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Note from the Editorial Board
Dear Reader, 

 

 Although the definition of science calls for experimentation  and observation,  science 
happens whether we notice it or not: in the simple processes that we take for granted, hidden 
within the systems of our body, and discoveries overlooked and buried in decades of data. The 
theme of hidden science  exemplifies the ability of the di erent scientific fields to explain the 
complexities of life, and we at the U S explored various aspects of these fields.  

 In this issue, eter o describes the phenomenon of camouflage in nature and how 
military technology employs similar techniques. Arvind Suresh follows with an explanation of the 
science in the emerging field of musical therapy. In the field of iology, Samuel eed writes about 
the micronutrients in our foods, from its role in the aleothilic period to the current research on 
antioxidants. Switching to the field of hysics, rishan Can ius writes about quantum mechanics 
and its role in large-scale phenomena. 
 

 ollowing up with current news, eem Chamseddine digs into the issue of counterfeit 
medicines, and an u writes about the architecture of computers. Ali Siddiqui provides 
information about the technology behind invisibility cloaks. xploring the immune system, 

imberly a describes the role of invisible antigens in diseases such as I  and cancer. inally, 
renda iao tackles the epidemiological phenomenon of overdiagnosis and overtreatment.  

 

 This issue also highlights rofessor evin . eterson from the iological Sciences 
epartment in our faculty interview, in which he discusses his research on the evolution of micro 

As and the importance of their discovery in the field of iology.   
 

 This fall issue is the culmination of the hard work of our entire sta . or this reason, I am 
proud to present the all 201  issue of the U S.  Thank you for reading, and we hope you enjoy 
the issue.  

 Sincerely,
 

 ae- in Cho  
 Editor-in-Chief
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Faculty Spotlight:

Kevin
Peterson

Kevin Peterson is a Professor of Biology at 
Dartmouth College. His work intersects the 
areas of evolution, molecular paleobiology, and 
microRNA biology.

BY REEM CHAMSEDDINE ’17

 rofessor evin eterson earned his achelor of Arts from Carroll College ( elena, T) and his 
h. . from UC A, before joining the iology department at artmouth in 2000 and the arth Sciences 

department in 2004. e has taught numerous biology courses over the past 1  years, and currently 
teaches an introductory biology course ( io11), a mid-level course on evolution ( io2 : acroevolution), 
and an upper-level seminar on A ( io 3). An author of over 5 papers, his research interests include 
evolution, molecular paleobiology, and micro A (mi A) biology. In addition to teaching and research, 

rofessor eterson is involved with scientific outreach activities in the community.
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Why was the discovery of miRNA such a big shock to 
biologists?
 icro As are like dark matter: they are everywhere 
but no one had any idea they existed. Throughout fi y years of 
fruit fly genetics, no one had hit upon micro As. i As are 
such short molecules, only 22 nucleotides long, and their e ect on 
phenotype is subtle, so they did not come up in genetic screens 
and defied all expectations of what a gene product looks like. 
Instead, researchers looking through a sequence would try to find 
changes that a ected a protein sequence or gene expression. ou 
can see why mi As were entirely unexpected. 
 They were also ignored for nearly a decade a er their 
initial discovery in C. elegans. It was only a er the discovery 
of the conserved let-  gene in humans and fruit flies that the 
scientific community started paying attention to them. Suddenly, 
it was as though there was a whole new level of gene regulation.

What do miRNAs tell us about the history of life?
 In short, they tell us about organismal complexity. 

umans are widely seen as more complex than other mammals. 
ammals are more complex than fish, which are more complex 

than fruit flies, which are more complex than yeast. One of the 
major reali ations of the initial genomic era was that the number of 
protein-coding genes seems to be roughly same between humans, 
fruit flies, and C. elegans for example. Scientists predicted the 
number of genes to be around 100,000 in humans, but there are only 
about 1 ,000 protein-coding genes. aturally, the question arose: 
where does complexity reside at if not at the level of the protein-
coding repertoire  e made the discovery that mi A evolved 
in bursts or pulses at places on the phylogenetic tree where there 
were substantial increases in phenotypic complexity. e tried 
to pursue and test this idea and it still seems to hold true. This 
pattern can be observed in the fossil record, across phylogenetic 
space in living organisms, and now, in the complexity of the non-
coding A repertoire of a genome.

How did you become interested in miRNAs? 

 The Cambrian xplosion has been my long-standing 
interest since graduate school. icro As became part of my 
interest in understanding the origin of the evolution of animals. 
One of the facets of this evolution is the jump in morphological 
complexity that cannot be tied to any new genes. uring the 
1 0s, we expected the di erence in morphological complexity to 
be due to transcription factors like ox genes and T- ox genes, 
but then we learned that jellyfish and sponges have nearly the 
same repertoire of developmentally important genes. hile we 
were studying this problem, mi As were discovered, so it was a 
nice temporal coincidence.

Are there any applications for the study or miRNAs in 
terms of disease?
 Cancer is, as you know, misregulation of gene expression. 
There is a tremendous body of research that suggests that mi As 
are a part of this because they are part of the network of the cell. 
I would also point out that disease is the other side of the coin of 
evolution. e see precision increasing as we evolve in time, and 
cancer is the manifestation of the de-evolution of the cell within 
the context of a single organism.

What can you tell us about your future research?
 Alexandra iesco 1  and I have been looking at 
repertoires of mi A across arthropods, including the water-flea 

aphnia, the horseshoe crab, the tarantula, among others. irst, we 
are developing algorithms for so ware packages for people to be 
able to use to mine mi A data out of small mi A libraries from 
organisms with sequenced genomes. e are also building a fairly 

well-curated database for users to know what the actual mi A 
repertoires of organisms are. So, we are using these arthropods 
to test the so ware as well as to test the idea that mi As are 
continuously gained, and rarely lost, during evolution. The water-
flea aphnia, in particular, shows really interesting evolutionary 
patterns that make it di cult for a single so ware package to deal 
with.  e are writing the so ware that, if capable of identifying 
the mi A repertoire of aphnia, can be used for any animal or 
plant. Overall, my work is focused on the evolution of mi As, 
both in terms of gains and losses, and on the development of tools 
such as these for the community at large.

You are building your own miRNA database. Can you tell 
us about this process?
 The existing mi A database, mi ase , was created 
back in 2001-2002 and serves as a repository of mi A sequences. 
The sequences are contributed by users and used by the entire 
field. hat we discovered, and what had been well known, 
is that the database is full of false positives (as in, sequences 
which are not mi As). The existence of a database with false 
positives, combined with false negatives, makes it very di cult 
to understand the evolution of mi As. hen I was asked by the 
Annual eview of Genetics to write a paper on the evolution of 
mi As, I reali ed that, t in order to be able do this, we had to go 
through mi ase  gene by gene to eliminate the false positives 
and add in any false negatives that were missing. y the 
end, it was obvious that we needed to create a new database. 

hat we have done is catalogued and manually curated, 
hopefully to a high degree of precision, the mi A genes of 
key model systems including human, mouse, chicken, and 
the ebrafish. mi ase contains around 1 00 putative human 
mi As, but we found that there only around 525 bona fide 
mi A genes in the human genome. They are catalogued in 

irGene . The new database gives you a place to start thinking 
about the gain and the loss of mi A genes, the evolution of 
nucleotide sequences, and other patterns that one might see.

You teach a number of courses for undergraduates. 
Recently, you have taught Biology 11, Major Events in the 
History of Life and the Human Genome, Macroevolution, 
and a seminar on RNA. Which course has been your 
favorite and why?
 y favorite course is whichever one I am teaching 
at the moment. All three are very di erent  each of them has 
aspects that I enjoy. In the seminar class, I enjoy the critiques 
and student presentations. In macroevolution, we think very 
deeply about interesting, maybe even unsolvable problems about 
the history of life. As for iology 11, it has the breadth. e try 
to cover everything from the origin of life to the demise of the 

eandertals.

