confi guration allows a total of 19 channels for each array, 13 at S-D sepa-
ration of 2 cm ( numbered in circles ) and 6 at S-D separation of 4.5 cm (Provided with permission 
from Sarah Lloyd-Fox, Birkbeck, University of London)       
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 T2-weighted MRI structural of the head was obtained with a fi ducial placed over 
the glabella. A 3D reconstruction of the head was obtained from the T2-weighted 
MRI structural scan. The coordinates of the fi ducials and anatomical marks accord-
ing to the 10/20 coordinate system were obtained in relation to anterior commissure 
(AC) and were marked on the 3D head images. These marks along with the photo-
graphs were used to reconstruct the placement of the headgear on the 3D head and 
subsequently mark the optode and channel positions (Fig.  61.2a ). The brain was 
then extracted from the individual MRI scans and channels, and optode positions 
were also projected on the 3D brain reconstruction (Fig.  61.2b ).

61.2.3        Optical Image Reconstruction 

 Data were acquired and low-pass fi ltered (cut-off frequency of 1.8 Hz) for all the 
trials. Then each trial was separated into blocks consisting of 4-s baseline, followed 
by a 10-s stimulus and a 10-s poststimulus baseline period. Each block was detrended 
using a linear fi t between the last 4 s of the pre-stimulus baseline and the last 4 s of 
the poststimulus baseline period to remove any effects of baseline drift throughout 
the experiment [ 3 ]. Trials for each experimental condition were averaged for each 
subject. This resulted in a time course for each of the three stimuli per infant. 

 A multispectral method involving reconstructing chromophore concentrations 
using all measurements at both wavelengths simultaneously was used to obtain 3D 
OT images during activation. We assumed that the true chromophore concentrations 
were close to an initial estimate and any changes were small, and used a linear 
approximation to reconstruct the difference in chromophore concentrations[ 7 ]. For 
two measurement wavelengths ( λ 1,  λ 2) and two chromophores ( c  1 ,  c  2 ), the linear 

  Fig. 61.2    ( a ) Head volume co-registered with the optical headgear. The main anatomical land-
marks (left pre-auricular, nasion, vertex –  blue dots ), optodes ( red dots ), and channels ( green dots ) 
can be identifi ed. ( b ) Brain volume extracted from the head volume co-registered with the optode 
positions ( red dots )       
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multispectral method solves the matrix equation     ΔAλ  =  J.ΔC , where  ΔA   λ   = [ ΔA   λ 1  
 ΔA   λ 2 ]  T   represents the changes in the logarithm of the measured data and  Δc  = [ Δc  1  
 Δc  2 ]  T   the chromophore concentration changes in  μ Molar ( μ M). The matrix  J  = [ J   λ 1 ε 1 ,λ 1  
 J   λ 1 ε 2 ,λ 1 ;  J   λ 2 ε 1 ,λ 2   J   λ 2 ε 2 ,λ 2 ] is the Jacobian or sensitivity matrix (in units of mm) and  ε  is 
the extinction coeffi cient of the corresponding chromophore (in mm −1   μ M −1 ). It has 
dimensions 2 M  × 2 N , where  M  represents the number of measurements and  N  is the 
number of image pixels. The Jacobian was calculated for each wavelength using the 
software package TOAST (temporal optical absorption and scattering tomography) 
[ 8 ]. It uses the fi nite element method (FEM) to model the propagation of light 
through highly scattering tissue using the diffusion equation, given an estimate of 
the medium optical properties and optode positions. The medium is considered to 
be a homogeneous slab with refractive index  n  = 1.4, absorption coeffi cient 
 μa  = 0.038 mm −1 , and reduced scattering coeffi cient  μ  = 0.75 mm −1  at wavelength 
770 nm and  μa  = 0.042 mm −1  and  μs  = 0.71 mm −1  at wavelength 850 nm. A FEM 
mesh with 32,615 nodes, 21,845 elements, and dimensions 120 × 60 × 40 mm was 
generated with the meshing software NETGEN [ 9 ].   

61.3     Results 

 Figure  61.3  shows the 3D optical topography image reconstructions obtained during 
one of the experimental conditions (voice). Images show 3D reconstructions of 
HbO 2  changes as a function of time obtained at a depth of approximately 1.5 cm. 
Changes in HbO 2  are obtained for both the right and left hemispheres. In the right 
hemisphere, the images show an evident increase in HbO 2  upon the onset of the 
stimulus gradually decreasing when the stimulus ceases. In this case the images are 
in good agreement with the 2D time course activation data. The time course data for 

  Fig. 61.3    Optical topography image reconstructions showing changes in HbO 2  as a function of 
time during one of the experimental conditions (voice) for the right hemisphere and left 
hemisphere       
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the left hemisphere appear to be noisy, and this is refl ected in the 3D images  showing 
an increase in HbO 2  before and after the onset of the stimulus.

   Figure  61.4  shows one of the 3D optical topography reconstruction images 
 co- registered onto the brain of the individual infant. The 3D brain extracted from 
the MRI structural was converted into a 2D image. The optical topography recon-
struction was scaled, translated, and rotated accordingly and was co-registered on 
the brain image.

61.4        Conclusions 

 We have used optical topography and reconstructed changes in HbO 2  as a function 
of time during functional activation in a 4-month-old infant. We have developed a 
method for co-registering optical topography reconstruction images onto anatomi-
cal brain extracted from the individuals MRI structural. Co-registration of func-
tional activation could lead to better and more accurate interpretation of the 
information provided by brain imaging techniques. This could be used to delineate 
cognitive development of the infant brain.     
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    Abstract     Transient ischemic attack (TIA) is a major complication in patients with 
carotid artery stenosis. Patients with severe stenosis sometimes complain of ortho-
static dizziness, such as syncope. The purpose of this study was to examine the 
usefulness of near-infrared spectroscopy (NIRS) for evaluating cerebral circulation 
in patients with carotid artery stenosis during head-up tilt test (HUTT). Fourteen 
patients with carotid artery stenosis and nine normal control subjects participated. 
In addition to blood pressure monitoring, hemoglobin (Hb) values (oxy-Hb, deoxy-
 Hb, and total Hb) were recorded by a wearable NIRS instrument with a high time 
resolution during HUTT. Oxy-Hb, which decreased initially when the test table was 
elevated, subsequently increased in normal volunteers and patients with carotid 
artery stenosis and did not differ signifi cantly between the two groups. However, the 
oxy-Hb reduction in the carotid artery stenosis group (−0.02 ± 0.03 a.u.) at 30 s after 
elevation of the table was signifi cantly larger than in the normal group 
(0.02 ± 0.02 a.u.,  P  < 0.01). Our results indicate that oxy-Hb reduction in patients 
with carotid artery stenosis may be related to orthostatic dizziness. We concluded 
that NIRS monitoring is useful for evaluating cerebral autoregulation in patients 
with severe carotid artery stenosis.  
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62.1         Introduction 

 Transient ischemic attack (TIA) is a major complication in patients with carotid 
artery stenosis, affecting approximately 7 %/year of patients with severe carotid 
artery stenosis. Patients with severe stenosis also sometimes complain of orthostatic 
dizziness, such as syncope, though the reason for this is unclear. The barorefl ex is 
the most important regulatory mechanism in the short-term control of circulation, 
and some reports indicate that barorefl ex sensitivity (BRs) of patients with carotid 
artery stenosis is low, compared with normal subjects [ 1 – 3 ]. The head-up tilt test 
(HUTT) has been used to examine physiological events during graded orthostatic 
challenge in individuals with signifi cant handicap owing to neurocardiogenic syn-
cope (NCS). 

 Near-infrared spectroscopy (NIRS), a noninvasive optical method, utilizes the 
characteristic absorption spectra of hemoglobin (Hb) in the near-infrared range to 
provide information on hemodynamic changes and cerebral blood oxygenation 
changes. However, the infl uence of postural stresses on cerebral circulation in 
patients with carotid artery stenosis is unclear. 

 We hypothesized that impaired cerebral oxygenation may be related to postural 
symptoms, and in this study we investigated whether NIRS monitoring would be a 
suitable approach to examine whether patients with carotid artery stenosis and 
healthy volunteers show differential hemodynamic changes during HUTT.  

62.2     Methods 

 We investigated 14 patients with carotid artery stenosis (10 men and 4 women; 
mean age, 69.4 ± 7.2 years) and nine normal control subjects (5 men and 4 women; 
mean age, 26.0 ± 1.1 years). A HUTT procedure was started by having the patient 
lie supine on a tilt table while connected to a precordial lead electrocardiogram and 
an automated intermittent oscillometric blood pressure monitor. Each subject lay in 
the supine position on the tilt table for at least 15 min before the procedure. In the 
fi rst step, the table was elevated to 30° during 10 min. Then, it was elevated to 70° 
during 10 min. We measured the concentration changes of each Hb in the bilateral 
frontal lobe using a newly developed NIRS device (Pocket NIRS, Hamamatsu 
Photonics K.K., Japan) (Fig.  62.1 ). This device employs a wireless communication 
system (Bluetooth®) instead of optical fi bers, so that the subject’s movement is not 
constrained. In the present study, we used continuous-wave NIRS. Measurement of 
continuous-wave NIRS is dependent on the modifi ed Beer-Lambert law, which 
includes optical pathlength (PL) as an essential parameter. Therefore, we believe 
that it is better to used arbitrary units rather than micro molar. This study was 
approved by the Committee for Clinical Trials and Research at Nihon University 
School of Medicine and Sagamihara Kyodo Hospital. All patients or their relatives 
gave written informed consent.
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62.3        Results 

 There was no signifi cant difference in systemic circulation change during HUTT 
between the two groups. In normal volunteers, oxy-Hb decreased initially after the 
table was elevated. However, it rapidly recovered, then remained constant 
(Fig.  62.2a ). In contrast, oxy-Hb of patients with carotid artery stenosis decreased 
and did not subsequently recover to the initial level (Fig.  62.2b ). The oxy-Hb reduc-
tion in the carotid artery stenosis group at 30 s after elevation of the table was sig-
nifi cantly larger than that in the normal group at 30° ( P  < 0.05) and at 70° ( P  < 0.01) 
(Fig.  62.3a ). Deoxy-Hb slightly increased during HUTT in the carotid artery steno-
sis group, but was not signifi cantly different from that of normal volunteers 
(Fig.  62.3b ). When the tilt table was brought back to the supine position, each Hb 
concentration returned to baseline.

