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In his foreword to John Nunn’s book Applied Respiratory Physiology, John 
Severinghaus, an anesthesiologist and also my postdoctoral mentor as a 
Fellow at the Cardiovascular Research Institute at the University of California, 
San Francisco, wrote the following under the title “A Flame for Hypnos.”

The lighted candle respires and we call it flame. The body respires and we call it life. 
Neither flame nor life are substance, but process. The flame is as different from the 
wick and wax as life from the body, as gravitation from the falling apple or love 
from a hormone. Newton taught science to have faith in processes as well as sub-
stance-to compute, predict and depend upon an irrational attraction.

Such has been our study of oxygen, the substance in the whole of physiol-
ogy and clinical medicine from the air we breathe to its consumption at the 
level of the mitochondrion for the past 47  years since 1973 when the 
International Society of Oxygen Transport to Tissue (ISOTT) was founded.

Although this 47th Annual meeting of our society began under the duress 
of a shortened time scale, we were able to host approximately 95 participants 
to enjoy the sunshine and American Indian Culture here in the Midwest, 
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where art is king. We enjoyed the company and presentations of all the attend-
ees and hope that all had an excellent experience in New Mexico and 
Albuquerque.

Department of Neurosurgery� Edwin M. Nemoto
University of New Mexico, 
Albuquerque, NM, USA
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Laraine Visser
“To my loved ones, I thought it might be nice if—later on—in your own time and in a place 
that you like, you might want to celebrate (my) life. You could do this alone, or with some-
one else that we shared good times with… with love as always. Laraine “Larry” 
Visser-Isles”.
For well over 20 years Laraine Visser was present at every ISOTT meeting cheerfully sit-
ting at the manuscript desk accepting submissions for the proceedings, offering advice and 
reminding authors about the other documents the publisher required to accompany their 
papers. She was also a very lively and popular participant in the meetings’ social events. 
Fifteen years ago she managed to persuade me to volunteer to take on the scientific editing 
of the book in order to ensure the smooth flow of manuscripts between her, reviewers and 
the technical editor. This relieved the Principal Editor (the president) from a large amount 
of work and ensured a consistent standard from year to year.
Her presence at the meeting was only a small part of her contribution, however. Starting 
straight after the meeting with those manuscripts that had been submitted and continuing 
for the following 2 or 3 months, she would carefully go through each manuscript, correct-
ing them to ensure that the English was comprehensible. In some cases this required cor-
responding with the authors to find out exactly what was meant in a particular sentence or 
paragraph. Her task was to keep her changes to a minimum, but on occasions she went 
beyond the call of duty and took on the challenge of entirely correcting almost incompre-
hensible manuscripts. In all of her work she was cheerful and constructive and her sense of 
humour came over in the many e-mails we exchanged during the editing process.

In Memoriam
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She was a key element in the team (the “dream team” she called it) that has edited the 
ISOTT volume for the last 15 years. All of us in ISOTT are grateful for her long service to 
the society. She will be sorely missed.
On behalf of ISOTT
David Harrison
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Chronic Ketosis Modulates HIF1α-
Mediated Inflammatory Response 
in Rat Brain

Aarti Sethuraman, Prahlad Rao, Atul Pranay, 
Kui Xu, Joseph C. LaManna, 
and Michelle A. Puchowicz

Abstract

Hypoxia inducible factor alpha (HIF1α) is 
associated with neuroprotection conferred by 
diet-induced ketosis, but the underlying mech-
anism remains unclear. In this study, we use a 
ketogenic diet in rodents to induce a metabolic 
state of chronic ketosis, as measured by ele-
vated blood ketone bodies. Chronic ketosis 
correlates with neuroprotection in both aged 
and following focal cerebral ischemia and 
reperfusion (via middle cerebral artery occlu-
sion, MCAO) in mouse and rat models. Ketone 
bodies are known to be used efficiently by the 
brain, and metabolism of ketone bodies is 
associated with increased cytosolic succinate 
levels that inhibits prolyl hydroxylases allow-
ing HIF1α to accumulate. Ketosis also regu-
lates inflammatory pathways, and HIF1α is 
reported to be essential for gene expression of 

interleukin 10 (IL10). Therefore, we hypothe-
sized that ketosis-stabilized HIF1α modulates 
the expression of inflammatory cytokines 
orchestrating neuroprotection. To test changes 
in cytokine levels in rodent brain, 8-week-rats 
were fed either the standard chow diet (SD) or 
the KG diet for 4  weeks before ischemia 
experiments (MCAO) were performed and the 
brain tissues were collected. Consistent with 
our hypothesis, immunoblotting analysis 
shows IL10 levels were significantly higher in 
KG diet rat brain compared to SD, whereas 
the TNFα and IL6 levels were significantly 
lower in the brains of KG diet-fed group.