 What do you hope students take away from your courses?
 I would say that my goal is three-fold. irst, I hope to 
emphasi e the wonder of science and the wonder of life. Across 
phylogenetic space and through deep geologic times, the wonder 
of the world is just fascinating. I want students to leave with a 
deeper appreciation of that. Second, I want students to think 
critically about the data. I tell them to be willing to entertain 
hypotheses but also be willing to abandon them when the data 
does not speak to their truth. I hope for them to think critically 
about their own ideas and those of other people. inally, my goal 
is for them to understand scientific versus non-scientific ways of 
seeing the world.
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BY PETER VO ‘18

Now You See Me...

BIOLOGY

...Now you Don’t
Camouflage is a means of blending in with 

one’ s surroundings. In the animal kingdom, 
camouflage, also known as cryptic coloration, 
is important for survival ( c aniel, Sprout, 

oudreau,  Turgeon, 2011). any organisms 
in nature use camouflage for o ensive and 
defense purposes alike. Some predators 
rely on camouflage to hide and stalk their 
prey, and many prey counter with their 
own camouflage mechanisms by hiding or 
pretending to be another animal. hether 
they are catching their next meal or trying to 
avoid being one, many animals utili e a vast 
array of optical techniques to survive. 

How Evolutionary Factors Shape 
Camouflage  

Animal camouflage relies on 
multiple factors. An organism’ s physical 
characteristics help determine the most 
advantageous type of camouflage ( c aniel 
et al., 2011). or example, animals with fur, 
which takes time to grow back in, would 
have a di erent camouflage tactic than 
animals with feathers or scales, which shed 
and grow back very quickly. The behavior 
of the animal also influences the camouflage 
pattern ( c aniel et al., 2011). or instance, 
ebra stand out in the savanna with their 

white coats and black stripes, but also tend 

to travel in large herds. eing in a larger 
group makes it more di cult for predators 
like lions to distinguish and stalk a single 
ebra ( c aniel et al., 2011). Some prey will 

develop camouflage specific to their most 
common predator  a third evolutionary 
factor. The grouping strategy used by ebra, 
whose most common predator is the lion, 
takes advantage of the lion’ s colorblindness. 
Thus, a lion cannot di erentiate between 
the golden savanna and the black and white 
ebra  except, of course, if the ebra move 

( c aniel et al., 2011). 

The Elements of Camouflage
Animals have two primary mechanisms 

through which they camouflage themselves: 
pigments and physical structures ( c aniel 
et al., 2011). Some animals have biochromes, 
natural microscopic pigments that absorb 
certain wavelengths of light and reflect others 
( anlon, 200 ). This allows them to give o  
the appearance of changing colors. ecause 
they possess multiple types of biochromes, 
octopi can change the colors, patterns, and 
opacity of their skin to blend into their 
surroundings ( anlon, 200 ). Sometimes this 
ability to change color is used for purposes 
other than camouflage. Chameleons, for 
example, change color when in danger 
to warn nearby chameleons (Stevens  

Figure 1: Cuttlefish have the 
ability to camouflage with their 
surroundings, whether it be a 
rocky sea floor or sandy drift. 
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erilaita, 2011). In doing so, chameleons 
enhance survival of their species. 

  Some species of animals have 
physical structures such as microscopic 
prism-like structures on their bodies that 
reflect and scatter light (Stevens  erilaita, 
2011). or example, although their fur appears 
white, polar bears actually have black skin 
and translucent fur that reflects sunlight, 
giving them their white color (Stevens  

erilaita, 2011). Similarly, the arctic fox has 
fur that appears white in the winter and 
brown in the summer (Stevens  erilaita, 
2011). These characteristics allow animals to 
optimally blend into their environment and 
avoid detection.

  

Hiding in Plain Sight
The most well known type of camouflage 

is background matching. An organism using 
background matching conceals itself in 
its surroundings using color patters, body 
features, or movements (Stevens  erilaita, 
2011). eer and squirrels have brownish fur 
to resemble the earth tones  of the forest 
(Stevens  erilaita, 2011). lounders are flat 
and havea sandy color to mimic the sand 
on the shallow ocean floor. One subset of 
background matching is countershading, in 
which the top of the animal’ s body is darker 
in color and the underside is lighter (Stevens 

 erilaita, 2011). Sharks use countershading 
to sneak up on their prey. rom above, the 
sharks blend in with the dark ocean floor  
from below, the lighter underside looks like 
the sun shining into the ocean (Stevens  

erilaita, 2011). ither way, the sharks prey 
may not see the shark before it is too late. 

ore complex forms of background 
matching occur in insects like the walking 
stick and walking leaf. These two animals 
look almost identical to sticks and leaves 
respectively, and are nearly impossible to 
pick out of their habitats. The walking leaf 
even has bite marks on its body and sways 
as it walks to move with the bree e (Stevens 

 erilaita, 2011).  
Other coloration techniques highlight 

rather than hide an organism’ s identity. This 
is called warning coloration or aposematism, 
as it warns predators of the organism’ s 
toxicity or other dangerousness ( iamond  

ond, 2013). The monarch butterfly uses this 
mechanism. Its larvae have bright yellow, 
black, and white stripes, while adults have 
wings patterned with orange, black, and 
white stripes ( iamond  ond, 2013). This 
bright coloring warns predators, such as 
birds, that the monarchs are filled with toxins 
from the milkweed plant, one of the monarch 
butterfly’ s major food sources ( iamond  

ond, 2013). The milkweed toxins cause birds 
to vomit, so they stay away when they see 
monarchs and their colors. 

Some animals also use mimicry, which is 
an animal’ s ability to look or act like another 
organism. One form of mimicry, known 
as disruptive coloration, allows an animal 
to mask its identity or location through a 
specific coloration pattern ( iamond  ond, 
2013). This visual trick may cause predators 
to misidentify the organism completely. 

utterflies employ this tactic with large 
spots on their wings ( iamond  ond, 
2013). These spots look like eyes and confuse 
predators into thinking that the butterflies 
are bigger animal, like an owl ( iamond  

ond, 2013). Other butterflies have color 
patterns that match those of other species. A 
common example, the viceroy butterfly has 
the same orange and black color pattern on 
their wings as the aforementioned monarch 
butterfly ( iamond  ond, 2013). Although 
viceroy butterflies are not actually toxic, 
predators avoid them regardless due to their 
monarch-like coloring ( iamond  ond, 
2013). In a similar situation, the coral snake 
warns predators of its toxic venom with 
itsbrightly colored yellow, black, and red 
rings ( iamond  ond, 2013). Other non-
threatening snakes mimic this ringed color 
scheme to avoid getting eaten ( iamond  

ond, 2013). 
Some species that lack both pigments 

and physical structures for camouflage resort 
to making their own camouflage using 
elements of the environment. or instance, 
the desert spider burrows itself into the 

Figure 2:  The Machs Band 
illusion. The bars appear to be 
changing color from lightest to 

darkest top to bottom. When 
separated, they are all in fact 

different bars of grey.

“The most well 
known type of 
camouflage is 

background 
matching. An 

organism using 
background 

matching 
conceals itself in 
its surroundings 

using color patters, 
body features, or 

movements”
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ground and covers itself with sand to surprise 
incoming prey (Stevens  erilaita, 2011). 
Other animals use olfactory camouflage 
and hide by masking their scent (Stevens 

 erilaita, 2011). Ground squirrels, for 
instance, chew up rattlesnake skin and rub 
the resulting paste all over their tails so that 
they smell like rattlesnakes. This way, other 
rattlesnakes, which sense their surroundings 
via smell and body heat, will be confused 
and hesitant about attacking the squirrels 
(Stevens  erilaita, 2011). These species 
must actively disguise themselves in order to 
be less noticeable in their environment. 