62.4         Discussion 

 Static cerebral circulation in patients with carotid artery stenosis has been evaluated 
using single-photon emission computed tomography (SPECT) [ 4 ] and positron 
emission tomography (PET) [ 5 ]. However, these techniques cannot measure 
dynamic changes in cerebral blood fl ow (CBF). On the other hand, NIRS can mea-
sure dynamic changes in both CBF and cerebral metabolism. Therefore, in the pres-
ent study, we examined whether NIRS monitoring is suitable for studying 
hemodynamic changes in patients with carotid artery stenosis during HUTT. 

 We observed a sustained reduction of oxy-Hb during HUTT in patients with 
severe carotid artery stenosis, and this might be associated with orthostatic 

  Fig. 62.1    The NIRS system uses LEDs of three different wavelengths (735, 810, and 850 nm) as 
light sources and one photodiode as a detector; it has two channels. The total weight of the control-
ler and probes is only 160 g. The sampling rate was 61.3 Hz (i.e., the sampling time was about 
16.3 ms)       
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  Fig. 62.3    ( a ) Change of oxy-Hb during HUTT in normal volunteers and patients with carotid artery 
stenosis.  Open circles  ( n  = 9) indicate the mean value of normal volunteers;  solid circles  ( n  = 14) 
indicate the mean value of patients with carotid artery stenosis. ( b ) Change of deoxy-Hb during 
HUTT in normal volunteers and patients with carotid artery stenosis.  Open triangles  ( n  = 9) indicate 
the mean value of normal volunteers;  solid triangles  ( n  = 14) indicate the mean value of patients with 
carotid artery stenosis. The ordinates indicate concentration changes of Hb in arbitrary units (a.u.)         

  Fig. 62.2    Hb concentration    changes during HUTT in normal volunteers ( a ,  left ) and patients with 
carotid artery stenosis ( b ,  right ). The ordinates indicate concentration changes of oxy-Hb ( black ), 
deoxy-Hb ( light gray ), and total Hb ( dark gray ) in arbitrary units (a.u.). The abscissa indicates time 
(min);  horizontal bars  indicate 10 min. The  horizontal bars  indicate the time schedule of HUTT       
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dizziness. On the other hand, NIRS monitoring showed only a transient reduction of 
oxy-Hb in patients with mild or moderate carotid artery stenosis and in healthy 
volunteers during postural stresses, followed by a rapid recovery. None of these 
patients or volunteers had experienced orthostatic dizziness. 

 It is important to note that we examined only a relatively small number of patients 
and normal volunteers. Also, it is not yet clear whether NIRS parameters measured 
in the frontal lobe fully refl ect hemodynamic changes in the cerebral hemisphere. 
Nevertheless, our results indicate that the present NIRS system, which is compact 
enough to attach to patient’s clothes and is equipped with telemetric data transfer, is 
suitable for investigating and evaluating cerebral autoregulation in patients with 
severe carotid artery stenosis during HUTT.  

62.5     Conclusions 

 We concluded that NIRS monitoring is useful for evaluating cerebral circulation 
and autoregulation in patients with severe carotid artery stenosis.     
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  A 
  Acidosis 

 AT1 cell line , 226  
 drug transport activities and cell lines , 222  
 ERK1/2 and p38 phosphorylation , 224–225  
 glycolytic metabolism , 222  
 intracellular pH   ( see  Intracellular pH, 

acidosis) 
 lactate and DIDS, intracellular 

acidifi cation , 224–225  
 MAPK activation , 227  
 p38 activation and phosphorylation , 226  
 reporter gene assay , 227  
 ROS formation , 223  
 tumor cells , 226  
 western blot and CRE-SEAP reporter 

gene assay , 223  
   Acute stress 

 DCX-expressing cells , 67–68  
 description , 66, 69  
 FJB staining , 69  
 immunohistochemistry and FJB 

staining , 67  
 measurement and analysis , 67  
 preconditioning and GBI model , 66–67  

   Adenine nucleotide translocase (ANT) 
 gene mutation , 255  
 mRNA level , 252  
 nuclear-encoded protein , 252  
 null mutants , 252  

   Adenosine triphosphate (ATP) 
 BM cells , 197  
 radiation-induced reduction , 199  
 ROS damage , 199–200  

   Adipose tissue thickness (ATT) 

 correction algorithm   ( see  Correction 
algorithm, ATT) 

 description , 136  
 haemoglobin parameters , 131–132  
 infl uence, oxygenation data , 132, 133  
 light sources and detectors , 131  
 measurement , 132, 134  

   Adult brain.    See  Cytochrome  c  oxidase (CCO) 
response 

   Algorithm, ATT.    See  Correction algorithm, 
ATT 

   Amifostine 
 amifostine-treated irradiated 

cells , 197, 198  
 annexin V/PI staining , 197, 199  
 ATP assay buffer , 197  
 BM cells , 196  
 BM mitochondria , 198  
 G-CSF production , 197, 200  
 IL-2 levels , 197, 200  
 MitoTracker staining , 197, 198  
 NIH Swiss mice , 196–197  
 proliferation, irradiated BM cells , 197, 199  
 radiation-reduced ATP 

production , 197, 199  
 reduction, ROS levels , 199–200  
 T and B lymphocytes, activation , 200  

   Analyzes of variance (ANOVAs) , 61–62  
   Ang-2.    See  Angiopoietin-2 (Ang-2) 
   Angioplasticity , 34  
   Angiopoietin-2 (Ang-2) 

 capillary regression, VEGF , 34  
 COX-2 expression , 34  
 expression, hyperoxia and 

hypercapnia , 32, 33  
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   ANOVAs.    See  Analyzes of variance 
(ANOVAs) 

   ANT.    See  Adenine nucleotide 
translocase (ANT) 

   Anxiety 
 level, PFC , 395  
 and LIR , 392  

   Arts speech therapy (AST) , 82  
   AST.    See  Arts speech therapy (AST) 
   ATP.    See  Adenosine triphosphate (ATP) 
   ATT.    See  Adipose tissue thickness (ATT) 
   Autoregulation, cerebral circulation , 467  

    B 
  Barorefl ex (BRs) , 464  
   BCI.    See  Brain-computer interface (BCI) 
   BF.    See  Biceps femoris (BF) 
   Biceps femoris (BF) , 158–160   
  Bioimaging , 380, 381  
   Biological thermal model , 373  
   Biomechanical function, brain injury , 347  
   BL.    See  Blood lactate (BL) 
   Blood clotting, PD.    See  Zymogen protein C 

(ZPC) 
   Blood fl ow , 267–269  
   Blood fl ow distribution, SmO 2  , 158, 161  
   Blood lactate (BL) , 187, 188  
   Blood pressure , 90, 91  
   BM.    See  Bone marrow (BM) 
   BNCT.    See  Boron neutron capture therapy 

(BNCT) 
   Bone marrow (BM) cells 

 annexin V/PI staining , 199  
 ATP assay buffer , 197  
 cell apoptosis assay, standard 

Annexin V/PI staining , 274  
 cell proliferation , 258, 261  
 cytokines , 262, 263  
 direct stimulation , 279  
 G-CSF , 200  
 IL-11   ( see  Interleukin 11 (IL-11)) 
 immunoregulators and stimulators , 259  
 IR   ( see  Irradiated bone marrow (IR BM) 

cells) 
 irradiation , 259, 260, 262  
 mitochondrial stability and 

integrity , 261–262  
 mitochondria-specifi c dye , 275  
 mouse femurs , 196, 274  
 radiation-induced depletion , 262  
 ROS reduction, mitochondria , 198  

 standard MTT method, cell proliferation 
assay , 274  

 stem cells , 262  
 stromal cells , 258  
 xerostomia , 196  

   Boron neutron capture therapy (BNCT) , 386  
   Boron tracedrugs, NDT 

 atherosclerosis causes lethal disease , 386  
 BSA and  10 B concentration , 386  
 description , 386  
 electrophoresis-based analysis , 388  
 LDL and NIPS , 386  
 LUMO and HOMO , 388  
 molecular orbital (MO) calculations , 387  
 neutron irradiation , 387–388  
 pharmacokinetics (PK) , 385  
 SDS-PAGE , 388  
 UTX-51 , 387–389  

   Bovine serum albumin (BSA) , 386  
   Brain 

 AST , 82  
 PFC , 86  
 vasovagal hypoxia-ischemia, oxCCO 

  ( see  Cytochrome  c  oxidase 
concentration (oxCCO)) 

   Brain-computer interface (BCI) , 449  
   Brain injury 

 analytic approach , 350  
 biomechanical function , 347  
 brainsignals model , 346  
 complex system function , 349–350  
 ICP   ( see  Intracranial pressure (ICP)) 
 individual dataset results , 348, 350  
 intracranial hypertension , 345  
 measured signals and simulated 

outputs , 348, 349  
 multimodal monitoring , 347  
 neuromonitoring , 346  
 NIRS   ( see  Near-infrared spectroscopy 