Keywords

Ketone bodies · Hypoxia · Hypoxia inducible 
factors · Cytokines · Ischemic reperfusion

1.1	 �Introduction

The mechanism through which diet-induced 
ketosis confers neuroprotection remains unclear 
despite its clinical applications for over seven 
decades [1]. Studies have implicated ketosis in 
modulating metabolic profiles and inflammatory 
pathways [1–3]. The ketogenic diet (KG) is a 
high-fat, very-low-carbohydrate diet which 
results in hepatic production of ketone bodies due 
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to elevated beta-oxidation of fats by the liver. 
Ketosis results in elevated blood ketone bodies 
(beta-hydroxybutyrate and acetoacetate; BHB, 
AcAc) which are alternate energy substrates to 
glucose and are known to be well utilized by the 
brain, especially during glucose sparing condi-
tions [3]. Ketones are beneficial substrates during 
metabolic derangements of glucose metabolism 
such as with ischemia/reperfusion injury-induced 
oxidative stress. The KG diet is a well-established 
non-pharmacological approach to treat drug-
resistant epilepsy in children and has shown 
promise in treating other neurological conditions 
such as Alzheimer and stroke [4, 5].

We have consistently reported that ketosis 
induced by KG diet or by local intraventricular 
infusions of BHB correlates with neuroprotection 
following focal cerebral ischemia and reperfu-
sion (via middle cerebral artery occlusion, 
MCAO) in rat (Fig. 1.1a, modified [2]) and mouse 
(data not shown), respectively [1, 2]. The meta-
bolic adaptation to chronic ketosis and the mech-
anistic actions of ketosis in the brain (globally 
and cellular) are multifactorial but not well 
understood. Prolyl dehydrogenase (PHD)-
mediated oxygen sensing and regulation of 
hypoxia inducible factors have been well studied, 
but normoxic regulation of this pathway warrants 
further study. This study focused on investigating 

the potential mechanisms associated with nor-
moxic accumulation of hypoxia inducible factor-
1 alpha (HIF1α) in diet-induced ketotic rats [1]. 
Specifically, we investigated the role of KG diet 
on inflammatory responses as associated with 
HIF1α stabilization in preconditioned ketotic rat 
brain. We targeted markers of pro- vs anti-
inflammatory cytokines (TNFα and IL6 vs IL10) 
in cortical brain of ketotic rat to determine poten-
tial neuroprotective mechanisms mediated by 
HIF1α.

1.2	 �Methods

Animals: Experimental protocols were approved 
by the Institutional Animal Care and Use 
Committee (IACUC) at Case Western Reserve 
University (CWRU). Male: Two separate cohorts 
of Wistar male rats (8 weeks old) were fed either 
KG (high fat, carbohydrate restricted; n = 4) or 
standard lab chow (STD; n = 4) diets for 4 weeks 
before performing either focal cerebral ischemia 
(by MCAO) and infarct measurements or tissue 
collections (brain and blood), as previously 
described [1]. Rats were maintained on a 12:12 
light-dark cycle with their diets and water avail-
able ad libitum. Diet Protocols: ketogenic (KG; 
89.5 fat %, 10.4 protein %, 0.1 CHO %; Research 

Fig. 1.1  (a) Infarct volumes in rat brains following 
MCAO were significantly lower in KG diet- vs SD diet-
fed rats (modified from [2]). (b) Blood ketones (BHB) in 
rats fed with the ketogenic diet were measured with 
Precision Xtra® handheld keto-monitor. The blood ketone 
levels in KG-fed rats spiked the first week and stabilized 