How Humans Use Camouflage
Similar to animals, humans also use 

optical illusions to camouflage things they 
want to hide. Optical illusions take advantage 
of the human visual system, which employs 
a simplification process: In essence, when a 
person sees something, he or she is actually 
seeing the light that is bouncing o  that 
object. The light enters the eye and strikes 
the light-sensitive retina. This light then 
triggers the surrounding neurons, which 
send electrical signals to the brain to be 
processed into an image ( amieroski, 2015). 
This process takes approximately a tenth of a 
second, but since the eyes receive a constant 
stream of light, an incredible amount of 
information must go through. Thus, the 
brain takes shortcuts  and only focuses on 
the important signals ( amieroski,2015). It 
simplifies the information and compensates 
for the large amount of information that is 

filtered out during that tenth of a second 
process ( amieroski, 2015). Adding in extra 
features allows these illusions to trick the 
brain.  

or example, consider the ach bands 
illusion. It shows four bands, with the 
edges appearing to gradually shi  in color 
from darkest to lightest ( amieroski, 2015). 

owever, were the bands separated, each 
band edge would be a single, solid color. The 
illusion of a gradient comes from a process 
called lateral inhibition, which is mediated 
by light-sensitive cells in human eyes called 
rods ( amieroski, 2015). ateral inhibition is 
the capacity of an excited neuron to reduce 
the activity of its neighboring neurons by 
disabling the spread of action potentials from 
the initial excited neuron. In this particular 
case, the surrounding cells in the retina are 
inhibited from being excited by the light so 
that the central rods in the eye can receive 
most of the light ( amieroski, 2015). The 
rods will send the excitatory signal to those 
surrounding cells. This delay allows the brain 
more time to process the electrical signals 
and create a more vivid image. In e ect, the 
increase in sensory perception makes the 
dark band in the illusion appear even darker 
and the light band lighter ( amieroski, 2015). 
The increased sensory perception also causes 
the now brighter bands and darker bands to 
overlap at the edges giving the illusion of a 
gradual transition ( amieroski, 2015).

The military relies heavily on optical 
illusions. ilitary personnel use di erent 
patterns to blend into the surrounding 

Figure 3:  Soldier wearing 
digital camo on the left. 
Soldier wearing older 
woodland pattern on right. The 
digital camo appears more 
jagged and pixelated while 
the traditional camo looks 
more rounded and a tad more 
distinguishable.

“Similar to animals, 
humans also use 
optical illusions to 
camouflage things 
they want to hide.”
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environment. Their camouflage print 
contains a mix of dull hues of the colors 
most suited for their environment. ungle 
warfare calls for hues of green and brown 
to match the foliage and dirt (Carey, 2014). 
Snowy climates call for whites and grays, 
and deserts need a range of tan colors. The 
traditional pattern appears as color splotches 
(Carey, 2014). 

 ecently, the pattern has been 
redesigned digitally to ensure better 
camouflage. The digital pattern appears 
more pixelated and blurred allowing for 
better camouflage (Carey, 2014). The broken 
patterns and contrasting colors make it 
di cult for the human brain to distinguish 
the edges and shapes of the object or person 
being disguised (Carey, 2014).  

owever, scientists have also started 
looking at the animal kingdom for other 
sources of camouflage  specifically, 
butterflies and cuttlefish. eter ukusic, 

hysicist at xeter University in ngland, 
studies the blue morpho butterflies and how 
their wings influence light waves (Owen, 
2003). The blue morpho butterflies have 
dull brown wings  however, these wings 
can catch light and emit da ling blue light 
displays because they contain thousands 
of semi-transparent scales (Owen, 2003). 

ukusic said, If you shine a white light at 
one of these butterflies, you get multiple 
reflections from structures within the wing. 
Those structures are designed to produce 
an intense blue reflection  (Owen, 2003). 
The scales are made of keratin layers that 
filter blue from the visible light spectrum 
and radiate it. Unlike the light displays, the 
military needs to avoid being seen from 
afar. owever, ukusic believes that further 
understanding how the scales diffract light 
to give off a specific color can be vital in 

creating new and better camouflage for the 
military (Owen, 2003). If the military could 
master the ability to diffract and reflect 
any kind of light, it could reflect a light 
pattern similar to that of the surrounding 
environment. Thus, the human eyes may not 
be able to distinguish the environment from 
the hidden military.   

Other studies have led to a bio-
camouflage system based on the abilities of 
cuttlefish. Cuttlefish are known for rapidly 
altering their coloring to blend in with their 
surroundings.  

 ust below their skin are organs 
called chromatophores, which are elastic 
sacs filled with different pigments (Owen, 
2003). Chromatophores can also expand and 
contract via their attachment to muscles 
(Owen, 2003). The cuttlefish only holds 
brown, red, and orange in these sacs, but 
the chromatophores can be stretched to 
create various shades of beige, pink, and 
yellow (Owen, 2003). eeper under the skin 
are white patches that contain leucophores. 
These cells reflect the predominant light 
wave in the environment like a mirror (Owen, 
2003). Thus, when the cuttlefish is in kelp, 
the leucophores can reflect the green light, 
hiding the cuttlefish in the kelp. Alex arfitt 
of ath University’ s Centre for iomimetics 
and atural Technologies in ngland are 
developing a bio-camouflage gel based 
on the cuttlefish (Owen, 2003). The color-
changing gel acts similarly to the cuttlefish’ 
s leucophores and reflects light to hide big 
equipment like tanks and vehicles. The idea 
behind this gel is to have it respond to the 
change in natural light around it. The gel 
would respond by reflecting the appropriate 
wavelengths to match the environment 
it is in. oing so would allow the military 
to simply place the gel on their equipment 
instead of changing the camo sheets or paint 
wherever they go.

Conclusion
The animal kingdom has many di erent 

types of camouflage. The optical illusions 
and di erent coloration mechanisms used in 
nature allow many species to survive as long 
as possible by either assisting in predation or 
in the avoidance of predators. umans have 
tried di erent camouflage techniques, but 
these cannot compare to what is in the natural 
world. owever, further understanding 
of these mechanisms  like the butterfly’ s 
scales and the cuttlefish’ s chromatophores 
and leucophores - can help humans further 
develop camouflage technology and hide in 
plain sight.  

Figure 4:  The Blue morpho 
butterfly’s wings are indeed 
brown, but its scales reflect 

light in a way that a blue sheen 
is shown.

“The animal 
kingdom has many 

different types of 
camouflage. The 

optical illusions and 
different coloration 

mechanisms used in 
nature allow many 
species to survive 

as long as possible 
by either assisting 
in predation or in 
the avoidance of 

predators.”

Image courtesy of NIMH.
Available at https://commons.wikimedia.org/wiki/File:NIMH_MEG.jpg.
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Since ancient times, music has been a 
cornerstone of culture across the globe. usic 
is appreciated worldwide as a historical and 
anthropological artifact, crossing multicultural 
and multilingual barriers to promote freedom of 
expression and the communication of emotion 
and feeling. ardly a day goes by when we do 
not hear music, but very few understand its 
scientific or therapeutic implications. 