(NIRS)) 
 optimisation , 347–348  
 parameter values , 348–349   

  Brain pO 20  
 hypotension , 56  
 MABP   ( see  Mean arterial blood 

pressure (MABP)) 
 oxyphor G4 , 52  
 self-contained microsensor , 52  

   Brainsignals model 
 blood vessel radius , 362  
 CBF , 363  
 cerebral arterial volume , 346  
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 hypoxia , 362  
 ICP , 346  
 metabolism process , 363  
 mitochondria , 363  
 and simulated hypoxic 

vasodilation , 366, 367  
 venous volume , 346  

   Brain surface and parenchymal arteries 
 animal experiment , 420–421  
 baseline diameter and stimulation-induced 

changes , 423–424  
 CBF , 424  
 cerebral arteries , 420  
 coordinated control mechanism , 420  
 image analysis , 421–422  
 vessel images , 422–423  

   Breast cancer detection, DCIS 
 Beer-Lambert Law , 214  
 blood concentration , 212  
 breast tumors , 214  
 cancer and normal/benign tumors , 217  
 chromophores , 214  
 classifi cation, ρ[Hb tot ] and 

ρDeoxygenation , 216, 217  
 CWS system , 213–214  
 cysts , 214  
 data acquisition, NIRS , 213  
 detection, DCIS , 217  
 hemoglobin concentrations , 218  
 invasive cancer, cancer in situ and benign 

tumors , 216  
 measurement, smaller-sized masses , 217  
 NIRS devices , 218  
 nomogram , 216–217  
 normal breast   ( see  normal breast  vs.  benign 

tumor) 
 palpable cancers , 212  
 patient recruitment , 212–213  
 source-detector distance , 217  
 survival rate , 212  
 threshold , 218  
 X-ray mammography , 212  

   Breast cancer xenograft MDA-MB231 
 nude mice , 292  
 PVs and PNs , 293  

   Breast tumor aggressiveness 
 cancer mortality , 238  
  13 C-lactate signals , 239–240  
  13 C-pyruvate signals , 239–240  
 HP-NMR technique , 238  
 intracellular metabolic state , 238  
 lactate/pyruvate ratios , 239, 240  
 LDH reaction rate constants   ( see  Lactate 

dehydrogenase (LDH)) 

 MCF-7, MDA-MB-468, and 
MDA-MB-231 , 239  

 metabolites, mouse xenografts , 239, 240  
 quantitative mitochondrial redox , 238  
 tumor bearing mice , 239  

   BRs.    See  Barorefl ex (BRs) 
   BSA.    See  Bovine serum albumin (BSA) 

    C 
  cAMP response element-binding protein 

(CREB) 
 CRE-SEAP reporter gene assay , 225  
 extracellular pH , 225–226  
 inhibition, p38 signaling pathway , 225–226  
 transcription factor , 225  

   Cancer 
 breast cancer   ( see  Breast cancer 

detection, DCIS) 
 cell transport conduit , 294  
 gastric , 292–294  
 progression , 295  
 and PVS   ( see  Primo vascular 

system (PVS)) 
   Capillary domains, tissue oxygenation 

 description , 138  
 FCSA , 140  
 overlap method , 138  

   Capillary–fi bre relations.    See  Statistics, 
capillary-fi bre relations 

   Carbon dioxide production (VCO 2 ) 
 and heat , 324  
 STD diet , 326  
 VO 2  , 326  

   Carbon dioxide response , 82  
   Cardiac arrest 

  in vivo , rat , 437  
 intravenous injection, potassium 

solution , 436  
 systemic circulation stopped and 

microcirculation suppressed , 
437, 438  

   Cardiac arrest, ECPR 
 characteristics, patients , 125  
 CPB   ( see  Cardiopulmonary bypass (CPB)) 
 description , 122  
 limitations , 127  
 multidisciplinary programs , 122  
 patients , 123  
 prevention/alleviation, global ischemia , 127  
 procedures , 123–124  
 SPSS software package , 124  
 TH , 122–123  
 TOI , 125, 126  
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   Cardiac output, oxygen delivery (DO 2 ) 
 description , 37  
 exercise, skeletal muscle , 38  
 heart rate and SaO 2  , 40  
 periodic breathing , 40–41  

   Cardiopulmonary bypass (CPB) 
 implementation, TOI , 125, 126  
 intra-aortic balloon pumping , 124  
 mean time interval , 125  
 TH , 123  

   Carotid artery stenosis 
 barorefl ex and healthy volunteers , 464  
 HUTT   ( see  Head-up tilt test (HUTT)) 
 NIRS   ( see  Near-infrared spectroscopy 

(NIRS)) 
 oxy-Hb and deoxy-Hb , 465  
 SPECT and PET , 465  
 TIA and postural stresses , 464  

   CBF.    See  Cerebral blood fl ow (CBF) 
   CCO.    See  Cytochrome- c -oxidase (CCO) 
   cEEG.    See  Continuous EEG (cEEG) 
   Cell signaling 

 molecular biology, genetically 
induced , 400  

 tissue , 401  
 tumor cells , 403  
 vascular endothelial cells , 403  

   Cerebral autoregulation, premature infants.  
  See  Hypertensive disorders of 
pregnancy (HDP) 

   Cerebral blood fl ow (CBF) , 465  
 brain hypoxia , 362  
 dog , 364  
 measurement, sleep , 114  
 and mitochondria , 363  
 oxygen metabolic rate , 117–118  

   Cerebral microcirculation.    See  Hypoxia-
induced angiogenesis 

   Cerebral tissue oxygen saturation (StO 2 ), sleep 
 activity monitor , 115  
 CBF, oxygen metabolic rate , 117–118  
 circadian effects , 118  
 linear regression , 117, 118  
 NIRS measurement , 115–116  
 oxygen metabolism , 114–115  
 post processing , 116  
 protocol , 115  
 recordings, laboratory , 115  
 reduced energy metabolism , 118  
 statistical analysis , 116  

   CHOP.    See  Cyclophosphamide 
hydroxydoxorubicin oncovin 
prednisone (CHOP) 

   Chronic hyperoxia and hypercapnia, vascular 
remodeling 

 capillary density, arterial blood gas , 33–34  
 description , 30, 34  
 HIF-1α and HIF-2α accumulation   ( see  

Hypoxia-inducible factor α (HIF-α) 
 IHC and capillary density , 31  
 measurement, blood gas content , 30  
 PGC-1α, EPO, COX-2 and Ang-2 , 32–33  
 VEGF and Flk-1 expression , 31–32  
 western blotting , 30–31  

   Chronic lung disease (CLD) , 411–412  
   Circulation, DO 2 :VO 2  ratio.    See  Oxygen 

delivery (DO 2 ) and oxygen 
consumption (VO 2 ) 

    cis -regulatory response elements (CRE) , 223  
   CLD.    See  Chronic lung disease (CLD) 
   Constant-load exercise test (CET), SO 2 IC  .  

  See  O 2  saturation in IC (SO 2 IC  ) 
   Continuous EEG (cEEG) , 46–47  
   Co-registration 

 3D optical topography reconstruction 
images , 460  

 functional activation, anatomical 
atlas , 456, 460  

 haemodynamic response 
measurement , 456  

 head volume , 458  
 infant’s own brain , 460  

   Correction algorithm, ATT 
 absorption and scattering properties , 135  
 calculation, muscle oxygenation , 133, 134  
 calf muscle and the vastus 

lateralis , 135–136  
 haemoglobin concentrations , 135  

   Correlation cancelation , 412, 415  
   Cortical blood fl ow and haemoglobin 

oxygenation 
 cortical activation , 431–432  
 hypercapnia, hyperoxia and CSD , 430–431  
 imaging system setup , 429  
 ischaemic stroke , 429–430  
 LASCA , 428–429  
 neurometabolic-vascular coupling , 427  
 optical imaging , 427  
 RGB refl ectometry , 428  

   Cortical haemoglobin concentration 
 monochromatic CCD and fi lter wheel 

setup , 409  
 RGB-refl ectometry setup , 410  

   Cortical spreading depression (CSD) , 430–431  
   COX-2.    See  Cyclooxygenase-2 (COX-2) 
   CPB.    See  Cardiopulmonary bypass (CPB) 
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   CRE.    See cis -regulatory response elements 
(CRE) 

   CREB.    See  cAMP response element-binding 
protein (CREB) 

   Cross-country skiing , 180  
   Crosstalk and noise reduction , 405, 406  
   Cryofi xation.    See  Rat brain cryofi xation 
   CSD.    See  Cortical spreading depression (CSD) 
   Cultured cell, QDs.    See  Quantum dots (QDs) 
   Cyclooxygenase-2 (COX-2) 

 Ang-2 , 34  
 description , 30  
 protein expression, mouse cerebral 

cortex , 32–33  
 western blotting , 30–31  

   Cyclophosphamide hydroxydoxorubicin 
oncovin prednisone (CHOP) 

 chemotherapy , 244  
 cycles , 247  
 DLCL xenografts   ( see  Diffuse large B-cell 

lymphoma cell line (DLCL)) 
 MRS , 247  
 NHL , 244  
 therapeutic effect , 247  
 tumor volume change , 245  

   Cytochrome- c -oxidase (CCO) 
 electron transport chain , 340  
 oxidisation , 342  
 reduced and exchangeable phosphate , 342  
 tissue concentration , 342  