in the following weeks. (c) Absolute glucose levels mea-
sured in blood plasma using GC-MS analysis show that 
glucose levels were elevated in the SD as compared to the 
KG diet-fed rats. The values presented are the 
mean ± S.E.M. (n = 4). * Denotes statistical significance 
(p < 0.05)
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Diets, New Brunswick, NJ diet) and standard 
(STD; 27.5 fat %, 20.0 protein %, 52.6, provided 
by the CWRU animal facility). Weekly BHB con-
centrations were analyzed using a keto-meter 
(Precision Xtra, Abbott, Alameda California) 
from a small blood sample taken from the tail. 
Metabolic Panels (Gas Chromatography Mass 
Spectrometry [GC-MS]-Based Analysis): 
Absolute glucose concentration (mM) was mea-
sured from blood plasma collected. The metabo-
lite derivatives were assayed on an Agilent 
5973N-MSD equipped with an Agilent 6890 GC 
system coupled to a DB-17MS capillary column 
(30  m  ×  0.25  mm  ×  0.25 μm) and operated in 
electron impact ionization mode [3]. Western 
Blot Analysis: Nuclear protein extracts prepared 
from cortical brain were immunoblotted using 
anti-HIF1α and anti-HIF2α antibodies and nor-
malized to TBP, while the cytosolic protein 
extract was immunoblotted with anti-IL10, anti-
IL6, and anti-TNFα and normalized to GAPDH, 
as previously described [6, 7]. Proteins were 
detected by chemiluminescence, and densitomet-
ric quantification was performed using ImageJ 
software. Statistical Analysis: All values were 
presented as mean  ±  SEM.  Statistical analyses 
were performed using GraphPad Prism 7®. The 

comparison between any two groups was ana-
lyzed with a t-test for paired sample, two-tailed. 
Significance was considered at the level of 
p < 0.05.

1.3	 �Results

Blood Metabolites in KG and SD Diet-Fed Rats: 
Blood ketone levels in KG-fed rats spiked in the 
first week of diet to 6.2  mM and stabilized 
throughout the remaining weeks to an average of 
3.9 mM (Fig. 1.1B). Absolute concentrations of 
plasma glucose were determined using GC-MS 
(Fig.  1.1C). Plasma glucose concentrations 
trended lower (but not statistically significant) in 
KG compared to SD diet group. Diet-Induced 
Ketosis on HIF1α-Mediated Inflammatory 
Response: Immunoblotting results (Fig.  1.2) 
show significantly higher protein levels of HIF1α 
in cortical brain of KG rats compared to SD 
group, while HIF2α levels remained unchanged 
between groups. Consistent with our hypothesis, 
IL10 levels were significantly higher in KG rat 
cortical brain compared to SD, while the TNFα 
and IL6 levels were significantly lower in KG 
group (Fig. 1.2B).

Fig. 1.2  (a) Western blot analysis of HIF1α, HIF2α, and 
cytokines IL10, TNFα, and IL6. HIF1α and HIF2α protein 
levels were normalized to TATA-box binding protein 
(TBP) loading control, while IL10, TNFα, and IL6 were 
normalized to GAPDH. (b) HIF2α protein levels remain 
unchanged, but HIF1α was significantly higher in KG rat 

brain. Expression of anti-inflammatory cytokine IL10 was 
significantly higher in KG brain, while no expression of 
pro-inflammatory cytokines IL6 and TNFα was observed. 
The values presented are the mean  ±  S.E.M. (n  =  4). * 
Denotes statistical significance (p < 0.05)

1  Chronic Ketosis Modulates HIF1α-Mediated Inflammatory Response in Rat Brain
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1.4	 �Discussion

In this study, we show that normoxic stabilization 
of HIF1α in cortical ketotic rat brain is associated 
with modification of inflammatory cytokines 
which could confer neuroprotection following 
ischemic injury.

Diet-induced stabilization of HIF1α in rodent 
brain under normoxic ketotic conditions has been 
previously shown by Puchowicz et  al. [1–3]. 
HIF1α can transcriptionally regulate IL10 levels 
by direct binding to hypoxia-responsive elements 
(HREs) on the IL10 promoter [8]. Further, over-
expression of IL10  in mice has been associated 
with a resistance to ischemic injury (MCAO) [9]. 
Our study brings together ketosis-mediated stabi-
lization of HIF1α and a potential neuroprotective 
phenotype in rats via IL10-mediated regulation 
of inflammatory cytokines. The inverse relation-
ship we observe with HIF1α and IL6 levels has 

also been observed in a study by Schaefer et al. 
They reported HIF1α protein levels were higher 
under sustained hypoxia with a significant reduc-
tion in both mRNA and protein levels of IL6 [10].

