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Welcome to our first edition of MetaboLight, a series 
of publications produced to explain some of the 
fascinating research behind our MetaboLight project 
on engineering light to measure brain health in babies.

The MetaboLight project is a team of engineers, 
physicists, mathematicians, computer scientists 
and clinicians from University College London and 
University College London Hospitals, working together 
to develop optical devices that allow us to monitor the 
brain health of babies from the first day of their lives.

This edition of MetaboLight is about the science 
behind our research. Two more editions will introduce 
the engineering concepts behind our work, and the 
significance of our research within the hospital. 

Ilias Tachtsidis 
Reader in Biomedical Engineering and Senior Wellcome Trust Fellow 

A brief history of our 
understanding of light
by Paola Pinti, Biomedical Engineer

1666–75 1678 1729–1852
ISAAC NEWTON
Corpuscular 
theory of light
Light is made of 
small particles

Theory of colour
White light is a 
mixture of different 
coloured rays 
(prism experiment)

CHRISTIAAN HUYGENS
Wave theory of light
Light is a travelling wave 
front moving through 
space

BOUGUER, BEER, LAMBERT
Light interaction 
with matter
Light can interact with 
matter in four ways:

light source reflection

transmission

absorption

scattering
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JAMES CLERK MAXWELL
Electromagnetic 
theory of light
Light propagates as an 
electromagnetic wave

ALBERT EINSTEIN
Quantum theory of light
Light is made of photons, 
each with its own energy

FRANS JÖBSIS
Discovery of Near Infrared 
Spectroscopy (NIRS)
Near infrared light  
(600–100nm) can shine 
through our bodies like an 
‘optical window’

M = amplitude of magnetic field
E = amplitude of electric field
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The light 
spectrum
by Frédéric Lange, Medical Physicist
 

In everyday language, light refers to 
the visible part of what we call the 
electromagnetic spectrum.

Light can actually be defined as an 
electromagnetic wave, oscillating 
at a particular frequency. Each band 
of frequency has its own name 
(such as Near Infrared (NIR), X-rays, 
Ultraviolet) and its own unique 
properties. For example, within 
the Visible band, the different 
frequencies correspond to different 
colours. 

Every band reacts differently 
within biological tissues, being 
either absorbed and/or scattered, 
or travelling all the way through, 
unperturbed. Different types of 
tissues have different effects 
on light, depending on the light 
frequency.

The absorption property is of 
particular interest because it 
creates a contrast, showing 
differentiation between tissue 
types, or providing functional 
information. For example, X-rays are 
mostly absorbed by bones, whereas 
NIR is mostly absorbed by blood. 

We are using NIR light in order to 
investigate tissue oxygenation and 
metabolism, as you will read in the 
next sections.

X-ray image of hand showing bones but 
not blood vessels

NIR image of hand, showing light 
travelling through the bone and 
revealing blood vessels
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 What is NIRS?
by Zuzana Kovacsova, PhD student in Medical Physics

NIRS BASIC SETUP NIRS tracks changes 
in oxygen levels by measuring light 
intensity changes. A basic system consists 
of an optical fibre carrying a light, taped 
to the skin. A detector is placed next to 
it. The intensity of light that has travelled 
through the body is detected at intervals 
then processed in a computer. The readings 
fluctuate as concentrations of oxy- and 
deoxy-haemoglobin change, and with this 
the absorption properties of the tissue. 
These changes provide information about 
blood oxygenation changes in tissue. 

We use this modified equation from 
the Beer-Lambert law (discovered in 
1729) which states that changes in light 
attenuation (∆ A) is related to concentration 
changes inside the body of the light 
absorbing molecules (∆c), their absorption 
properties (epsilon) and the path that the 
light has travelled (β). Therefore, if we 
measure the light coming out of the body, 
we can work out how the light absorbing 
molecules, such as haemoglobin, are 
changing inside the body.