   Cytochrome  c  oxidase concentration (oxCCO) 
 bradycardia and hypotension , 26  
 changes, source-detector 

separations , 23, 25  
 chromophores , 22  
 description , 22  
 DPF and µs changes , 23, 25, 26  
 and ecDO 2  , 23, 25  
 hemoglobin species , 23, 24  
 limitations , 26  
 pHOS , 22–23  
 reductions, oxygen delivery (DO 2 ) , 26  
 systemic and physiological 

parameters , 23, 24  
   Cytochrome  c  oxidase (CCO) response 

 data and statistical analysis , 356  
 distal detector and animal data , 358  
 electron acceptor in mitochondrial 

respiratory chain , 354  
 group grand averages, time courses , 357  
 hypoxaemia and hypercapnia , 355  
 multi-depth ∆[oxCCO] measurements , 358  
 and NIRS , 354  

 normoxic normocapnia and adult head , 358  
 patient demographics and systemic 

variables , 354–355  
 and pHOS , 354, 355  

   Cytokines 
 amifostine   ( see  Amifostine) 
 BM regeneration , 258, 262, 263  
 G-CSF and IL-6 , 279  
 IL-6 family , 258  
 plasma levels , 259  

    D 
  DCIS.    See  Ductal carcinoma in situ (DCIS) 
   DCX.    See  Doublecortin (DCX) 
   Deoxyhaemoglobin (HHb) 

 MC , 153  
 muscle O 2  extraction, exercise   ( see  Muscle 

O 2  extraction, HHb) 
 NIRO-200 oximeter , 75  
 PFC , 83, 153  
 SmO 2  , 167  

   Diabetic nephropathy 
 description , 310  
 development , 310  
 renal oxygen tension and nitric oxide , 310  

   Differential pathlength factor (DPF) , 374  
   Diffuse large B-cell lymphoma cell line 

(DLCL) 
 CHOP treatment effects , 248  
 mitochondrial NADH and Fp fl uorescent 

signals , 247  
 tumor xenograft , 244  

   Dinitrophenol (DNP) , 10–12  
   Distal site of vastus lateralis (VLd) , 158–160  
   DLCL.    See  Diffuse large B-cell lymphoma 

cell line (DLCL) 
   DNP.    See  Dinitrophenol (DNP) 
   DNP method.    See  Dynamic nuclear 

polarization (DNP) method 
   3D optical topography (OT) imaging 

 auditory experimental trials , 456–457  
 brain volume and head volume 

co-registered , 458  
 conventional image reconstruction , 456  
 FEM and TOAST , 459  
 infant’s own brain, co-registration , 

457, 460  
 map haemodynamic responses and 

co-registration , 456  
 multispectral method , 458–459  
 near-infrared light and custom-made 

headgear , 457  
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 3D optical topography (OT) imaging  (cont.)  
 reconstructions, HbO 2  changes , 459–460  
 single source–detector (channel) 

haemodynamic responses , 456  
 T2-weighted MRI structure , 458  
 visual cortex and auditory , 456  

   Doublecortin (DCX) 
 description , 66  
 expressing cells , 67–68  
 GABAergic interneurons , 69  
 immunohistochemistry and FJB 

staining , 67, 69  
   DPF.    See  Differential pathlength factor (DPF) 
   Ductal carcinoma in situ (DCIS) 

 benign tumor , 216  
 breast tumors , 214  
 cancer classifi cation, ρHb tot  and 

ρDeoxygenation , 216  
 development, angiogenesis and 

hypoxia , 217  
 patients and tumor types , 213  
 tumor-bearing population , 213  

   Dynamic nuclear polarization (DNP) 
method , 239  

    E 
  ECG.    See  Electrocardiogram (ECG) 
   ECPR.    See  Extracorporeal cardiopulmonary 

resuscitation (ECPR) 
   EEG.    See  Electroencephalogram (EEG); 

Electroencephalography (EEG) 
   EGFR inhibitor.    See  Epidermal growth factor 

receptor (EGFR) inhibitor 
   Electrical muscle stimulation (EMS) 

 cerebral cortex activation , 445–446  
 conditions, cortical activation 

maps , 445, 446  
 cortical oxygenation time course 

changes , 444–445  
 description , 442  
 elbow fl exors , 442  
 equipment , 443  
 and fNIRS signal analysis , 443–444  
 knee extensors , 442  
 and MTI , 442, 443  
 muscle/joint injuries , 442  
 NIRS-SPM software , 442  
 and SMC   ( see  Sensorimotor cortex (SMC)) 
 and visual analogue scale (VAS) , 443  
 wrist extensor muscle contractions , 445–447  

   Electrocardiogram (ECG) 
 advantage , 47  
 cEEG , 46–47  

 encephalopathy, severity , 45  
 LDA classifi er , 46  
 R peak detection , 45  
 SDANN parameter , 45  

   Electroencephalogram (EEG) , 449  
   Electroencephalography (EEG) , 396  
   Electron paramagnetic resonance (EPR) 

 O 2  imaging   ( see  EPR O 2  imaging (EPROI)) 
 oximetry , 267, 268  

   ELISA.    See  Enzyme-linked immunosorbent 
assay (ELISA) 

   Emotion 
 and impulses , 453  
 negative and positive , 453  
 self-control , 453  

   EMS.    See  Electrical muscle stimulation (EMS) 
   Endogenous contrast , 281–282  
   End-tidal CO 2  (EtCO 2 ) 

 ANOVA , 151  
 description , 151  
 hypocapnia , 152  
 MC oxygenation , 153, 154  

   Endurance time (ET) , 74, 76, 77  
   Enzyme-linked immunosorbent assay 

(ELISA) , 197, 259  
   Epidermal growth factor receptor (EGFR) 

inhibitor , 266  
   EPO.    See  Erythropoietin (EPO) 
   EPR.    See  Electron paramagnetic resonance 

(EPR) 
   EPROI.    See  EPR O 2  imaging (EPROI) 
   EPR O 2  imaging (EPROI) 

 biopsy , 402–403  
 correlation, hypoxia , 402, 403  
 disease process and pulse sequences , 401  
 dose–response relationship , 401  
 dysfunctional chaos, tumor growth , 403  
  18 F-misonidazole and PET , 402  
  19 F MRI and  64 Cu-ATSM , 402  
 hypoxia , 400, 402  
  in vivo  images , 400–401  
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cellular signalling , 400  
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 and VEGF , 402  

   Erythropoietin (EPO) , 32–34  
   ET.    See  Endurance time (ET) 
   EtCO 2 .    See  End-tidal CO 2  (EtCO 2 ) 
   Exercise induced hyperemia , 164, 167, 168  
   Extracorporeal cardiopulmonary 

resuscitation (ECPR) 
 characteristics, patients , 125  
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 CPB   ( see  Cardiopulmonary bypass (CPB)) 
 description , 122  
 limitations , 127  
 multidisciplinary programs , 122  
 patients , 123  
 prevention/alleviation, global 

ischemia , 127  
 procedures , 123–124  
 SPSS software package , 124  
 TH , 122–123  
 TOI , 125, 126  

    F 
  Fatigue 

 cortical sensitivity , 154  
 ergometer , 150  
 exercise-induced , 152, 153  
 neuromuscular , 150  

   FEM.    See  Finite element method (FEM) 
   Fibre cross-sectional area A (FCSA) 

 AnaTis , 140  
 coeffi cient, correlation (R) , 140  
 and LCFR, variations , 140–141  
 left panel  n  , 139–140  
 right panel  n  , 140  

   Fibrosarcoma (FSaII) 
 daily measurements , 266  
 patent blue staining , 267  
 tumor-bearing mice , 267  
 tumor models , 266  

   Finite element method (FEM) , 459  
   FJB staining.    See  Fluoro-Jade B (FJB) staining 
   Fluoro-Jade B (FJB) staining , 67, 69  
   fNIRS.    See  Functional near-infrared 

spectroscopy (fNIRS) 
   Frontal lobe activation, video gaming 

 activation period , 91  
 arcade and puzzle games , 90  
 correlation analysis , 93  
 CW 8-channel fNIRS system , 91  
 demonstration, percentage , 91, 92  
 description , 89–90  
 HbO 2  and HHb measurement , 93–94  
 MBP and HR , 92–93  
 Portapres system , 91  
 systolic and diastolic pressure , 94  
 violence , 94  
 volunteers , 90  

   FSaII.    See  Fibrosarcoma (FSaII) 
   Functional brain imaging 

 baseline diameter , 421  
 cortical surface vasculature , 421  

 GFP , 420  
 spatiotemporal dynamics , 421  
 sulforhodamine 101 , 421  

   Functional near-infrared spectroscopy (fNIRS) 
 frontal lobe activation, video gaming , 

89–94  
 inner speech effect, cerebral 

hemodynamics and 
oxygenation , 82–86  

 mapping , 443  
 signal analysis , 443–444  
 tDCS effects, motor cortex and 

neuromuscular fatigue , 73–78  
 time-domain , 442, 444  

    G 
  Gastrocnemius lateralis (GL) , 158–160  
   GB biathlon squad.    See  Great Britain (GB) 

biathlon squad 
   GBI.    See  Global brain ischemia (GBI) 
   G-CSF.    See  Granulocyte colony-stimulating 

factor (G-CSF) 
   Gefi tinib 

 daily injections effects , 267, 268  
 EGFR inhibitor , 266  
 FSaII tumor-bearing mice , 267  
 mitochondrial membrane 

depolarization , 268  
 NSCLC , 266  
 radiosensitizing effect , 269  

   GFP.    See  Green fl uorescence protein (GFP) 
   GFR.    See  Glomerular fi ltration rate (GFR) 
   GL.    See  Gastrocnemius lateralis (GL) 
   Global brain ischemia (GBI) 

 DCX expression , 68, 69  
 description , 66  
 FJB positive cells , 69  
 stress preconditioning , 66–67  