IL10-meditated inflammatory pathways have 
been extensively studied for its implications in 
the design of targeted approaches aiming at con-
trolling deleterious inflammation in the brain 
[11]. Our study connects to IL10-mediated 
immune regulation through downregulation of 
pro-inflammatory cytokines. One potential 
mechanism for this downregulation is via attenu-
ation of the NLRP3 inflammasome as reported 
by Kanneganti et  al. [12], thereby suspending 
activation of downstream pro-inflammatory cyto-
kines like IL6 and TNFα. Secondly, IL10 recep-
tor activation has been shown to specifically 
activate the JAK1-STAT3-mediated downregula-
tion of pro-inflammatory cytokines [13]. Further, 
IL10-JAK1-STAT3 pathway has been described 

Fig. 1.3  Schematic model of our conclusion and future 
direction. Utilization of ketone bodies generated by 
metabolism of ketogenic diet as energy source causes 
accumulation of succinate on a cellular level in rat brains, 
which in turn inhibits prolyl hydroxylases resulting in 
accumulation of HIF1α. IL10, in turn, causes a downregu-

lation of pro-inflammatory cytokines TNFα and IL6, lead-
ing to a neuroprotective phenotype. Further studies are 
needed to delineate the pathways involved in this down-
regulation (abbreviations used: AcAc, acetoacetate; BHB, 
β-hydroxybutyrate; CoA, coenzyme A; PHD, prolyl dehy-
drogenase; and Succ-CoA, succinyl-CoA)

A. Sethuraman et al.
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as the negative regulator of inflammation that 
controls both the degree and duration of inflam-
mation [14].

Figure 1.3 is a scheme of our model system; it 
depicts the mechanism for HIF1α stabilization by 
KG diet is through cellular metabolic redox sig-
naling within the mitochondria. Specifically, suc-
cinate is an intermediate of ketone body 
catabolism which is generated at the level of the 
citric acid cycle following activation of AcAc to 
AcAc-CoA as coupled to the conversion of 
succinyl-CoA to succinate via CoA-transferase 
(OAT). To maintain metabolic redox, succinate is 
transported out of the mitochondria into cytosol 
where it acts to inhibit prolyl hydroxylases 
(PHD), thus resulting in HIF1α accumulation. 
Lastly, the molecular pathway involved in HIF1α-
mediated downregulation of pro-inflammatory 
cytokines (IL6 and TNFα) is via IL10-mediated 
attenuation of the NLRP3 inflammasome or via 
IL10/JAK1/STAT3-mediated transcriptional 
attenuation. Thus, neuroprotection by ketosis 
involves modulation of the inflammatory 
response in the rat brain.

Acknowledgments  This study was supported by NIH 
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Analysis for Mental Stress 
Monitoring
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Abstract

Mental disorders caused by chronic stress are 
difficult to identify, and colleagues in the work 
environment may suddenly report symptoms. 
Social barriers exist including the financial 
cost of medical services and the lack of a per-
ceived need for treatment even if potential 
patients have a desire to receive mental health-
care. Self-report inventories such as the Beck 
Depression Inventory (BDI-II) and State-Trait 
Anxiety Inventory (STAI) can assess the emo-
tional valence for mental health assessment, 
but medical expertise may be required for 
interpretation of the results. Contingency 
plans for clinical supervision and referral 

sources are necessary for sufficient mental 
healthcare using self-report inventories. On 
the other hand, the laterality index at rest 
(LIR) has been proposed for evaluation of the 
mental stress level from near-infrared spec-
troscopy (NIRS) data in the prefrontal cortex 
in the resting state. However, the potential for 
long-term monitoring has not been investi-
gated with sufficient evaluation results. In this 
study, feature values were extracted from both 
NIRS and EEG signals each week for 
10 weeks in four young participants with an 
average BDI-II score of 17.7, i.e., indicative of 
mild depression. Temporal changes in LIR 
and heart rate (HR) were compared with 
STAI-Y1 and BDI-II scores. We found cross-
correlations between the time series of LIR 
and STAI-Y1 within one-week delay. In addi-
tion, the time series of LIR was also correlated 
with BDI-II with one-week delay. Importantly, 
by annotating the larger changes in LIR and 
HR on daily life events, the changes in LIR 
and HR were different depending on the type 
of life event that affected these moods.