MEASURING OXYGENATION At least two
wavelengths in the NIR range are needed to 
resolve the different absorption properties 
of oxygenated and deoxygenation blood. 
More advanced NIRS systems can measure 
absolute concentrations of haemoglobin 
and absolute values of tissue oxygenation. 
Measurements of oxygenation can give an 
assessment of a patient’s health, but a more 
in depth assessment of health can be found by 
looking at the metabolism (see pp.8–9).
Visit our research article at: metabolight.org/
resource/medical-utility-of-nir-monitoring/

SCATTERING AND ABSORPTION 
NIRS works by revealing differences in 
transparency of body tissue near-infrared 
light. When light travels through any 
medium it undergoes two main processes: 
scattering and absorption. Human tissue 
is a highly scattering medium and contains 
strong absorbers of visible light – like blood 
– so visible light doesn’t travel far through it 
(see p 19).

Melanin: strong visible 
light absorption

Water: low visible 
light absorption, 
low scattering

Brain (or milk): 
highly scattering

CHROMOPHORES AND HAEMOGLOBIN 
Within any medium, different types of 
molecules also have different absorption 
properties, which are wavelength 
dependent too. Absorbing molecules are 
called chromophores. The chromophore 
of interest for NIRS is haemoglobin, which 
binds to oxygen, carrying it from the lungs 
to other parts of the body. Absorption 
properties of haemoglobin change: 
oxygenated haemoglobin absorbs less 
red light than deoxygenated haemoglobin, 
which is why blood in arteries is bright red 
and venous blood is purple. Measuring the 
absorption properties of tissue can tell us 
how much oxygen is present. 

NEAR-INFRARED SPECTROSCOPY (NIRS) 
is an optical technology that uses light to 
measure oxygen content in body tissue 
– usually the brain. It shines NIR light (600-
1000nm) into tissue and measures how 
much light is transmitted through to work 
out the oxygen levels. NIRS is non-invasive 
and easy to use, so it’s increasingly used 
in hospitals to help monitor patients in 
intensive and neonatal care.
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THROUGH A MICROSCOPE the human 
body is revealed as a complex community 
of trillions of cells. About 200 different cell 
types are currently known, with the brain 
containing mostly glial cells and nerve cells 
called neurons. 

Every cell is a hive of energetic chemical 
activity, regulating a dizzying number of 
complex chemical reactions. Some of these 
reactions maintain the cell and are found 
across all cell types, while others are used 
only by specialist cells. Together, these 
reactions are called metabolism.

TO POWER METABOLISM, energy from 
sugar is parcelled out into tiny packets 
stored within small molecules called 
Adenosine Triphosphate (ATP). ATP moves 
easily around the cell to wherever it may be 
needed. 

CYTOCHROME C OXIDASE (CCO) is an 
enzyme which is key to the production of 
ATP. Within the mitochondrion, electrons 
are passed along a chain of enzymes in a 
series of reactions. In the final step, the 
CCO enzyme passes the electron to oxygen, 
forming water. If it is unable to pass the 
electron, the electron transport chain backs 
up and ATP synthesis stops. 

 What is metabolism?
by Jenny Shipway, Science Communicator

Nucleus:
control 
centre

Cell membrane:
keeps the insides in

Mitochondrion:
power station

Oxygen  
and sugar

powers the 
chemical 
reactions of life

Water 
and carbon 
dioxide
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IN THE ATP MOLECULE a single phosphate 
bond carries the energy; the energy is 
released when this bond is broken. 

ATP is synthesised inside the cell’s 
mitochondria, in a process requiring oxygen. 
If a cell is starved of oxygen, it cannot 
make ATP. This effectively shuts off the 
cell’s power supply, dangerously disrupting 
metabolism. 