   Glomerular fi ltration rate (GFR) , 10–11  
   Glucose  vs.  ketones 

 animals and diet regime , 325  
 CLAMS apparatus , 326  
 energy expenditure and body composition 

measurements , 325  
 indirect calorimetry , 326, 327  
 physiological variables , 325–326  
 statistical analysis , 325  

   Granulocyte colony-stimulating factor 
(G-CSF) , 197, 198, 200  

 apoptosis, IR BM cells , 275, 276  
 BM cells   ( see  Bone marrow (BM) cells) 
 cytokines , 279  
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 Granulocyte colony-stimulating factor 
(G-CSF)  (cont.)  

 description , 274  
 in vivo effect , 275  
 IL-6 production, IR mice , 275, 278  
 IR BM cells, proliferation rate , 275, 276  
 mitochondria, IR BM cells , 275, 277  
 MMP, IR BM cells , 275, 277  
 NIH Swiss mice , 274  
 no-IR and IR groups , 275  
 radiation triggers , 279  
 “rescue signaling” , 279  
 ROS level in IR BM cells , 275, 278  
 saline groups , 275  
 treatment groups , 274  

   Great Britain (GB) biathlon squad , 180, 181  
   Green fl uorescence protein (GFP) 

 expressing gastric cancer , 292–293  
 host mice , 291  
 MKN28 human gastric cancer cell 

line , 292, 294  
   10-Gy TBI.    See  10-Gy total body 

irradiation (TBI) 
   10-Gy total body irradiation (TBI) , 259, 262  

    H 
  Haemodynamics and haemodynamics, 

portable NIRS.    See  Portable NIRS, 
repeat sprint test 

   Haemoglobin 
 deoxy-and oxyhemoglobin , 214  
 lipid layer , 136  
 parameters , 132, 133  
 reproducibility , 176  
 saturation, human , 212  
 SRS approach , 135  
 variations, parameters , 173  
 vastus lateralis and vastus medialis , 132  

   Haemoglobin oxygenation, RGB refl ectometry 
 commercial LEDs , 408  
 condition number , 406  
 crosstalk , 406  
 FWHM , 406–407  
 implications, imaging systems , 409–410  
 inverse condition numbers C , 407  
 neurometabolic and neurovascular 

coupling , 405  
 SNR , 405  
 wavelengths choice , 409  

   Haemorrhagic shock 
 blood pressure , 52  
 brain cortex pO 2  , 52  

 hypotension , 56  
 isopropane and fentanyl, anaesthesia , 53  
 MABP   ( see  Mean arterial blood pressure 

(MABP)) 
 skin SO 2  , 52  
 techniques , 52  

   HDP.    See  Hypertensive disorders of pregnancy 
(HDP) 

   Head-up tilt test (HUTT) 
 carotid artery stenosis , 467  
 graded orthostatic challenge , 464  
 hemodynamic changes and lie supine , 464  
 NIRS monitoring , 465  
 oxy-Hb and deoxy-Hb , 465–467  

   Heart rate (HR) 
 HbO 2  signal , 93  
 Portapres system , 91  
 puzzle game , 92–93  

   Heart rate variability (HRV) , 412  
 advantage, ECG signal , 47  
 ECG recordings , 47  
 effect, asphyxia , 44  
 frequency bands , 46  
 LDA classifi er , 46  
 leave-one-out method , 46  
 maturational effects, central nervous 

system , 48  
 normalized values , 46, 47  
 R peak detection , 45  
 Sarnat score , 47  
 SDANN parameter , 45  
 standard geometric parameters , 46  

   Hemispheric differences, motor execution 
 ANOVAs , 61–62  
 description , 59–60  
 fl exion/extension, right-hand thumb , 62–63  
 hemoglobin concentration , 61  
 optical imaging , 61  
 patterns, cerebral activation , 60, 63  
 procedures , 60–61  
 sample , 60  
 vascular response , 61  

   Hemoglobin nitrite reductase activity 
 brainsignals model   ( see  Brainsignals 

model) 
 CBF(PaO 2 ), dogs , 366, 367  
 deoxyhemoglobin , 364, 365  
 fi rst-order fi lter , 363–364  
 hypoxia , 362  
 MWC model , 364  
 NADH transfers electrons , 363  
 NOS oxygen , 362  
 R-state and T-state hemoglobin , 364, 366  
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   HHb.    See  Deoxyhaemoglobin (HHb) 
   HI.    See  Hypoxia-ischemia (HI) 
   HIE.    See  Hypoxic ischemic encephalopathy 

(HIE) 
   HIF-α.    See  Hypoxia-inducible factor α (HIF-α 
   HIF-system.    See  Hypoxia-inducible factor 

(HIF)-system 
   Highest occupied MO (HOMO) , 387, 388  
   High-pass fi lter (HPF) , 413  
   HOMO.    See  Highest occupied MO (HOMO) 
   HPF.    See  High-pass fi lter (HPF) 
   HP-NMR.    See  Hyperpolarized  13 C-NMR 

(HP-NMR) 
   HR.    See  Heart rate (HR) 
   HRV.    See  Heart rate variability (HRV) 
   HUTT.    See  Head-up tilt test (HUTT) 
   Hybrid microwave-optical tissue oxygenation 

probe 
 biological thermal model , 373  
 blood volume and oxygenation , 372  
 body temperature , 372  
 ∆HbO 2  and ∆HbT , 375–376  
 heating deep tissues , 372  
 ∆HHb , 376  
  in vivo  experiment protocol , 374, 375  
 microwave antenna design , 372–373  
 non-invasive hybrid probe , 372  
 optical probe , 374  
 TOI and nTHI , 376  

   Hybrid optical spectrometer (pHOS) 
 BB and FD measurements , 355  
 chromophore concentration , 22  
 synchronization, monitors , 22–23  

   Hydrogen consumption 
 artifi cial air , 316–317  
 and baseline breath hydrogen 

levels , 318, 320  
 biogas analyzer , 317  
 colonic fermentation , 316, 317  
 consumption rate , 317  
 H 2  consumption rate , 318, 319  
 OH , 316  
 parameter abbreviations , 317  
 physicochemical studies , 318  
 ROS   ( see  Reactive oxygen species (ROS)) 
 ventilation equation , 317  

   Hydroxyl radicals (OH) 
 production rate , 318, 320  
 and ROS , 316  
 scavenger , 318  

   Hypercapnia 
 HIF-1α and HIF-2α protein 

accumulation , 31–32  

 and hypoxia, CCO   ( see  Cytochrome  c  
oxidase (CCO) response) 

 measurement, blood gas content , 30  
 PGC-1α, EPO, COX-2 and Ang-2 protein 

expression , 32–33  
   Hyperoxia 

 CSD , 430–431  
 HIF-1α and HIF-2α accumulation , 31–32  
 measurement, blood gas content , 30  
 PGC-1α, EPO, COX-2 and Ang-2 protein 

expression , 32–33  
   Hyperpolarized  13 C-NMR (HP-NMR) 

  13 C-enriched substrate , 238, 241  
 customized MATLAB® program , 239  
 DNP method , 239  
  in vivo  enzymatic reactions , 238  
 LDH-catalyzed reaction , 238  
 pyruvic acid , 239  

   Hypertensive disorders of pregnancy (HDP) 
 advantages and disadvantages , 106  
 artefacts , 107  
 coherence and transfer function 

analysis , 107, 110  
 description , 111  
 gain values , 108, 109  
 hypotension, bradycardia and 

hypoglycaemia , 106  
 labetalol   ( see  Labetalol) 
 MABP, SaO 2  and NIRS signals , 106–107  
 measurements, rsco 2  , 107, 108  
 pulse pressure values , 108–110  
 statistical analysis , 107–108  
 vasodilation and reduction , 110  
 VLF and LF bands , 108  

   Hyperthermia , 230  
   Hypoxia 

 BRAINSIGNALS model , 362, 366  
 heart rate and SaO 2  , 40  
 and hypercapnia , 354, 356, 357  
 quadriceps , 38  
 vasodilation , 362–363  

   Hypoxia-induced angiogenesis 
 animal preparation , 16–17  
 cortical microvessels , 16  
 depth-dependent changes, scanned 

areas , 17, 18  
 emergence rate, new vessels , 19  
 imaging experiment , 17  
 new vessel development , 18–19  
 vascular structure, brain , 16  

   Hypoxia-inducible factor α (HIF-α 
 accumulation , 31–32  
 Ang-2 , 34  
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 Hypoxia-inducible factor α (HIF-α  (cont.)  
 arterial blood gas content , 34  
 EPO expression , 32–33  

   Hypoxia-inducible factor (HIF)-system 
 activation, MYC , 206  
 DNA repair , 206  
 endogenous hypoxia markers , 231  
 genetic instability and clonal selection , 231  
 genetic instability, tumor cells , 207  
 glycolytic phenotype , 206  
 hypoxia , 205  
 intratumoral acidosis , 207  
 malignant phenotype , 205  
 metabolic reprogramming , 206  
 proangiogenic cytokines , 205  
 TH17 cells , 206  
 transactivate transcription factors , 206  

   Hypoxia-ischemia (HI) 
 deprivation, oxygen supply , 331  
 description , 340  
 experiments , 332  
 mitochondrial pH , 337  
 piglet brain   ( see  Piglet brain, HI) 
 transient , 332  

   Hypoxia-mediated malignant progression , 231  
   Hypoxic ischemic encephalopathy (HIE) 

 antiepileptic drugs , 47  
 datasets , 44–45  
 HRV parameters, calculation , 45–46  
 maturational effects, central nervous 

system , 48  
 monitoring tools , 44  
 morbidity and mortality , 44  
 recovery, evolution , 48  