Keywords

NIRS · Mood disorder · Health monitoring · 
Laterality index at rest

L. Rahman 
Graduate School of Computer Science, Nihon 
University, Tokyo, Japan 

K. Oyama () 
Department of Computer Science, College of 
Engineering, Nihon University, Tokyo, Japan
e-mail: oyama.katsunori@nihon-u.ac.jp 

A. Tsubaki 
Institute for Human Movement and Medical 
Sciences, Niigata University of Health and Welfare, 
Niigata, Japan 

K. Sakatani 
Department of Human and Engineered Environmental 
Studies, The University of Tokyo, Tokyo, Japan

2

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-48238-1_2&domain=pdf
https://doi.org/10.1007/978-3-030-48238-1_2#DOI
mailto:oyama.katsunori@nihon-u.ac.jp


10

2.1	 �Introduction

For health monitoring, near-infrared spectros-
copy (NIRS) can be used to monitor the hemody-
namic response to mental stress for early 
detection of unusual changes related to various 
types of illnesses. Recent studies have identified 
the prefrontal cortex (PFC) as a key region that is 
involved in the experience and regulation of emo-
tional responses [1]. State anxiety (STAI-Y1), a 
subscale of the State-Trait Anxiety Inventory, is 
one of the useful inventories for tracking changes 
of the emotional valence for health monitoring. 
STAI-Y1 ranges between 20 and 80 with 20 
questions. STAI-Y1 can be estimated from the 
laterality index at rest (LIR) of oxyhemoglobin 
concentration changes using a machine learning 
algorithm [2]. LIR was originally developed for 
objective assessment of mental stress levels by 
measuring changes in the hemoglobin concentra-
tion in the bilateral PFCs at rest [3, 4]. LIR can 
also be applied from the laterality of electroen-
cephalogram (EEG) alpha-band powers in the 
bilateral PFCs at rest, which is known as frontal 
alpha asymmetry (FAA). A recent finding from 
an EEG study is that FAA is conditionally corre-
lated with the Beck Depression Inventory 
(BDI-II) score [5]. The BDI-II score ranges from 
0 to 63 with 21 questions, and each question is 
assigned with four answers marked as 0 through 
3.

However, LIR has rarely been applied for 
assessment of daily changes in emotional valence, 
due to the burden of using NIRS equipment or 
EEG sensors for a long period of time. The values 
of LIR extracted from the NIRS signals may be 
physiologically related to FAA and heart rate 
(HR), although these parameters have not been 
compared with sufficient conditions. On the other 
hand, self-report inventories such as STAI-Y1 
and BDI-II are difficult to use with continuous 
monitoring of life events such as stress factors 
including major disasters and changes in human 
relations. These self-report inventories are not 
designed for checking such changes.

The health monitoring approach in this study 
aims to explore the potential of the periodic use 
of NIRS for long-term mental stress monitoring. 

The main contribution of this study is the appli-
cation of LIR to find unusual changes in emo-
tional valence, including depression risk and 
anxiety symptoms.

2.2	 �Methods

In this study, LIR needed to be obtained at an 
arbitrary time during the resting state. Therefore, 
calculation of LIR was automated by taking into 
consideration the temporal change for k seconds 
in the resting state (Fig.  2.1). Concentration 
changes in oxyhemoglobin during measurement 
of the right and left PFCs are assigned the vari-
ables hr(t) and hl(t), respectively. The values 
hr _ min and hl _ min are the minimum values during 
the measurement for k seconds. LIR for k sec-
onds as the difference between the changes in 
hemodynamic responses of hr(t) and hl(t) is then 
averaged:
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FAA is obtained from the difference in EEG 
alpha power between the right and left frontal 
regions. In this study, the FAA is averaged during 
the resting state. Spectral powers between 8 and 
12 Hz at the right and left PFCs are assigned to 
sr(t) and sl(t), respectively. In this experiment, 
sr(t) denotes averaged alpha power at a discrete 
time t in the electrode positions of FP2 and F4 
over the right hemisphere, whereas sl(t) is the 
average alpha power in the electrode positions of 
FP1 and F3 over the left hemisphere. Each epoch 
to obtain alpha power is 60  seconds long, and 
FAA for k seconds is then averaged:
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In this experiment, we studied four young partici-
pants (two males and two females; ages between 
23 and 26 with average BDI-II score of 17.7) as 
shown in Table 2.1, i.e., indicative of mild depres-
sion, who participated in this experiment at noon 
on every Monday, Wednesday, and Friday for 
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over 10  weeks. We evaluated the emotional 
valence for each participant using the STAI-Y1 
and BDI-II tests. Recordable life events during 
the experiment, such as “trouble at a holiday 
party,” were collected in their daily journals 
along with the results of BDI-II and STAI-Y1 
tests. Before each measurement, the participants 
reported their body conditions, e.g., hours of 
sleep and meal time. We measured the changes in 
oxyhemoglobin concentration in the bilateral 
PFCs in the resting condition using a Pocket 
NIRS (Hamamatsu Photonics K.K., Japan). FAA 
was measured with Open BCI EEG sensors. Each 
measurement was conducted as follows: (1) EEG 
signals were recorded in the resting state with the 
eyes closed for 90 seconds, (2) then NIRS signals 
were recorded in the same manner, and (3) the 
participants filled in the forms of STAI-Y1 and 
BDI-II and wrote comments in their daily jour-
nal. HR data were measured throughout the 
experiment with smart watches (Fig. 2.2).