In an e ort to explore music’ s medicinal 
and healing properties, experts in music therapy 
and neuroscience have collaborated to better 
understand music, the brain, and therapeutic 
possibilities (Shannon  aGasse, 2013). hile 
one can easily characteri e likes and dislikes 
for particular genres or songs, clinical music 
therapy aims to capitali e on these emotions 
and thoughts to bolster healing e orts in a 
hospital setting. Through an understanding of 
neuroscience, a music therapy clinician can 
use evidence-based practice at the individual 
level to explain the e ects of music on the 
brain (Shannon  aGasse, 2013). ith recent 
advances in technology, our understanding 
of the brain has grown through functional 
magnetic resonance imaging (f I) and 
positron emission tomography ( T), both 
of which measure the metabolic activity of 
various brain regions by analy ing blood flow 
or glucose uptake. Such imaging techniques, 
when applied to detect changes in neural 
activity, have revealed the hidden neuroscience 
behind music. 

History of Music Therapy
Ancient civili ations commonly used music 

as part of many rituals and religious practices, 
believing music to have therapeutic powers 
(Shannon  aGasse, 2013). any documents 
and historical sources point to an inherent 
belief that music can a ect wellness, although 
the term music therapy  did not appear 
until the 20th century. or instance, Indian 
Carnatic usic, which was first developed in 
the 14th century, was o en used in tandem 
with meditation to improve mental health 
and physical well-being ( igure 3). As a key 
part of South Indian culture and religion, this 
musical genre is o en performed by a vocalist, 
violinist, and percussionist, who explore 
patterns of melody (raga) and rhythm (tala) 
through improvisation. uring orld ar II, 
western medical professionals recogni ed the 
positive impact of music on wounded veterans 
as well as those with psychiatric illnesses 
such as anxiety, depression, or ost-Traumatic 
Stress isorder ( TS ) ( igure 4). y the end 
of the war, many hospitals and facilities hired 
musicians as part of the rehabilitative process 
(Shannon  aGasse, 2013).  

In the 1 0s, the growth of technology 
allowed for better evidence-based techniques to 
understand the role of music in neuroscience. 
Through tools such as the electroencephalogram 
( G), which measures the electrical activity 
of the brain, neuroscientists were able to use 
music as a cognitive and perceptual stimulus in 

BY ARVIND SURESH ‘19

MEDICINE

Music as Medicine

“Ancient civilizations 
commonly used 
music as part of 
many rituals and 
religious practices, 
believing music to 
have therapeutic 
powers.”
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Figure 2:   In Ancient India, 
classical music was a central 

part of Indian religion and 
culture. Indians believed music 
could bring the mind and body 

in harmony and improve overall 
well-being.

brain imaging research (Shannon  aGasse, 
2013). A variety of studies revealed that music 
processing in the brain requires integrated, 
nonspecific neural networks. or instance, 
brain areas activated by music play a role in 
other auditory and speech activities. In the 
same way, learning to play or sing music causes 

T , or long-term potentiation in the human 
brain. T  thereby strengthens the synapses 
between neurons to produce an increase 
in signal transmission based on patterns of 
repeated activity. usic can 

thereby not only strengthen existing 
auditory and motor pathways in the brain, but 
also generate alternate pathways in injured 
brains, allowing for recovery and rehabilitation 
from neurodegenerative diseases (Shannon  

aGasse, 2013). 
Since many brain areas must coordinate 

function to perceive music, listening to music 
can improve cognitive functions such as 
attention, memory, and auditory perception 
(Shannon  aGasse, 2013). At the same time, 
music can improve emotional processing in 
patients with mood and anxiety disorders, 
as well as social behavior in patients with 
autism (Shannon  aGasse, 2013). usic’ s 
wide reach over many brain regions makes 
it a central component of therapies for most 
illnesses and diseases, regardless of whether or 
not the condition originates in the brain. 

Music and Emotion in the Brain
Studies have revealed that music can 

have a regulatory e ect on human emotion 
through its ability to enhance or reduce 
particular activation patterns in the brain. As 

emotion is o en tied to the prognosis of many 
diseases, music can promote feelings of self-
confidence and hope while combating anxiety 
and depression in patients. In a broad sense, 
preferred and familiar music, singing, and 
improvisation can improve emotional control 
and induce feelings of satisfaction, whereas 
complexity, dissonance, and unexpected 
musical events can have the opposite e ect 
( oore, 2013). Such e ects are most apparent 
in conditions such as Attention eficit 

yperactivity isorder (A ), autism, 
TS , and general trauma, where emotions can 

exacerbate or worsen a patient’ s health. 
usic’ s impact on the brain is particularly 

defined by communication between the 
cognitive control/frontal lobe areas and the 
emotional response areas. usic therapy can 
therefore be understood by examining some 
brain regions such as the lateral prefrontal 
cortex, orbitofrontal cortex, anterior cingulate 
cortex, and the amygdala ( oore, 2013). 
Coordination between the cognitive control 
and emotional reactivity systems in the brain 
is inversely related as increased activation in 
the frontal lobe is associated with decreased 
activation in the amygdala.

The amygdala is composed of two round 
nuclei, or small, circular subsections located 
in the temporal lobes of the brain and plays 
a primary role in conditioning our emotional 
response to our surroundings. The right 
amygdala controls negative emotions such 
as fear and sadness, while the le  amygdala 
induces pleasant sensations and happiness. 
In humans, the activation and instinctive 
induction of the amygdala is modulated by 
the frontal lobes through cognitive control 
( igure 1) ( ear, Connors,  aradiso, 200 ). 

ith respect to music, the amygdala plays a 
key role in our instinctive likes and dislikes 
to particular sounds and tones. In studies, the 
amygdala was activated in response to minor, 
dissonant, or unpleasant music. It was also 
induced in response to an unexpected event 
or sudden chord change ( oore, 2013). Other 
studies reveal the amygdala is activated in 
response to sad  music or songs with negative 
emotional valence. It can also help evaluate the 
salience of a song ( oore, 2013).

As opposed to the amygdala, the anterior 
cingulate cortex (ACC) and orbitofrontal cortex 
play complex roles in music comprehension 
and perception. The ACC is important in 
discriminating between di erent types of 
music and is activated when listening to 
familiar music ( oore, 

2013). Through its discriminatory power, 
it can help identify errors in a musician’ s 
rendition but also help in improvisation. In 
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“ In all stages of 
music therapy, it is 
essential for music 
to match the mood 
of the patient, as well 
as the verbal and 
nonverbal messages 
provided by the 
patient.”

Figure 3:  The brain 
modulates emotion through 
communication between the 
prefrontal cortex, the anterior 
cingulate cortex, and the 
amygdala. These brain areas 
are involved in the emotional 
response to music.

“Music’ s impact on the brain 
is particularly defined by 
communication between the 
cognitive control/frontal lobe areas 
and the emotional response areas.”

many music therapies, the ACC can play a 
key role as patients are encouraged to replace 
song lyrics or part of a song with their own 
experiences to create a connection with an 
emotional experience. ike the ACC, the 
orbitofrontal cortex (O C) is activated when 
listening to familiar or preferred music. The 
O C also works with the ACC to increase 
activation in correlation with a song’ s 
likability ( oore, 2013). Through the activities 
of the O C, listening to favorite songs can 
induce feelings of happiness and relaxation in 
patients. 

The prefrontal cortex, the very front of 
the brain, plays perhaps the most significant 
role in music therapy as it is associated with 
memory and emotional recall. The lateral 
prefrontal cortex is activated during music-
based memory tasks, whereas the dorsolateral 
prefrontal cortex is activated during motor-
rhythm synchroni ation tasks and music that 
is listened with open eyes ( oore, 2013). On 
the other hand, the ventrolateral prefrontal 
cortex is associated with imagined singing and 
the recall of a song’ s tune or lyrics ( oore, 
2013). y regulating the recall of various types 
of music, the prefrontal cortex allows music to 
connect songs with life events, experiences, 
and relationships, bringing a greater sense of 
hope, awareness, and satisfaction to a patient 
confined to a hospital bed. 