    I 
  ICP.    See  Intracranial pressure (ICP) 
   IHC.    See  Immunohistochemistry (IHC) 
   Image analysis 

 diameter measurements, parallelogram/
ellipse , 421  

 image binarization and morphological 
fi ltering , 421, 422  

 threshold intensity , 421–422  
   Imaging 

 hypoxia , 402  
 O 2  , 401  
 RGB refl ectometry   ( see  Imaging, RGB 

refl ectometry) 
   Imaging, RGB refl ectometry 

 condition number analysis , 409  
 cortical haemoglobin , 409  

 illumination spectra and selecting 
module , 410  

 LED modules , 410  
   Immunohistochemistry (IHC) , 31  
   Indirect calorimetry 

 energy expenditure , 326, 327  
 oxymax system , 325  

   Infant brain, OT imaging.    See  3D optical 
topography (OT) imaging 

   Inhalation hydrogen , 316–318  
   Inheritance , 251, 253  
   Inner speech effect, cerebral hemodynamics 

and oxygenation 
 AST , 82  
 CMRO 2  , 85  
 investigation , 86  
 measurements , 82–83  
 movement artifacts, StO 2  , 83, 85  
 neurovascular coupling , 85  
 NIRS-derived signals , 85  
 PaCO 2  and CBF , 85–86  
 PFC and IRP , 83, 85  
 physiological parameters , 83  
 Wilcoxon signed-rank test , 83  

   Intercostal space (IC), O 2  saturation.    See  O 2  
saturation in IC (SO 2 IC  ) 

   Interleukin 11 (IL-11) 
 ELISA , 259  
 10-Gy TBI , 259, 262  
 immunoregulators , 259, 262  
 irradiated BM cells , 259, 261  
 mitochondrial level , 259, 261  
 MMP , 259, 260  
 multifunctional cytokine , 258  
 radioprotective effect , 261  
 ROS production , 259, 260  
 saline treated groups , 259  

   Inter-optode distance 
 deepO 2 Hb and shallowO 2 Hb , 99–100  
 MAP , 102  
 shallow and deep penetration , 101  

   Intracellular pH 
 cytoplasmic and mitochondrial , 336  
 description , 332  
 mitochondrial and cytoplasmic 

reactions , 334  
  31 P-MRS , 332  

   Intracellular pH, acidosis 
 AT1 cells , 224  
 cell lines , 224  
 cytosolic pH , 222  
 pH calibration , 223  

   Intracranial hypertension , 345–346  
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   Intracranial pressure (ICP) 
 biomechanical model , 346  
 and brain hypoperfusion , 346  
 and cerebral blood volume , 346  
 cerebral pathophysiology , 345  
 neuromonitoring , 346  
 Vmca and NIRS , 347  
 waveform , 348  

    In vivo  animal experiment , 17  
    In vivo  experiment protocol 

 fat thickness, measurement site , 374, 375  
 hybrid probe design , 374  

   Irradiated bone marrow (IR BM) cells 
 apoptosis , 276  
 mitochondria , 277  
 MMP , 277  
 and no-IR , 275  
 proliferation rate, G-CSF-treated , 279  
 ROS level , 278  

   Ischaemic stroke , 429–430  

    K 
  Ketogenic diet (KG) 

 human population continues , 324  
 ketogenic-diet-fed animals , 326  
 nutritional conditions , 324  

   Ketosis 
 diet-induced , 326  
 energy expenditure , 326  
 ketone body analysis , 325  
 rat model , 324  

   KG.    See  Ketogenic diet (KG) 
   Kidney metabolism 

 animal procedures , 10  
 ATP shortage , 12–13  
 description , 10  
 DNP and T 3  administration , 11  
 GFR and RBF , 10–11  
 kidney oxygen consumption (QO 2 ) , 11  
 kidney oxygen tension (PO 2 ) , 12  
 oxygen level , 13  
 protein excretion , 11, 12  
 sodium thiobutabarbital , 10  
 tracheotomy , 10  
 type 2 diabetic patients , 13  

   Kidney oxygen tension (PO 2 ) 
 DNP and T 3  administration , 11, 12  
 GFR and RBF , 10–11  
 hypoxia , 13  

   Kinetic rate constant 
 apparent reaction , 238, 240  
 LDH reaction , 238, 240  

 MCF-7 tumor , 240  
 metabolite signals, time courses , 240  
 parameters , 238  
 tumor size , 240  

    L 
  Labetalol 

 accumulation , 111  
 hypotension, bradycardia and 

hypoglycaemia , 106  
 neonatal side effects , 106  
 vasodilation , 110  

   Lactate dehydrogenase (LDH) 
 catalyzed reaction , 238  
  in vivo  , 240  
 rate constants , 239  

   LASCA.    See  Laser speckle contrast analysis 
(LASCA) 

   Laser scanning fl uorescent microscopy , 421  
   Laser speckle contrast analysis 

(LASCA) , 428–429  
   Laterality , 60  
   Laterality Index at Rest (LIR) , 392–393  
   Lateralization , 392  
   LDH.    See  Lactate dehydrogenase (LDH) 
   LEDs.    See  Light-emitting diodes (LEDs) 
   Light-emitting diodes (LEDs) , 408  
   Lightguide spectrophotometry , 52  
   Lipid layer 

 absorption and scattering properties , 135  
 algorithm , 134  
 thickness, haemoglobin , 136  

   LIR.    See  Laterality Index at Rest (LIR) 
   Long-duration exercise , 153  
   Low density lipoprotein (LDL), boron 

tracedrugs.    See  Boron tracedrugs, 
NDT 

   Lowest unoccupied MO (LUMO) , 387, 388  
   LUMO.    See  Lowest unoccupied MO (LUMO) 

    M 
  MABP.    See  Mean arterial blood pressure 

(MABP) 
   Magnetic resonance imaging (MRI) 

 BOLD-MRI , 282  
 direct quantitative methods , 281  
 quadrature volume coil , 282  
 variations, T 1  and T 2 * values , 281–282  

   Magnetic resonance spectroscopy (MRS) , 247  
 and NIRS , 332, 340, 342–344  
 ∆oxCCO and  31 P-MRS signals , 342  
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   Mammalian target of rapamycin (mTOR) 
inhibition 

 blood glucose levels and body 
weight , 311, 312  

 diabetes induction and treatment , 311  
 diabetic kidney , 313  
 diabetic nephropathy , 310, 313  
 hyperglycemia , 313  
 mitochondria 

 function , 310  
 uncoupling , 313  

 oxygen consumption , 311, 312  
 respiratory control ratio , 311, 312  
 UCP-2 protein expression , 313  

   MAP.    See  Mean arterial pressure (MAP) 
   MAPK.    See  Mitogen-activated protein kinases 

(MAPK) 
   Mapping of oxygen by imaging lipids 

relaxation enhancement 
(MOBILE) , 281–286  

   Mathematical modelling 
 blood fl ow and metabolism , 303, 333  
 microcirculation, oxygen transport , 301  
 NIRS and ICP   ( see  Brain injury) 
 oxygen consumption modifi cation , 268  

   Maximal tolerated intensity (MTI) 
 defi nition , 443  
 EMS condition , 444  
 GLM analysis , 445  
 neurorehabilitation , 442  

   Maximal voluntary contraction 
(MVC) , 76–78  

   MBP.    See  Mean blood pressure (MBP) 
   MC.    See  Motor cortex (MC) 
   Mean arterial blood pressure (MABP) 

 adrenalin , 55  
 blood loss , 54  
 changes , 53  
 description , 55–56  
 measurement , 107, 108  
 reinfusion , 55, 56  
 SaO 2  and NIRS signals , 106–107  
 stages, haemorrhage , 53–54  

   Mean arterial pressure (MAP) 
 deepO 2 Hb, shallowO 2 Hb and diffO 2 Hb , 

100–102  
 pulse pressure , 99  
 respiratory-induced elevations , 102  
 SBF , 100  

   Mean blood pressure (MBP) 
 HbO 2  signal , 93  
 Portapres system , 91  
 puzzle game , 92–93  

   MEP.    See  Motor-evoked potential (MEP) 

   Metabolic state 
 characterization , 439  
 cryofi xation process , 437  
 different cryofi xation time points, 

cryofi xation depth and rate , 438–439  
 fi xation homogeneous distribution 

and proximity , 436  
 pathophysiological process , 436  
 rat brain parietal cortex , 437  
 time and depth cryofi xation , 438  

   Metabolism 
 cancer , 238  
  in vivo  , 238  
 kidney   ( see  Kidney metabolism) 
 oxidative , 323–327  
 time courses , 240  

   Metastasis 
 acidosis , 207  
 cancer, PVS   ( see  Cancer) 
 lactate , 206  

   Microwave 
 antenna design , 372–373  
 CST Microwave Studio 2102 , 373  
 heating , 376  
 hybrid probe , 372  
 switched off , 375  

   Minute ventilation (V E ) 
 amplitude , 144  
 CET_HVY and CET_MOD , 145, 146  
 respiratory muscles, O 2  consumption , 147  
 RIET  vs.  CET_MOD , 146  

   Mitochondria 
 amifostine   ( see  Amifostine) 
 anticancer drugs , 247  
 and apoptosis , 274  
 cell proliferation , 274  
 cellular energy , 251  
 CHOP treatment , 247  
 damage, apoptosis , 259  
 dysfunction , 279  
 F1 hybrids , 253, 255  
 fl uorescence image , 244  
 G-CSF protects , 279  
 human cancer cells , 247  
 IL-11 , 259, 260  
 IR BM cells , 277  
 mature mice , 252  
 membrane proteins , 253, 255  
 metabolism , 244  
 MMP , 275  
 NADH , 244  
 oxidative stress , 251  
 PTP function , 252  
 redox state , 247  
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 stability and functional integrity , 261–262  
 swelling and depolarization , 279  
 TBI , 252  
 tubulin , 247  