2.3	 �Results

Cross-correlation function (CCF) was employed 
for correlation analysis on the time series data 
from the experimental results. In this analysis, 
cross-correlation was calculated from the weekly 
changes of LIR, FAA, HR, STAI-Y1, and 

BDI-II.  Note that these weekly changes were 
standardized by standard deviations to compare 
their temporal changes. From the experimental 
results, the changes in LIR and FAA were condi-
tionally correlated with STAI-Y1 and BDI-II 
scores; however, depending on how the partici-
pants answered the self-report inventories, time 
lags of 1 week can be found as the correlation 
coefficients in bold shown in Tables 2.2 and 2.3. 
The changes in HR mostly followed after the 
changes in LIR and FAA.  For example, the 
change in BDI-II score of Participant 1 is delayed 
nearly a week from the change in LIR, as shown 
in Fig. 2.3. Participant 1 had a BDI-II score of 
20, which is on the border between mild and 
moderate depression according to the cutoff 
value of 20. LIR and FAA fluctuated during the 
life events such as “Trouble at a holiday party,” 
as shown in Figs. 2.3 and 2.4. On the other hand, 
similar change patterns can be found after this 
period.

Participant 1 had a BDI-II score of 20, which 
is on the border between mild and moderate 
depression according to the cutoff value of 20. 
The values of LIR, FAA, and HR fluctuated dur-
ing life events such as “Trouble at a holiday 
party.” On the other hand, moderate changes 
were found during the life event “Winter break.” 
Note that the values in Figs. 2.3 and 2.4 are stan-
dardized by standard deviations.

Fig. 2.1  Acquisition of parameters for extraction of the value of LIR

2  Event-Related NIRS and EEG Analysis for Mental Stress Monitoring
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Table 2.1  Statistical summary: feature values (Ave. ± SD) obtained

Age Sex LIR FAA HR BDI STAI Y1

# of 
sample 
data

Participant 1 23 F 0.099 ± 0.191 −0.046 ± 0.01 76 ± 16.5 20 ± 8 43.8 ± 5.1 24
Participant 2 26 F −0.021 ± 0.221 −0.049 ± 0.041 99.4 ± 5.6 13.2 ± 4.5 49 ± 6.4 23
Participant 3 23 M 0.091 ± 0.208 −0.065 ± 0.026 85 ± 5.2 7.1 ± 6.1 43.3 ± 0.8 23
Participant 4 23 M 0.066 ± 0.203 −0.041 ± 0.028 93.9 ± 6.9 30.3 ± 2.2 40.4 ± 2.4 21

Fig. 2.2  Experimental 
protocol

Table 2.3  Cross-correlations with BDI-II scores with time lags of 1 week

LIR FAA HR

lag −1 lag 0 lag 1 lag −1 lag 0 lag 1 lag −1 lag 0 lag 1
Participant 1 0.54 −0.06 0.13 −0.13 0.19 −0.09 −0.24 0.66 −0.08
Participant 2 −0.49 0.91 −0.67 −0.18 0.40 −0.33 0.03 −0.28 0.71
Participant 3 0.66 0.19 −0.29 −0.32 −0.14 −0.03 −0.21 −0.05 0.18

Participant 4 −0.13 0.15 0.15 −0.32 0.01 −0.06 −0.15 −0.50 0.16

Fig. 2.3  Participant 1: Temporal changes of LIR to be compared with the feature values of HR, STAI-Y1, and BDI-II