Stages of Music Therapy
usic therapy o en has various stages 

in which di erent songs or types of music 
are played. This transition to di erent types 
of music is seen in therapy when patients are 
su ering from chronic conditions or terminal 
diseases that carry physical or emotional 
pain. atients undergoing cancer treatment, 
for instance, su er from isolation, depression, 
grief, and pain. usic therapy can help 
release tension and increase pleasure in these 
patients through a three-stage approach that 
aims to increase comfort, develop meaningful 
communication, and resolve issues ( ailey, 
1 4).  

The first stage of music therapy, contact, 
focuses on the patient’ s relationship with his 
family and the music therapist. The goal of the 
first stage is to remove barriers that the patient 

may have raised between themselves and 
others. In the first stage, the music therapist 
focuses on worldly song themes that relate to 
people around the world ( ailey, 1 4). Such 
songs remove attention from the patient and 
focus on the patient’s ancestry. 

In the second stage, awareness, therapists 
try to invoke creative self-expression in the 
patient through the music themes that are 
most central to the patient. Common themes 
during this stage include reminiscence, 
relationships, needs and desires, hope and 
pleasure, as well as loss and death ( ailey, 
1 4). ithin these themes, people choose to 
hear and participate in songs which support 
their needs, as well as the moods and messages 
they are interested in. hile hopeful songs 
can reawaken confidence and reminiscing 
songs can re-establish connection between 
patient and family, other songs with themes 
of desire, loss, or death can evoke feelings 
that can be di cult to express or promote 
inner peace and acceptance ( ailey, 1 4). 

The last stage, resolution, o en expands 
on the ideas of loss and death by assisting the 
patient in coming to terms with his condition 
and discovering inner peace ( ailey, 1 4). 
This last stage can capitali e on feelings of 
grief and loss and thereby invoke feelings of 
satisfaction and acceptance.

In all stages of music therapy, it is 
essential for music to match the mood of the 
patient, as well as the verbal and nonverbal 
messages provided by the patient. Certain 
emotions o en correlate with specific types of 
music that give individuals a medium through 
which to channel their feelings. or instance, 
depressed individuals are attracted to so  
music, whereas patients in pain seem to like 
music with changing tempos, rhythms, and 
dynamics ( ailey, 1 4). 

Case Studies
Two specific cases in which music 

therapy has shown a significant impact on 
rehabilitation and recovery are children 

Image courtesy of Wikimedia Commons.
Available at https://en.wikipedia.org/wiki/Maxwell%27s_demon#/media/File:Maxwell%27s_demon.svg
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the patient before and a er dressing changes 
(Tan, owler, Super,  ratianne, 2010). In 
contrast to I, A  consists of trying to 
distract the patient during painful procedures 
by encouraging the patient to compose music, 
sing or play instruments, and practice deep 
breathing (Tan, owler, Super,  ratianne, 
2010). A  practices also allowed patients to 
cope with pain by encouraging them to fill in 
songs with lyrics corresponding to their own 
thoughts and emotions. Through I and 

A , patients reported significantly less pain 
during debridement and dressing changes 
(Tan, owler, Super,  ratianne, 2010). 

Looking to the Future
ecent research has revealed that 

music is an ideal stimulus for not only 
improving healthy brain function, but also 
enhancing the mind-body connection that 
is critical for promoting body and brain 
repair. hile music therapy is currently very 
broad  di ering greatly between providers 
-therapists hope to conduct research that 
can delineate guidelines for best practice 
standards (Shannon  aGasse, 2013). At the 
same time, it is important to remember that 
music’s healing power is universal due to 
its ability to adapt to each patient’ s unique 
set of needs. ith a better understanding of 
music’ s impact on neurological function, 
neuroscientists and music therapists have 
begun a concerted e ort to treat neurological 
disorders such as A  and Al heimer’ s 
disease through music therapy. In the case of 
dementia, previous studies have shown that 
long-term music therapy can temporarily 
lower agitation levels and improve memory in 
patients. owever, music therapy in dementia 
must be further explored as it has the 
potential to further agitate patients who recall 
unpleasant events or experiences.  The scope 
of music therapy has also expanded beyond 
the traditional hospital or inpatient setting. 
Integrative medicine providers commonly 
use music as part of regular acupuncture or 
meditation treatments, and many primary 
care physicians recommend music to promote 
healthy brain function. Today, university 
students across the world use music therapy 
to reduce stress and anxiety during the school 
year ( igure 2). As we continue to understand 
the personali ed impact of music, we can 
expand the applications of music therapy for 
patients with specific conditions and identify 
the unique set of factors that improves well-
being. In a constantly evolving health care 
system, there is a lot still yet to be revealed 
about music’ s hidden power as a science and 
an art in modern medicine.  

Figure 4: University students 
engage in instrumental music 

therapy to reduce stress, 
improve mental health, and 
support a healthy lifestyle.

with behavioral disabilities and burn victims 
su ering from pain.  

In families where children have long-
term behavioral disabilities, music therapy 
plays a distinct role in improving parent-
child relationships ( illiams, erthelsen, 

icholson, alker,  Abad, 2012). or 
parents and children in these scenarios, music 
therapy improves parent mental health and 
child communication and social skills, as 
well as parental engagement and acceptance 
of the child’ s condition through hands-
on experiential learning ( illiams et al., 
2012). The study matched specific traditional 
children’ s songs to encourage particular 
behavioral changes in child and parent. 

or instance, greeting and farewell songs 
encouraged social responsiveness, while 
action and movement songs promoted fine 
and gross motor skills ( illiams et al., 2012). 
The study also integrated music with positive 
reinforcement practices, many of which were 
able to improve the behaviors of children 
with autism. The music therapy practices also 
reduced the risk factors of social isolation and 
parenting stress by bringing families facing 
similar challenges together in group sessions. 

In a second study evaluating pain, 
anxiety, and muscle tension levels in burn 
victims, music-based imagery ( I) and 
music alternate engagement ( A ) were 
used in combination to decrease pain levels 
and improve the patient’ s ability to cope 
with treatment. I is a form of music-
assisted relaxation which employs imagery 
to allow the patient to imagine a safe and 
relaxing place through music that is sung to 
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( ) to catch prey ( ieberman, 2015).  was 
a hunting strategy that entailed the continuous 
running of an animal until it became overheated 
( ieberman, 2015). O en, the prey would be a larger 
animal, as larger animals collect heat more quickly 
( ieberman, 2015). Of course, this method required 
that the people themselves run long distances as 
well, so it would not have been functional unless they 
were protected from overheating ( ieberman, 2015).  