Our MetaboLight project measures brain 
health in babies by monitoring the crucial 
process of ATP synthesis via CCO. 

t 

DID YOU KNOW an active cell can 
synthesise over 60 million ATP molecules 
per second!
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Watch our 4 minute video:
metabolight.org/#film
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OUR UCL ALGORITHM
Data is also noisy due to high scattering 
of light in the tissue. By comparing light 
absorption across a broad spectrum of 
light (with hundreds of wavelengths) and 
presuming scattering is constant, our 
team at UCL have developed an algorithm 
to tease out the signal from CCO. This 

algorithm is based on the Beer-Lambert 
law (see p 7), which takes into account 
the distance the light travelled, the 
concentration of light-absorbing molecules 
in the tissue, and how strongly each 
molecule absorbs light. Our UCLn algorithm 
uses over 100 (n) wavelengths to pull out 
the signals from haemoglobin and CCO.

MOLECULAR CHAMELEONS
Incredibly, CCO can be monitored non-
invasively thanks to structural differences 
between its reduced state (when it has 
gained an electron  ) and its oxidised 
state (when it has lost an electron). 

This change in shape affects its ability 
to absorb light meaning that it changes 
colour. By passing light through the brain 
and analysing its colour changes, we can 
see which molecules have affected it on 
its journey. The big challenge is working 
out how to pick the CCO signal out from 

OPTICAL TECHNOLOGIES
Our team discovered that we needed a wide 
variety of wavelengths. Laser systems 
used in standard NIRS devices were unable 
to produce these, so we are designing a new 
device using broadband light sources, such 
as tungsten halogen bulbs. The received 
light is separated by wavelength using a 
spectrograph before detection by a CCD 
similar to those found in digital cameras. 
The final device has to be portable and easy 
to use. We have built a new broadband NIRS 

device that is called CYRIL (CYtochrome-
c-oxidase Research Instrument and 
appLication) to monitor metabolism in 
the brain. CYRIL is being used to monitor 
babies in intensive care (find out more 
about how we built CYRIL in the next 
issue, Engineering). We are currently 
investigating miniature NIRS devices 
as well as wireless communication of 
data signals.
Find out more at metabolight.org/resource/
bale-elwell-tachtsidis/

 Measuring metabolism 
by Isabel de Roever, PhD student in Biomedical Optics

ACTIVE BRAINS
Human brains are incredibly active, 
using over a fifth of our bodies’ energy. 
Anything that disrupts ATP production 
here has a rapid and damaging effect. 
The main danger is hypoxia: lack of 
oxygen. If CCO cannot dump its electron 
then ATP synthesis is disrupted and ATP 
levels rapidly fall. This can lead to cell 
death and permanent brain damage. 

CCO activity in brain-injured patients 
can be used as a marker for brain 
metabolism as a whole. Monitoring CCO 
could provide vital clues about how injured 
brains are coping.

BURNING SUGAR
Every molecule of sugar is packed with 
energy, which is made available to our 
cells through the process of metabolism. 
Metabolism captures sugar’s energy 
into small, accessible packets within 
adenosine triphosphate (ATP) molecules. 

The final steps of metabolism involve 
passing an electron along a chain of 
proteins. These proteins are embedded 
in the inner mitochondrial membrane 
and use the electron’s energy to pump 
protons (H+) across the membrane. Like 
water flowing through a waterwheel, 
protons then flow back through the 
enzyme ‘ATP synthase’: 

ATP synthase uses the hydrogen pumping 
energy to stick a third phosphate 
group onto a molecule of adenosine 
diphosphate (ADP), forming ATP. 

Cytochrome-c-oxidase (CCO) has 
a crucial role as the final step in the 
electron transport chain. This enzyme 
must dispose of each electron before 
more can enter the chain. It does this by 
combining the electrons with oxygen (O2) 
and protons (H+), forming water (H2O) as 
a waste product.
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those of other absorbing molecules. 
Its signal is overwhelmed by haemoglobin 
in the blood, which also changes the 
absorption properties of tissue. 
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Choosing wavelengths
by Luca Giannoni, PhD student in Medical Physics and Gemma Bale, Medical Physicist
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SELECT A RANDOM 
COMBINATION OF WAVELENGTHSRANGE: 780–900nm