Table 2.2  Cross-correlations with STAI scores with time lags of 1 week

LIR FAA HR

lag −1 lag 0 lag 1 lag −1 lag 0 lag 1 lag −1 lag 0 lag 1
Participant 1 0.29 0.22 0.40 −0.25 0.49 0.04 −0.18 0.62 −0.15
Participant 2 0.57 −0.52 0.40 0.39 −0.83 0.21 −0.24 0.37 −0.16
Participant 3 0.33 −0.04 −0.13 −0.34 0.41 −0.54 −0.63 −0.03 0.34
Participant 4 −0.06 0.18 −0.67 −0.32 0.53 −0.17 −0.31 0.55 −0.05

L. Rahman et al.
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2.4	 �Discussion

The experimental results suggest that both LIR 
and FAA can be feature values for assessment of 
daily changes in emotional valence; however, 
these results require further analysis with sample 
data obtained over longer periods so that a regres-
sion model can be developed to detect unusual 
change. This study was performed with the 
assumption that users can easily put on the wear-
able sensors in the home setting. In this experi-
ment, NIRS signals were recorded just 90 seconds 
to extract the values of LIR, and we found that 
90  seconds of measurement is sufficient in the 
home setting. Further improvement in the sensor 
equipment and measurement methods may have 
a large impact on the success of long-term 
monitoring.

In this paper, we discussed the applicability of 
LIR for the assessment of emotional valence. 
From the experimental result obtained with peri-
odic NIRS recordings, LIR was compared with 
STAI-Y1 and BDI-II scores. We found cross-
correlations between LIR and STAI-Y1 scores 
and between LIR and BDI scores. These observa-
tions provide rich information for the mental 
stress monitoring.

Future investigations will involve the develop-
ment of a user-interface system that provides 

estimated STAI-Y1 and BDI scores for efficient 
health monitoring. The experimental results also 
suggest the potential for detection of unusual 
changes in emotional valence. Optimization of 
the method may eventually allow early detection 
of depression risk and anxiety symptoms.
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Abstract

Tumor radiotherapy relies on intracellular oxy-
gen (O2) to generate reactive species that trigger 
cell death, yet hypoxia is common in cancers of 
the breast. De novo lipid synthesis in tumors 
supports cell proliferation but also may lead to 
unusually high levels of the 16:1 palmitoleoyl 
(Y) phospholipid tail, which is two carbons 
shorter than the 18:1 oleoyl (O) tail abundant in 
normal breast tissue. Here, we use atomic reso-
lution molecular dynamics simulations to test 
two hypotheses: (1) the shorter, 16:1 Y, tail of the 
de novo lipid biosynthesis product 1-palmitoyl,2-
palmitoleoyl-phosphatidylcholine (PYPC) pro-
motes lower membrane permeability relative to 
the more common lipid 1-palmitoyl,2-
oleoylphosphatidylcholine (POPC), by reducing 
oxygen solubility in the interleaflet region, and 
(2) cholesterol further lessens the permeability 
of PYPC by reducing overall O2 solubility and 
promoting PYPC tail order adjacent to the rigid 
cholesterol ring system. The simulations  con-
ducted here indicate that PYPC has a permeabil-
ity of 14  ±  1  cm/s at 37  °C, comparable to 

15.4 ± 0.4 cm/s for POPC. Inclusion of choles-
terol in a 1:1 ratio with phospholipid intensifies 
the effect of chain length, giving permeabilities 
of 10.2  ±  0.2  cm/s for PYPC/cholesterol and 
11.0  ±  0.6  cm/s for POPC/cholesterol. These 
findings indicate that PYPC may  not substan-
tially influence membrane-level oxygen flux and 
is unlikely to hinder breast tissue oxygenation.

Keywords

Molecular dynamics simulation · Hypoxia · 
Cholesterol · De novo lipid · Fatty acid 
biosynthesis

3.1	 �Introduction

Hypoxia is a common attribute of the tumor 
microenvironment [1]. Yet, tumor radiotherapy 
relies on intracellular O2 to generate reactive oxy-
gen radicals that damage DNA and lead to cell 
death [2, 3]. Thus, factors affecting the intracel-
lular oxygen content of tumor cells are of interest 
for predicting and enhancing radiotherapy out-
comes. This study addresses the possible influ-
ence of de novo fatty acids and cholesterol in 
breast tumors on intracellular oxygenation. 
Specifically, atomistic molecular dynamics simu-
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lations are used to examine membrane-level 
effects of lipid chain length and cholesterol on 
oxygen permeability, as well as solubility and 
diffusion within model membranes. Atomistic 
simulations enable precise control over lipid 
composition, along with subnanometer and pico-
second timescale resolution. Prior simulation and 
experimental studies indicate that lipid composi-
tional variations alter membrane oxygen perme-
ability, as well as the pathway of oxygen diffusion 
[4–8].