The enlargement of the human brain is also 
associated with our consumption of meat (1,2). ot 
only do the beginnings of each of these trends occur 
at similar points chronologically, but many of the 
requirements for a large brain are met by hunting 
( ieberman, 2015). or instance, the brain requires 
the large amounts of energy and fat that can be 
provided by meat ( ieberman, 2015). Also,  in 
itself likely required complex thought and planning, 
so individuals with heightened cognitive function 
would have been selected for ( ieberman, 2015). 

owever, the advancement of the human mind 
can be attributed to much more than hunting and an 
infusion of nutrients. or instance, a decrease in si e 
of the large facial muscles used for mastication, made 
room for a larger brain, among other features ( ink  

ieberman, 201 ). In a recent study examining human 
mastication over time, atherine ink and aniel 

ieberman of arvard’s epartment of uman 
volutionary iology found that this decrease in 

muscle could be attributed to the addition of meat 
into our diets, as well as to stone tools and cooking 
( ink  ieberman, 201 ). This was tested by giving 
subjects samples of meat (goat) and nutrient-rich 
root vegetables like yams, and then measuring the 
number of chews required to ingest a set number of 
calories ( ink  ieberman, 201 ). Unprocessed meat 
was found to require 3  less chewing than the root 
vegetables ( ink  ieberman, 201 ). Assuming that 
one third of the human diet was comprised of meat  
an assumption made by observing modern foraging 
societies  the incorporation of raw meat alone into 
the human diet would have decreased total chewing 
force by 13  ( ink  ieberman, 201 ). On top of 
this data, however, the same test was performed a er 
having cooked the food, and a er processing it with 
stone tools ( ink  ieberman, 201 ). The results 

ood is a necessary and central component of 
human life. espite that, in today’s world, many 
people take food for granted. Aside from highly 
visible trends like eating for pleasure (rather than for 
energy) people also forget the role food has played 
in our evolution. ot only has the challenge of 
obtaining food been a driving evolutionary force, but 
specific diet and the means of consumption have also 
shaped the human race in and of themselves ( ink 

 ieberman, 201 ). ven today, food continues to 
a ect our lives through means we do not readily 
infer. icronutrients, for instance, are a component 
of our food, which we cannot see and rarely think 
about. ere, the hidden e ects linking the food we 
eat to our health and anatomy are discussed.

Food and Paleolithic Human 
Development

ood has played a role in human evolution since 
the time of the earliest hominins, humankind’s very 
first ancestors to deviate from apes ( ieberman, 2015). 
In fact, some scientists hypothesi e that humans’ 
bipedalism originated in the e cient procuring of 
food ( ieberman, 2015). One such hypothesis states 
that the upright position inherent in bipedalism 
brought advantages in foraging, such as reaching 
higher fruit ( ieberman, 2015). The fact that apes, 
when foraging, o en assume such an upright 
position grounds this hypothesis ( ieberman, 2015). 
Others hypothesi e that humans developed as bipeds 
in order to forage over a greater area, as knuckle 
walking is four times less energy e cient than 
bipedal walking ( ieberman, 2015). Thus, in order to 
travel many kilometers a day to find food, humans 
may have needed to develop bipedalism ( ieberman, 
2015). Unfortunately, these hypotheses are di cult to 
fully test ( ieberman, 2015).             

In addition to this relationship between food 
acquisition and bipedalism, the incorporation of meat 
into the hominin diet is likely to have contributed to 
many other defining human characteristics (1,2). or 
instance, our fur loss and sweat gland enlargement 
can both be attributed to the thermoregulatory needs 
inherent in the first hunting practices ( ieberman, 
2015). arly hominins, lacking any kind of tipped 
weaponry, likely had to rely on persistence hunting 

Food: The Orchestrator of Human 
Health and Anatomy

BIOLOGY

BY SAMUEL REED ‘19

“Our fur loss 
and sweat gland 
enlargement 
can both be 
attributed to the 
thermoregulatory 
needs inherent in 
the first hunting 
practices.”

Figure 1: An array of Paleolithic 
stone tools. Something akin to 
these was likely used for early 
food processing
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indicate that cutting the meat would have resulted 
in a total 1  reduction in chewing (as opposed to 
the 13  without), and while cooking did not decrease 
overall chewing force, it did reduce final particle 
si e, lending to more e cient digestion ( ink  

ieberman, 201 ). Overall, these developments in 
human food culture collectively decreased the need 
for the large muscles of mastication seen in our 
ancestors, creating the possibility of decreased dental 
si e, greater faculties for speech production, and 
larger brains ( ink  ieberman, 201 ). 

Of course, there is still more research to be done 
in this field ( ink  ieberman, 201 ). The shape of 
masticatory faculties (i.e. the shape of our teeth), for 
instance, is known to a ect chewing e ort and needs 
to be taken into account ( ink  ieberman, 201 ). 
Additionally, di erent and more diverse methods of 
processing should be studied ( ink  ieberman, 
201 ). owever, it is clear that the addition of 
meat into the human diet  alongside cultural and 
technological shi s  helped make the human race 
what it is today. 

Micronutrients: The Least Visible and 
Most Significant Component of Our 
Food

hile there is little to no research detailing 
modern-day human evolution caused by diet, 
food has many hidden e ects on human life. 
The micronutrient content of our food is one of 
the greatest means by which these e ects occur 
( ouston, 2010). This is because there are many 
interactions between micronutrients  vitamins 
and minerals our bodies need in order to function 

 and numerous other chemicals, gene expression, 
and ultimately phenotype (3,4). icronutrients, 
for instance, can interact with metabolites and the 
en ymes they a ect, lipids, proteins, epigenetics, 
and even the residential bacteria of the body 
( erguson, Allayee, Gers ten, Ideraabdullah, ris-

therton, Ordov s , ennett, 201 ). hile the 
exact mechanisms are not completely clear, these 

interactions have been linked to changes in lipid 
and glucose levels, and to changes in blood pressure, 
insulin resistance, and cancer risk (3,4).               

In the case of epigenetics  which entails the 
methylation  of segments of the genome with 

C 3, preventing transcription  micronutrients like 
vitamin 12, folic acid, and inc have been shown 
to be necessary for proper function ( erguson et 
al., 201 ). These nutrients are known as methyl 
donators,  as they lead to the formation of a 
metabolite of the 1-carbon pathway, which creates 
the methyl group needed for epigenetic suppression 
( erguson et al., 201 ). It is, thus, no surprise that low 
inc levels have been seen to increase hypertension, 

diabetes, and congestive heart disease risk in multiple 
observational studies ( ouston, 2010). Of course, the 
reasons for these observations likely span beyond 
this one nutrient-gene interaction.             

Unfortunately, the mechanisms by which 
micronutrients are involved with disease risk are 
typically much less understood than that of the 
methyl donators discussed above ( erguson et al., 
201 ). espite this, there are still a number of clinical 
studies detailing the e ects that dosages of certain 
micronutrients have upon health ( ouston, 2010). 
atty acids represent one such case. Studies indicate 

that high intake of omega- , saturated fats, and trans 
fats can be causative of cardiovascular and metabolic 
diseases ( ouston, 2010). owever, omega-3 (a 
polyunsaturated fat common in fish oil) and omega-  
(a monounsaturated fat found in olive oil) fatty acids 
have been found to have the opposite e ect ( ouston, 
2010). hile the precise mechanisms behind these 
observations are not clear, clinical trials have revealed 
the relative health benefits of these fatty acids and the 
optimal ratios in which they are consumed ( ouston, 
2010). Omega-3 fatty acids decrease hypertension 
with higher dosages, while omega-  fatty acids do 
not reduce hypertension but may reduce the negative 
e ects of saturated fats on blood pressure ( ouston, 
2010). Omega-3 and omega-  polyunsaturated fats 
should be consumed in a ratio of 1:1 to 1:2 ( ouston, 
2010). igh dosages of omega-  have been shown 
to decrease systolic and diastolic blood pressure 
by  and  mm g, on average ( ouston, 2010). In 
addition, high omega-  dosages reduce need for 
antihypertensive medications by 4  in hypertensive 
patients, rather than the 4  sported in trials with 
polyunsaturated fats ( ouston, 2010).             

Clearly, the micronutrients in our food have 
large impacts on our health. This trend  as well as 
similar health risks  is further seen in our sodium 
and potassium intakes ( ouston, 2010). resently, 
the average American consumes sodium and 
potassium in a 2:1 ratio, while the suggested ratio is 
1:5 ( ouston, 2010). igh amounts of sodium draw 
water into the vessels increasing blood pressure 

 and our intake of salt is certainly high, averaging 
at 5000 mg a day instead of the required 500 mg 
( ouston, 2010). Observational data shows that 

“It is clear that the 
addition of meat into 

the human diet – 
alongside cultural and 

technological shifts 
– helped make the 

human race what it is 
today.”