   Mitochondrial DNA (mtDNA) 
 ANT , 255  
 C57BL/6 and BALB/c strain , 253, 255  
 irradiation , 255  
 maternal inheritance , 251  
 RT-PCR , 252  

   Mitochondrial membrane potential 
(MMP) , 259, 260, 275  

   Mitochondrial permeability transition pore 
(mPTP) 

 ANT , 252  
 apoptosis and necrosis , 252  
 Ca 2+  swelling assay , 253, 254  
 C57BL/6 and NIH Swiss , 253, 255  
 channels , 252  
 F1 hybrids , 253, 255  
 mouse strains , 254–255  
 oxidative stress , 252  
 radiation , 255  

   Mitochondrial uncoupling 
 proton process , 313  
 QO 2  , 10  
 uncoupling protein (UCP)-1–5 and 

ANT , 313  
   Mitogen-activated protein kinases (MAPK) 

 intracellular acidifi cation , 222  
 malignant behavior, tumors , 227  
 pH-dependent activation , 227  

   MMP.    See  Mitochondrial membrane potential 
(MMP) 

   MOBILE.    See  Mapping of oxygen by imaging 
lipids relaxation enhancement 
(MOBILE) 

   Molecular hydrogen.    See  Hydrogen 
consumption 

   Monod-Wyman-Changeux (MWC) 
model , 364–366  

   Motion artifacts, PPGs.  
  See  Photoplethysmograms (PPGs) 

   Motor control.    See  Hemispheric differences, 
motor execution 

   Motor cortex (MC) 
 deoxygenation , 154  
 EtCO 2  , 154  
 ρHbO 2 , ρHHb and ρTHb , 152, 153  
 hemoglobin concentrations , 151  

   Motor-evoked potential (MEP) , 78  
   mPTP.    See  Mitochondrial permeability 

transition pore (mPTP) 
   MRI.    See  Magnetic resonance imaging (MRI) 

   MRS.    See  Magnetic resonance spectroscopy 
(MRS) 

   mtDNA.    See  Mitochondrial DNA (mtDNA) 
   MTI.    See  Maximal tolerated intensity (MTI) 
   mTOR.    See  Mammalian target of rapamycin 

(mTOR) 
   Multimodal monitoring , 347  
   Muscle 

 blood fl ow , 372  
 and brain , 374  
 calf muscle , 374  
 heating deep tissues , 372  
 skin and fat , 372, 373  

   Muscle deoxygenation response 
 aging, SmO 2    ( see  Muscle oxygen 

saturation (SmO 2 ), aging) 
 HHb , 168  

   Muscle fi bres.    See  Statistics, capillary-fi bre 
relations 

   Muscle O 2  extraction, HHb 
 description , 167–168  
 exercise-induced hyperemia , 164, 167  
 exercise protocol , 165  
 experimental design , 164  
 measurements , 164–165  
 participants , 164  
 sBF responses , 167  
 SmO 2  , 167  
 statistics , 165  
 tHb and O 2 -Hb , 165–166  

   Muscle oxygenation 
 ATT   ( see  Adipose tissue thickness (ATT)) 
 roller skiing   ( see  Roller skiing, muscle 

oxygenation) 
   Muscle oxygen saturation (SmO 2 ), aging 

 angiotensin-converting enzyme 
inhibitor , 158  

 blood fl ow distribution , 161  
 experimental design , 158–159  
 O 2  delivery and consumption , 157–158  
 O 2  extraction , 161  
 peak exercise , 160–161  
 rest and submaximal exercise , 160  
 statistics , 159  
 VLd, BF, GL and TA , 159–160  
 volunteers , 158  

   MVC.    See  Maximal voluntary contraction 
(MVC) 

    N 
  NADH.    See  Nicotinamide adenine 

dinucleotide (NADH) 
   NADH and Fp fl uorescent signals , 247  
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   NDT.    See  Neutron dynamic therapy (NDT) 
   Near infrared spatial resolved spectroscopy 

(NIR  SRS  ) , 158–159, 164–165  
   Near-infrared spectroscopy (NIRS) 

 ATT, muscle oxygenation , 131–136  
 brain activation patterns , 98  
 breast cancer detection, DCIS   ( see  Breast 

cancer detection, DCIS) 
 cardiac arrest, ECPR , 122–127  
 carotid artery stenosis and healthy 

volunteers , 464  
 cerebral DO 2  measurement , 354  
 cerebral metabolism and CBF , 465  
 functional   ( see  Functional near-infrared 

spectroscopy (fNIRS)) 
 Gaussian smoothing algorithm , 151  
 haemogolobin measurements , 341  
 hemispheric differences, motor 

execution , 59–63  
 hemoglobin (Hb) and device 

development , 464  
 and ICP , 347  
 and LEDs , 464, 465  
 measurement, StO 2  , 115–116  
 and MRS , 332, 340, 342–344  
 muscle O 2  extraction, HHb , 163–168  
 muscle oxygenation, roller skiing   ( see  

Roller skiing, muscle oxygenation) 
 neurofeedback   ( see  Neurofeedback) 
 non-invasive optical technique , 346  
 optical probe , 372, 374  
 oxCCO , 22–26  
 oxy-and deoxy-haemoglobin , 98, 332  
 oxy[HbO 2 ], deoxy[HHb] and total[THb] 

hemoglobin , 151  
 parameter measurement and monitoring , 

467  
 and PFC   ( see  Prefrontal cortex (PFC)) 
 physiological signals , 98  
 piglets , 341–342  
 portable, repeat sprint test   ( see  Portable 

NIRS, repeat sprint test) 
 premature infants, cerebral 

autoregulation , 105–111  
 tissue oxygenation, exercise , 171–177  
 VM   ( see  Valsalva maneuver (VM)) 

   Neonatal, piglet brain , 332, 340  
   Neurocardiogenic syncope (NCS) , 464   
  Neurofeedback 

 activated cortical area , 451–452  
 brain activity and data , 449  
 EEG , 449  
 NIRS signal analysis , 450–451  

 oxy-Hb , 450  
 PFC   ( see  Prefrontal cortex (PFC)) 
 pseudo-color 2D images, oxy-Hb changes 

separability , 452–453  
 Z-score, pseudo-color 2D images , 452  

   Neurometabolic-vascular coupling , 427, 431   
  Neuromuscular fatigue, tissue oxygenation 

 cerebral oxygenation , 150  
 description , 153–154  
 exercise-induced fatigue and EtCO 2  

changes , 152  
 instrumentation , 151  
 limitations , 154  
 muscle , 153  
 PFC and MC , 153  
 population and protocol , 150–151  
 processing and statistical analyses , 

151–152  
   Neurovascular coupling , 85, 86, 154, 405, 427  
   Neutron dynamic therapy (NDT) , 385–389  
   Neutron-induced prompt γ-ray spectroscopy 

(NIPS) , 386  
   Neutron irradiation 

 BSA , 386  
 UTX-51 , 387–388  

   Newborns, HIE 
 cEEG , 46–47  
 datasets , 44–45  
 EEG activity , 44  
 HRV parameters, calculation , 45–46  
 LDA classifi er , 44, 46  
 morbidity and mortality , 44  

   NHL.    See  Non-Hodgkin’s lymphoma (NHL) 
   Nicotinamide adenine dinucleotide (NADH) 

 DLCL , 247  
 fl uorescence, rat brain cryofi xation  

 ( see  Rat brain cryofi xation) 
 hemoglobin nitrite reductase activity , 363  
 mitochondria , 244  
 piglet brain, HI , 333  

   NIPS.    See  Neutron-induced prompt γ-ray 
spectroscopy (NIPS) 

   NIRS.    See  Near-infrared spectroscopy (NIRS) 
   NIR  SRS  .    See  Near infrared spatial resolved 

spectroscopy (NIR  SRS  ) 
   Nitric oxide synthase (NOS) , 362, 366  
   Nitrite.    See  Hemoglobin nitrite reductase 

activity 
   Non-Hodgkin’s lymphoma (NHL) 

 CHOP treatment , 244  
 DLCL2 xenografts , 244  
 hematological cancer , 244  

   Non-small cell lung cancer (NSCLC) , 266  
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   Normal breast  vs.  benign tumor 
 benign tumors , 215  
 cancer classifi cation, ΔHbtot and 

ΔDeoxygenation , 214–215  
 data distribution , 215  

   Normalized least mean square (NLMS) 
algorithm , 413–416  

   NSCLC.    See  Non-small cell lung cancer 
(NSCLC) 

    O 
  OH.    See  Hydroxyl radicals (OH) 
   Optical imaging, cerebral oxygenation , 61  
   Optical probe , 374  
   Optical topography (OT) , 89  
   Orthostatic dizziness 

 oxy-Hb reduction , 465, 467  
 patients/volunteers , 467  
 syncope , 464  

   O 2  saturation in IC (SO 2 IC  ) 
 blood fl ow and O 2  supply , 147  
 deoxygenation , 144  
 experiment design , 144–145  
 measurements , 145  
 respiratory muscle, O 2  consumption , 147  
 statistical analyses , 145, 146  
 V E    ( see  Minute ventilation (V E )) 
 volunteers , 144  

   OT.    See  Optical topography (OT) 
   oxCCO.    See  Cytochrome  c  oxidase 

concentration (oxCCO) 
   Oxidative metabolism.    See  Glucose  vs.  