The common membrane phospholipid 1-palm
itoyl-2-oleoyl-phosphatidylcholine (POPC), or 
PC(16:0,18:1), has hydrocarbon tails that are 
well matched in chain length. Though its two 
tails differ in the number of carbons, the 16:0 
saturated tail extends to roughly the same length 
as the 18:1 monounsaturated tail. Here, we use a 
conventional notation that specifies the number 
of carbons in the tail, n, followed by the number 
of cis double bonds, x, giving n:x.

De novo fatty acid biosynthesis is typically 
upregulated in cancers, and the new fatty acids 
are used to build membranes for cell proliferation 
[9]. Products of de novo lipid biosynthesis are 
unusually abundant in breast cancer cells [10]. In 
particular, the cell membranes of poor-prognosis 
breast tumors appear to contain high levels of the 
16:1 palmitoleoyl (Y) fatty acyl tail, which can 
form 1-palmitoyl-2-palmitoleoyl-phosphatidyl-
choline (PYPC) [9]. The POPC and PYPC lipids 
are identical in structure, except that the 
unsaturated tail of PYPC is two carbons shorter 
than that of POPC. We anticipated that the shorter 
tail would introduce chain-length mismatch and, 
therefore, would promote tail interdigitation at 
the leaflet–leaflet interface. As such, the first 
hypothesis tested in this study is that the shorter, 
16:1 Y, tail of PYPC promotes lower membrane 
permeability relative to POPC, by reducing oxy-
gen solubility in the interleaflet region.

The study also examines the effects of choles-
terol (chol) in combination with PYPC, as cho-
lesterol modifies the free energy landscape of 
oxygen translocation in POPC and promotes 
oxygen solubility in the interleaflet region [6]. 
Cholesterol accounts for 20–40% of the mem-
brane lipid molecules in most cell types and 

occurs at higher levels in the eye lens [8, 11] and 
in red blood cells (RBCs). The RBC membrane 
cholesterol-to-phospholipid ratio is typically 1:1 
(50 mol% cholesterol) [12]. We previously found 
that POPC bilayer O2 permeability decreases 
when cholesterol is enriched [6], and this finding 
is consistent with experiment [8]. The O2 lipid–
water partition coefficient (or relative solubility) 
is reduced roughly in proportion to the permea-
bility decrease in POPC/chol [13], as predicted 
by Overton’s rule [14]. Cholesterol reduces the 
solubility of oxygen within the bilayer, as a 
whole, but increases the solubility locally in the 
interleaflet region [6]. The second hypothesis 
tested in this study is that cholesterol further less-
ens the permeability of PYPC by reducing over-
all O2 solubility and promoting PYPC tail order 
adjacent to the rigid cholesterol ring system.

The oxygen permeability and related proper-
ties are studied for PYPC alone and with 50% 
cholesterol. Comparison is made to POPC alone 
and with 50% cholesterol. The 50% cholesterol 
level (1:1 mixing ratio) was chosen because per-
meability changes were previously observed at 
and above this level [6, 8].

3.2	 �Methods

All-atom molecular dynamics (MD) simulations 
were carried out with graphics processing unit 
(GPU)-enabled AMBER code, version 14 [15, 
16]. The Lipid14 force field, cholesterol exten-
sion, and TIP3P water model were applied [17–
19]. The pressure was fixed at 1  bar using the 
Monte Carlo barostat with anisotropic scaling, 
and the temperature was maintained at 310  K 
using the Langevin thermostat with a collision 
frequency of 1  ps−1. Bonds to hydrogen were 
constrained with SHAKE [6]. The simulation 
timestep was 2 fs, with coordinates written every 
1 ps. Periodic boundary conditions were applied, 
and particle-mesh Ewald was used to calculate 
nonbonding interactions, with a cutoff distance 
of 10 Å.

Four simulation systems were constructed: 
PYPC, POPC, PYPC/chol (1:1 mixing ratio, or 
50  mol% cholesterol), and POPC/chol. 
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