Figure 2: A depiction of ‘Lucy’: 
one of the first hominins. Lucy’s 

remains are the oldest that 
reflect a bipedal gait
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a reduction in sodium intake can reduce systolic 
and diastolic blood pressure by 4-  mm g and 2-3 
mm g, respectively ( ouston, 2010). igh sodium 
also plays roles in stroke, congestive heart failure, and 
hypertrophy and filling of the le  ventricle ( ouston, 
2010). otassium, on the other hand, has been shown 
to have the opposite e ect on cardiovascular health 
( ouston, 2010). One trial found that dosages of 0-
120 m q of potassium resulted in 4.4 mm g and 2.5 
mm g in the systolic and diastolic blood pressures, 
while another found that dosages of 0 m q reduced 
systolic pressure by 5 mm g ( ouston, 2010). 

Antioxidants: the Micronutrient Debate
ven while more research is being done into the 

chemical functions of many micronutrients, scientists 
cannot agree upon even the clinical e ectiveness of 
antioxidants. Antioxidants are chemical compounds 
that prevent oxidation by reactive oxygen species 
( OS) (Gri ths, Aggarwal, Singh, uttar,  e 

eester, 201 ). xamples of OS are hydroxyl groups 
(O ), nitric oxides ( O), carbonates (CO32-), and 
superoxide anions (O2-) (Gri ths, Aggarwal, Singh, 

uttar,  e eester, 201 ). These compounds are 
oxidi ing agents, which remove electrons from other 
compounds around the body (Gri ths et al., 201 ). 
Antioxidants, however, are reductants that act as 
electron donors (Gri ths et al., 201 ). Antioxidants 
act as receivers for the OS, donating electrons and 
becoming less reactive radicals, ultimately preventing 
any damage that could have been dealt by the OS 
( vans, i daroglu,  Cooke, 2004).             

That being said, OS are not inherently bad 
(Gri ths et al., 201 ). In fact, many processes that 
take place around the body - like en ymatic reactions 
and the generation of AT  in the mitochondria - are 
reliant on the formation of OS (Gri ths et al., 201 ). 
There is indeed a balance between OS and defense 
mechanisms like antioxidants, but a condition called 
oxidative stress becomes onset when the antioxidants 
are overwhelmed by the OS (5, ). OS constantly 
attack lipids, proteins, and A, but healthy cells 
can intercept most OS, preventing serious damage 
from the few remaining ones: roteins and lipids 
are eventually recycled, and A repair occurs via 
various cellular mechanisms ( vans, i daroglu,  
Cooke, 2004). In a state of oxidative stress, however, 
the rate of damage increases ( vans, i daroglu,  
Cooke, 2004).             

In regard to cardiovascular conditions, 
epidemiological studies show antioxidants to 
decrease inflammation and lessen blood pressure 
(3,5). In particular, studies utili ing dosages of 
vitamin C have found it to reduce blood pressure 
and heart rate ( ouston, 2010). On average, vitamin 
C decreases systolic and diastolic blood pressure by 
 and 4 mm G in addition to improving endothelial 

function and enhancing the antihypertensive e ects 
of medication ( ouston, 2010). owever, other 
trials have found that vitamin C has no e ect on 

Image courtesy of Peter Vo.

cardiovascular conditions ( aschalis, Theodorou, 
yparos, ipla, afeiridis, anayioutou,  ikolaidis, 

2014). In response to these trials, some of the most 
recent research on the topic claims that negative 
results arise from the use of patients who already 
have adequate antioxidant levels ( aschalis et al., 
2014). These studies tested subjects with high and 
low vitamin C levels by checking their 2-isoprostane 
and protein carbonyl levels a er exercise, and 
repeated those tests a er vitamin C supplementation 
( aschalis et al., 2014). The blood-work involving 
these two compounds was relevant because each is 
a byproduct of a reaction with an OS. The results 
of this experiment not only showed that low vitamin 
C subjects had lower physical capabilities and 
higher oxidative stress, but they also showed that 
supplementation corrected these problems  more so 
in the low vitamin C patients ( aschalis et al., 2014). 

 ecause oxidative damage has been shown 
to potentially have a role in creating mutations, 
activating proto-oncogenes, and inactivating tumor 
suppressors, its role in cancer is also a worthy subject 
of research ( vans, i daroglu,  Cooke, 2004). Some 
trials have confirmed antioxidant supplementation to 
be helpful (Gri ths et al., 201 ). or instance, in one 
study investigating the e ect of flavonoids  plant 
pigments that act as antioxidants  on tumor growth, 
it was found that they reduced risk of various cancers, 
including oral, gastric, pancreatic, prostate, ovarian, 
breast, and lung cancers (Gri ths et al., 201 ). 

espite trials like this one, however, the ational 
Cancer Institute concluded that neither antioxidants 
nor other micronutrients aid in preventing cancer 
( ational Cancer Institute, 2014).             

Clearly, there are numerous disagreements 
when it comes to antioxidants. owever, most people 
will agree that there is still work to be done. The 

ational Cancer Institute does admit a possibility 
that antioxidants work to cure cancer, stating 
that antioxidants could be useful in the context of 
other nutrients absorbed through food, and that a 
thorough trial investigating this possibility should 
be conducted ( ational Cancer Institute, 2014). On 
the other hand, some trials have found antioxidants 
to have negative e ects ( ational Cancer Institute, 
2014). On the whole, antioxidant supplementation 
presently needs to be used with caution ( ational 
Cancer Institute, 2014). 

Conclusion             
It is clear that people and the food they eat share 

connections that cannot be seen in everyday life. 
ood has played a deep and central role in human 

development since the time of the earliest hominins, 
and continues to a ect us now. icronutrients are 
immensely relevant in the world of public health, 
and our knowledge of their functions grows by the 
day. As the human race progresses, it is increasingly 
important that we utili e our knowledge of food in 
order to create the greatest health outcomes.  

“Because oxidative 
damage has been 
shown to potentially 
have a role in 
creating mutations, 
activating proto-
oncogenes, and 
inactivating tumor 
suppressors, its role 
in cancer is also a 
worthy subject of 
research”
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Figure 1:  A visual 
representation of quantum 

mechanical principles

BY KRISHAN CANZIUS ’18

Quantum Mechanics: 
The Little Things

PHYSICS

antum mechanics is a branch of 
physics that deals with interactions on a 
very small scale, so many quantum e ects 
do not directly manifest in the macro-world. 

owever, this does not mean that quantum 
mechanics does not a ect the human-scale 
world. In fact, quantum mechanics plays an 
essential role in biology and even in the very 
survival of life on arth. Specifically, quantum 
mechanical e ects are vital to the production 
of energy in the sun, to photosynthesis, and 
to the seasonal migration patterns of certain 
species of birds.              antum mechanics 
fundamentally di ers from classical physics in 
several ways. One key di erence is that quantum 
mechanics is discrete while classical mechanics 
is continuous. antum mechanics requires 
that certain physical parameters be quanti ed. 
or example, experiments have determined 

that every fundamental particle always has a 
certain amount of angular momentum called 
the particle’s spin. lectrons are spin  particles, 
which means that the magnitude of the angular 
momentum possessed by an electron due to 
its spin will always be  where    is the reduced 

lanck’s constant. urthermore, quantum 
mechanics predicts that is the fundamental unit 
of spin. In other words, any object’s angular 
momentum will always be an integer multiple 
of . Another example of a quanti ed parameter 
is the energy of an electron in an atom. Such 
electrons are confined to discrete energy levels 
within the atom ( isberg  esnick, 1 5). 