We know that we can monitor metabolism 
by shining over a hundred wavelengths 
into the brain. The light that is attenuated 
by the brain is collected, and the UCLn 
algorithm (below) is used to calculate 
the blood oxygenation and metabolism 
(see previous section). Choosing the best 
light wavelengths to use is a key topic 
in broadband NIRS. Near infrared (NIR) 

OPTIMISATION ALGORITHM 
In 2015, a study by Arifler et al. used 
an optimisation algorithm to compare 
the accuracy of different combinations 
of wavelengths. The 121 wavelengths 
(from 780–900nm) was used as the ‘gold 
standard’ to calculate haemoglobin and 
CCO concentration changes, using the 
UCLn algorithm. This was then compared 
to concentrations calculated using less 
wavelengths in the UCLn algorithm. 
Instead of doing this manually, a clever 
algorithm (a system of equations and 
processes) was used to find the best 
combination of wavelengths to get the 

CROSS TALK
There is a complication however, caused 
by a phenomenon called cross-talk. 
Cross-talk is when two signals overlap 
and it isn’t possible to work out which part 
of the signal is caused by which molecule. 
This happens with CCO and haemoglobin 
because the brain contains 10 times 
more haemoglobin than CCO. This can 
cause CCO readings to be masked by 
the absorption of the two states of 
haemoglobin. Broadband NIRS systems 
are generally designed to measure the 
loss of light at wavelengths varying 

light is used because it penetrates deep 
into biological tissues and can be used to 
illuminate the brain non-invasively. 

Within the NIR region, a 780–900nm range 
is selected because this represents the 
interval of the electromagnetic spectrum 
where the oxidized-reduced difference 
spectrum of cytochrome-c-oxidase (CCO) 
has a predominant broad peak. 

HbO2

HHb
CCO

same results as the 121 wavelength ‘gold 
standard’. The algorithm found which sets 
of wavelengths were best to use if limited 
to measuring only 3, 4, 5 or 8 different 
wavelengths. The study also showed 
how using more wavelengths increased 
accuracy. Using groups of 3 wavelengths, 
the error was up to 10%, while it was less 
than 2% for 8 wavelengths. This showed 
us that we can now design NIRS systems 
that only use 8 wavelengths but will still 
give us accurate measurements of blood 
oxygenation and metabolism. In The 
Engineering issue, we’ll talk about how 
these systems can be built!

across over one hundred nanometers. 
This range diminishes the occurrence of 
cross-talks and generally increases the 
quality of measurements. But the larger 
the number of measured wavelengths, 
the more complex the equipment needed 
for data collection. We want to work 
out how few wavelengths we can use 
without reducing the metabolic signal 
quality. If we can reduce the number 
of wavelengths needed, the cost and 
bulkiness of the system can be minimised 
while still ensuring the most accurate 
data collection. 
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A day in the life:
Gemma Bale 

What do you do on a day to day basis?
Normally I’m doing one of two things: either 
running studies or analysing the results 
from them. I design medical devices and 
test them in the lab then ultimately in the 
hospital. The device I built, called CYRIL, 
is now being used in the neonatal intensive 
care unit at UCL Hospital to study baby brain 
injury. My focus now is to collect results 
from here and analyse them. 
 I’m currently investigating how the 
metabolism in the brain is related to levels 
of brain injury. This requires me to write 

What advice would you give to someone 
who is seeking the same line of work?
I didn’t know about medical physics when I 
was at school. I got here because I followed 
what I enjoyed doing the most and narrowed 
it down over many years – from maths 
(school) to physics (undergraduate) to 
medical physics (PhD). If you’re interested in 
medical physics or biomedical engineering, 
there are lots of degree programs around. 
If you aren’t sure whether to specialise right 
away, doing a general physics or engineering 
course can leave lots of options open. 