ketones 
   Oxygen (O 2 ) 

 broadening, narrow EPR spectral lines , 401  
 concentration , 381  
 EPR oxygen image , 402  
 HIF1-associated signal response elements , 

401  
 OX063 and levels , 402  
 pO 2  oxygen images , 400  

   Oxygenation 
 FSaII , 268  
 O 2  consumption , 269  
 tumor   ( see  Tumor reoxygenation) 

   Oxygen consumption (VO 2 ) 
 ATP levels , 313  
 blood fl ow modifi cation , 269  
 drug administration , 268  
  ex vivo  tumor cells , 268, 269  
 gefi tinib effect , 268, 269  
 ketosis rat model , 324  
 KG diet , 326  

 mitochondrial isolation and  in vitro  
measurements , 311  

 mTOR signal , 310  
 oligomycin , 311, 312  
 rate evaluation , 267  
 tumor cells , 268, 269  
 and VCO 2  , 326  

   Oxygen delivery (DO 2 ) and oxygen 
consumption (VO 2 ) 

 blood fl ow regulation , 37  
 cerebral autoregulation, blood fl ow , 38  
 coronary arterial , 38–39  
 evidence, constancy , 38  
 gastrointestinal blood fl ow , 40  
 hypoxia , 40  
 normal arterial oxygenation , 39  
 oxygen extraction values , 39–40  
 periodic breathing, cardiac output , 40–41  
 renal oxygen extraction , 40  
 whole body and skeletal muscle , 38  

   Oxygen (O 2 ) extraction 
 metabolic rate , 38  
 reduction, blood fl ow , 161  
 renal , 40  
 skeletal muscle and heart, CaO 2  levels , 

39–40  
   Oxygen mapping.    See  Tumor oxygenation, 

MOBILE 
   Oxygen saturation (SO 2 ), reproducibility 

 haemoglobin concentrations , 176  
 mean values , 172  
 same-day and different-day tests , 174, 175  
 wavelengths , 175  

   Oxyhemoglobin (O 2 Hb) concentration 
 effects, blood pressure , 98  
 inter-optode distance , 99–100  
 MAP , 101–102  

    P 
  Pancreaticoduodenectomy (PD), blood 

clotting.    See  Zymogen 
protein C (ZPC) 

   Patient safety, ZPC.    See  Zymogen 
protein C (ZPC) 

   PBS.    See  Phosphate-buffered saline (PBS) 
   PET.    See  Positron emission tomography (PET) 
   PFC.    See  Prefrontal cortex (PFC) 
   PFC activation.    See  Prefrontal cortex (PFC) 

activation 
   PHD-2.    See  Prolyl hydroxylase-2 (PHD-2) 
   pHOS.    See  Hybrid optical spectrometer 

(pHOS) 
   Phosphate-buffered saline (PBS) , 387  
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   Phosphorescence quenching , 52  
   Photoplethysmograms (PPGs) 

 correlation cancelation , 415  
 description , 412  
 Doppler cycles , 413  
 forehead and fi nger SpO 2  time traces , 416  
 measurement signals , 412–413  
 motion artifacts , 414, 415  
 NLMS 

 algorithm , 415  
 structure , 413–414  

 Philips FAST-SpO2 algorithm , 413  
 PR (∆PR) and SpO 2  (∆SpO 2 ) , 414–415  
 pulse oximetry , 411–412  
 relative motion signal , 415–416  
 relative sensor motion , 412  
 steady motion component , 416  

   Piglet brain, HI 
 brain energetics 

 carotid artery , 341, 344  
 CBF  vs.  arterial compartment , 340, 341  
 CCO , 340  
 circulation and metabolism in neonatal 

brain , 340  
 CMRO 2  , 344  
 computational model , 340  
 cytoplasm , 340  
 ∆oxCCO and  31 P-MRS signals , 342  
 glycolysis and ATP uses , 340–341  
 LWP180 and LWP188, modelled and 

measured signals , 342, 343  
 metabolic signals , 344  
 Morris sensitivity analysis , 342  
 MRS   ( see  Magnetic resonance 

spectroscopy (MRS)) 
 NIRS   ( see  Near-infrared spectroscopy 

(NIRS)) 
 SaO 2  and MABP , 341–342  

 pH changes 
 arterial oxygen saturation and blood 

pressure , 336  
 CMRO 2  , 333  
 cytoplasmic protons fl ow , 337  
 deprivation, oxygen supply , 331  
 human neonates , 332  
 mathematical model , 333  
 mitochondrial and cytoplasmic 

reactions , 333–334  
 MRS   ( see  Magnetic resonance 

spectroscopy (MRS)) 
 NAD and NADH , 333  
 NIRS   ( see  Near-infrared spectroscopy 

(NIRS)) 
 occluders , 332  

 oxygen deprivation , 337  
 oxygen-haemoglobin dissociation , 337  
 parameters and values , 334–335  
 PME , 333  
  31 P-MRS pH measurements , 335  
 steady-state model simulations , 335–336  
 titration curves , 332  

   Plasticity 
 DCX , 66, 69  
 FJB staining , 67  
 GBI , 66  

   PN.    See  Primo node (PN) 
   Portable NIRS, repeat sprint test 

 description , 186  
 E-set , 186–187  
 haemoglobin variables , 189, 190  
 HR and BL levels , 188  
 measurements , 187–188  
 participants , 186  
 physiological responses , 186  
 TSI   ( see  Tissue haemoglobin saturation 

index (TSI)) 
   Positron emission tomography 

(PET) , 402, 465  
   PPGs.    See  Photoplethysmograms (PPGs) 
   Prefrontal cortex (PFC) 

 activation , 452, 453  
 analyze left/right asymmetry , 392  
 cerebral oxygenation , 150  
 decision-making , 150  
 dorsolateral , 450, 453  
 EtCO 2  , 154  
 experimental protocol , 392, 393  
 and LIR , 392–393  
 multichannel NIRS , 450  
 negative and positive emotional 

regulation , 453  
 NIRS sensors , 83  
 normalization constant , 393  
 O2Hb and tHb , 85  
 quantities , 393  
 and rCBF and EEG , 396  
 regulation, stress response , 396  
 and STAI scores , 394–396  
 stress-induced psychological and somatic 

diseases , 391  
 stress response , 391–392  
 study population and STAI test , 392  
 ρTHb and ρO 2 Hb , 154  
 Wilcoxon signed-rank test , 83  

   Prefrontal cortex (PFC) activation 
 anodal and sham tDCS , 78  
 MVC SSIT protocol , 78  
 O 2 Hb and HHb concentration , 76–77  
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   Premature infants, cerebral autoregulation.  
  See  Hypertensive disorders of 
pregnancy (HDP) 

   Primo node (PN) 
 isolation , 293  
 packing , 291  
 and PVS , 290  

   Primo vascular system (PVS) 
 blood/lymphatic system , 290–291  
 breast cancer xenograft MDA-MB231 , 

292–294  
 and cancer , 291–292  
 cancer cell transport conduit , 294  
 description , 290  
 formation , 294–295  
 and GFP-expressing gastric cancer , 292–293  
 normal rat model , 292, 293  
 semitransparency , 290  

   Primo vessels (PVs) 
 BVs and LVs , 290  
 cancer metastasis , 295  
 and PN , 293  
 and PVS , 290  

   Professor Mamoru Tamura 
 birth history , 1, 2  
 64-channel time-resolved optical CT , 3, 4  
 in vitro oxygen measurement , 2  
 ISOTT member , 3  
 meeting, Oxygen Dynamics Society 

Japan , 5  
 NIRS research , 2–3  

   Prolyl hydroxylase-2 (PHD-2) , 34  
   Protein-protein interaction , 389  
   Pulse oximetry 

 low-acuity ambulatory settings , 411–412  
 sensor , 412  
 SpO 2  and PR , 411  

   PVS.    See  Primo vascular system (PVS) 
   PVs.    See  Primo vessels (PVs) 

    Q 
  QDs.    See  Quantum dots (QDs) 
   Quantifi cation 

 cellular system effect , 400  
 EPROI and assessment , 400  
 registration and VEGF , 402  
 stimulus–response model , 400  

   Quantum dots (QDs) 
 description , 379–380  
 fi broblast cell line COS-7 , 380  
  L -cysteine-capped CdTe QDs , 380  
 loadings , 380–381  

 O 2  dependence, fl uorescence , 381–382  
 photo bleaching , 381  
 QD580-loaded cells , 380–383  
 quantifi cation, O 2  levels , 383  
 semiconductor crystal , 379  

    R 
  Radiosensitivity 

 C57BL/6 , 253  
 F1 offspring (BC/C57M) , 253  
 mouse strains , 253, 255  

   Radiotoxicity , 196, 258  
 and chemotoxicity , 196  
 IL-11 , 258  

   Rat brain cryofi xation 
 animal preparation , 436–437  
 cryo-imaging system , 437, 438  
 depths in left and right side , 439  
 fi xation process parameters , 436  
  in vivo  imaging techniques , 436  
 metabolic states   ( see  Metabolic state) 
 NADH signal , 439  
 respiratory chain , 436  
 systemic circulation stopped and 

microcirculation , 437, 438  
   Ratiometric modeling 

 apparent reaction rate constant , 241  
 breast tumor mouse xenografts , 240  
 pyruvate and lactate signal , 239  
 time courses , 240  

   RBCs.    See  Red blood cells (RBCs) 
   RBF.    See  Renal blood fl ow (RBF) 
   rCBF.    See  Regional cerebral blood fl ow 

(rCBF) 
   Reactive oxygen species (ROS) 

 amifostine-treated irradiated cells , 197  
 CM-H2DCFDA , 196  
 formation   ( see  ROS formation) 
 in vivo production rate , 316  
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