What are your main ambitions?
I’d like to be able to build a device that will 
have a genuine impact in hospitals. So far, 
we’ve found out that we can inexpensively 
(and non invasively) predict the level of brain 
injury using CYRIL while the baby is just a 
few days old. It would be amazing if we can 
give all doctors this information and help 
them treat the babies. There are a few more 
stages of instrument design and clinical 
studies to go 
before this, but I 
hope that we’ll be 
able to affect real 
change, soon.

We talked to the medical physicist who built ‘CYRIL’, 
and found out what her typical day looks like. 

computer code which can analyse the 
signals we collect from CYRIL. We can then 
use knowledge of how the brain works 
(physiology) to interpret the results. I’ve 
recently discovered that the brain is more 
seriously injured in situations which cause 
metabolism to be more reactive to changes 
in oxygenation. 
 Saying this, my job is varied and I rarely 
do the same thing each day. This year 
I got to go to Canada for three months to 
develop and test a new medical device, 
which was exciting! 

Who do you work with?
One of the best things about my job is the 
people. We have a large and diverse team of 
physicists, engineers and mathematicians, 
as well as the wonderful doctors and nurses 
at the hospital. For example, I work with 
PhD students in the lab (we’re currently 
developing a new version of CYRIL which 
will be able to monitor the entire brain of a 
baby). I also work with neonatal consultants 
in the hospital who help me interpret the 
medical results. I supervise students from 
the UCL Medical Physics or Biomedical 
Engineering degree programs which keeps 
me involved in new projects and ideas 
outside the main scope of my research. 
For example, one student is working on 
how we can measure blood flow with CYRIL, 
as well as metabolism.

What are the highlights of your work?
My favourite thing is solving a problem. I love 
fixing a bug in my code or figuring out how 
to make a new device work. It’s also thrilling 
to use our device to discover something 
absolutely new about the brain! I really enjoy 
sharing science with the public, so working 
on the MetaboLight project has been a lot 
of fun and I’ve learnt so much about how 
to communicate with non scientists!

What’s the toughest part of your work?
The hardest thing is studying babies with 
brain injury. It can lead to devastating 
outcomes, so can be deeply upsetting to be 
around the families. However, this provides 
huge motivation for my work in building 
a tool that will help treat these babies.

 “I DIDN’T KNOW ABOUT 
MEDICAL PHYSICS WHEN 
I WAS AT SCHOOL. I GOT HERE 
BECAUSE I FOLLOWED WHAT 
I ENJOYED DOING THE MOST”

CYRIL: 
the device 
built by 
Gemma to 
study baby 
brain injury
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ACROSS
1 Unit of frequency

2 A substance that flows freely but with 
constant volume

3 The study of the function of living things

4 Property of matter to remain in its 
existing state

5 A reaction where electrons are lost

6 A person’s mental or physical condition

7 In the ETC, electrons from NADH are used 
to convert oxygen into _____

8 The area of the baby where MetaboLight 
focuses on

9 The ____-Lambert Law relates light 
attenuation to changes in absorber 
concentration

10 The UCL algorithm cancels out 
________ by subtracting attenuation at 
two different times

11 Light is an ___ wave oscillating at 
different frequencies

12 Abbreviation of Adenosine Triphosphate

13 Visible light spectrum is around 360-780 
__

14 Power station of the cell (singular)

15 Reduction of light intensity

16 The medical device built by Gemma Bale 
to study baby brain injury

17 Discovered Near Infrared Spectroscopy

18 Set of chemical reactions to sustain life

19 A standard measure to express amount

20 Iron containing hemeproteins that play 
important roles in oxidative processes 

21 The natural agent that stimulates sight 
and makes things visible 
 

Answers available at: metabolight.org/resource/science-issue-answers

QUIZ

 Metabolight crossword Test your knowledge! 

DOWN 

1 Lack of oxygen

2 A quantity representing the power to 
which a fixed number must be raised to 
produce a given number

7 Distance between two consecutirve 
corresponding points of a wave

22 Light streamed from a luminous body

23 An atom or molecule with a net electric 
charge due to loss or gain of one or more 
electrons

24 The overall distance of a light ray

25 Electromagnetic waves with wavelength 
of just greater than red end of the visible 
light spectrum

26 Gaseous substance surrounding the Earth

27 Force is equal to acceleration times…

28 A very young child

29 A negatively charged subatomic particle

30 Scientific study of sight and behaviour of 
light

31 Proposed light was made of protons, each 
with its own energy

32 Science associated with biology and 
medicine

33 Energy of movement

34 ____ blood is purple in colour.

35 Arterial blood is bright red because 
haemoglobin binds to ___

36 Bounce off

37 A group of connected cells in the body to 
perform specific functions

http://metabolight.org/resource/science-issue-answers/


1. Who used the prism experiment to 
discover white light was a mixture of 
different coloured rays? 

2. X-rays are mostly absorbed by bones, 
whereas Near Infrared (NIR) light is 
mostly absorbed by what when directed 
at the body? 

3. Arrange the colours and NIR according 
to the shortest wavelength to longest 
wavelength: Green, NIR, Violet, Red, 
Orange, Blue, Yellow

4. Why is blood in arteries bright red, 
whereas venous blood is dark red?

5. Where is ATP synthesized, and what is 
required for the reaction to carry out?

6. What is the use of monitoring 
the change in oxidation state of 
Cytochrome-c-oxidase?

7. What is the reason for the modification 
of the Beer-Lambert law used in the UCL 
algorithm? 

8. What is the smallest amount of 
wavelengths needed to minimize the 
estimated error to less than 2% when 
measuring optical attenuation of white 
light in the brain? 

9. What is the cause of cross-talk? 

10. Why is it important to monitor 
metabolism? 

QUIZ

 Match the scientists Match the famous scientists to their contribution to the optics world!

Albert Einstein

Wave theory of 
light: light is a 
travelling wave 
front moving 
through space

Christiaan Huygens

Theory of colour: 
white light is 
a mixture of 
different coloured 
rays

James Clerk Maxwell

Quantum theory 
of light: light is 
made of photons, 
each with its own 
energy

Isaac Newton

Electromagnetic 
theory of light: light 
propagates as an 
electromagnetic 
wave

Q&A Can you answer these questions? Use the articles in this magazine to help you!

?? ??
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DIY SCIENCE

 Build a brain

What you need: 3 Glass bowls of different sizes, 
milk, water, and transparent reddish liquid – 
tea or cordial will work!

Place the medium sized bowl inside this, 
and fill it with some water. This bowl acts 
as the arachnoid, and the water imitates 
cerebrospinal fluid.

Next place the smallest bowl into the middle, and 
pour some milk into it. The milk is scattering and 
so imitates the brain.

Add tea to the largest bowl. This bowl simulates the 
skin and skull; the tea imitates the dura mater and 
blood between the skull and cerebrospinal fluid.

When white light is shone into the liquid, a 
certain colour can be observed from the other 
side. Something very similar happens when we 
shine light into babies’ heads.

When white light is shone into the liquid, a small 
amount of light is transmitted through the milk 
(on the left), some of which is reflected back out. 
This shows that we can get light into and out of 
the brain to monitor colour changes within it.

1 

3 

5 

4

6

2

Try to build your own optical model of the brain to see how 
NIRS works (imagine your can see in the NIR!)

GOAL  
Show that light can 

penetrate the brain, and that 
we can use this light to  
‘see’ the colour inside 

the brain
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infrared biomedical brain absorption baby recovery
spectroscopy oxygen attenuation redox wavelength physiology
disease hemoglobin scattering oxidation nanometre biochemistry
metabolism mitochondria noninvasive reduction hyperoxia pathlength
health light spectrum concentration hypoxia equation
optics tissue cytochrome hospital blood hypoxemia

QUIZ SECTION

 MetaboLight wordsearch by Nico Chen , Electronic Engineer 
Can you find the following words? Words may be forward, backward, down or diagonal!