Quantum effects in solar fusion
early all life on arth depends on the Sun, 

whether by harnessing its energy directly or by 
consuming organisms that do. The Sun produces 
energy through nuclear fusion. This process 
consists of a series of reactions that results in 
the fusion of two hydrogen nuclei to create a 
helium nucleus. These reactions produce energy 
because a single helium nucleus has a lower 
potential energy than two separate hydrogen 
nuclei: the excess energy is liberated in the 
form of photons and other subatomic particles. 
Therefore, speaking informally, two hydrogen 
nuclei want  to fuse since doing so would 
minimi e their combined potential energy. 

owever, the nuclei need to be physically very 
close to one another in order for fusion to occur. 
This presents a problem because both nuclei have 
a positive electric charge, so they experience a 
mutual repulsion due to the Coulomb force. The 
Coulomb force doesn’t entirely prohibit fusion 
because there is another attractive force, the 
strong nuclear force, at play, and as its name 
suggests the attractive e ects of the strong force 
can overcome the Coulomb repulsion. owever, 
the strong nuclear force only has an appreciable 
e ect at very short distances (on the order of 5   
10-  15m). So, according to classical physics, the 
nuclei need be moving fast enough towards one 
another to not be turned away by the Coulomb 
repulsion before they get close enough for the 
strong force to take e ect ( isberg  esnick, 
1 5). igure 2 shows an analogous situation.             

“Experiments have 
determined that 

every fundamental 
particle always has 
a certain amount of 
angular momentum 
called the particle’s 

spin.”
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Figure 2:  An analogous 
situation to fusion. If the ball is 
not moving quickly enough it 
will be trapped in the smaller 
valley. 

“Experiments 
confirmed that certain 
biological processes 
continued to function 
even at temperature 
too low for classical 
chemical reactions to 
take place.”

In systems of many free particles, such as the 
Sun, kinetic energy is related to temperature 
by the equation 32kTwhere k is olt mann’s 
constant and  is the average kinetic energy of 
a particle. If fusion in the sun were to happen 
with any regularity then the kinetic energy of 
the particles must be comparable to the repulsive 
Coulomb potential at a distance of about 5   10-  
15. The Coulomb potential as a function of d, 
the distance between the particles, is given by 
U e24p  e  0d, where e is the charge of a proton 
and e  0 is the permittivity of free space.  y 
setting two equations equal to one another, one 
finds that T   2.2   10 , which is about 100 times 
hotter than the true temperature of the center of 
the Sun. So according to classical physics, fusion 
in the Sun should not happen (Taylor, 2005). 

uckily for life on arth, the universe does not 
obey the rules of classical physics.

antum mechanics allows for a 
phenomenon known as quantum tunneling. 
Simply put, this means that a particle can travel 
through a potential barrier that it does not have 
the energy to overcome. As a result, there is a 
non- ero probability that the ball in igure 3 
will suddenly appear on the other side of the 
hill without having to go over the top. This may 
seem very counterintuitive given that this is not 
something that people experience directly, but 
that is because the probability of anything more 
massive than a molecule undergoing tunneling 
is vanishingly small ( isberg  esnick, 1 5). 

owever, quantum tunneling does have a 
profound indirect e ect on the macro-world 
since this process is what allows particles in 
the sun to overcome the Coulomb barrier and 
undergo fusion.

Quantum effects in photosynthesis
The Sun is able to produce its life-giving 

energy due to quantum e ects, but all of that 
energy would be useless if life did not have a way 
to capture it. hotosynthesis, the process through 
which plants convert sunlight into storable forms 
of energy, also relies on quantum mechanics to 
function. hotosynthesis is a complex, multi-
step process, but the main idea is that plants use 
energy from the Sun to drive a series of reactions, 
which produce eventually glucose ( hitmarsh 

 Govindjee, 201 ).             lants have pigment 
molecules that serve as antennae  to capture 
the Sun’s energy. hen a photon of sunlight 
hits one of these antenna molecules, it bumps an 
electron into an excited state so that the electron 
occupies a higher energy level than it originally 
did. ithout quantum mechanics, the notion of 
an excited state would not even make sense, so 
even this first, basic step of photosynthesis relies 
on quantum e ects. In fact, the separation of 
energy levels is what allows living beings to store 
energy. A er about 10-13 seconds, the excited 

electron will fall back to its original state, but 
about ninety percent of the time, this excitation 
will be passed to other nearby molecules and 
will continue to travel until the energy can be 
used to fuel a reaction ( hitmarsh  Govindjee, 
201 ). This transfer process relies on quantum 
e ects to function.

Scientists originally thought that quantum 
e ects would not manifest in biological 
environments. This is because most of these 
e ects (with the exception of tunneling) vanish 
rapidly with increasing temperature and 
normally only manifest in controlled laboratory 
environments, so scientists did not believe that 
these e ects could occur to a significant extent in 
warm, wet, and noisy  biological environments 

( leming, Scholes,  Cheng, 2011). owever, 
they were forced to reconsider a er experiments 
confirmed that certain biological processes 
continued to function even at temperature too 
low for classical chemical reactions to take place 
( e ault, 1 4). There is no classical analogue 
to the coupling of energy levels in the antenna 
molecules that allows electron excitations to 
travel ( ngel, Calhoun, ead, Ahn, ancal, 
Cheng , leming, 200 ) . urthermore, the 
electron transfer process obeys quantum, rather 
than classical, probability laws. According to 
classical physics, the excitation should not be 
able to travel as e ciently as it does in reality 
(Collini, ong, ilk, Curmi, rumer,  Scholes, 
2010).   

Quantum effects in avian 
magnetoreception             

lants are not the only forms of life to make 
use of quantum e ects. Some species of birds have 
an innate ability to sense magnetic fields, a sense 
that also works due to fundamentally quantum 
phenomena. This ability is strong enough to 
sense the arth’s magnetic field (about 100 
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suggests the involvement of energy levels as 
in photosynthesis. A quantum mechanical 
explanation for magnetoreception can explain 
the above two phenomena and seems to be in 
good agreement with all other experimental data. 
This explanation involves a type of chemical 
reaction called a radical pair reaction. In general, 
a radical is a type of molecule that has an odd 
number of electrons, and a radical pair is a pair of 
radicals that were created together in a chemical 
reaction. The quantum mechanical significance 
of radicals is that their electrons have non- ero 
net spin ( ore  ouritsen, 201 ).

In an atom or molecule, electrons normally 
pair up  so that their net spin is ero, but since 

radicals have an odd number of electrons, there 
will be an electron le  on its own  so each 
radical in the pair has a spin of  due to the extra 
electron. urthermore, the discrete nature of 
quantum mechanics imposes severe restrictions 
on the possible orientation of the spins relative 
to one another: that the total spin number of pair, 
S, must either be ero or one. oughly speaking, 
these cases correspond to the two spins being 
parallel (S 1) or antiparallel (S 0). A radical 
pair can transition from the S 0 state to the S 1 
state in the presence of an external magnetic 
field. These transitions are significant because 
the pairs will undergo di erent reactions with 
di erent end products depending on their value 
of S. Therefore, the ratio of the products of the 
aforementioned reactions contains information 
about the ratio of state with S 0 and S 1, 
which in turn gives information on the external 
magnetic field ( ore  ouritsen, 201 ). The 
overall process of avian magnetoreception is 
thought to proceed as follows: irst, a photon 
enters the bird’s eye and triggers a reaction 
that produces a radical pair. The probability of 
the pair having a specific value of S depends 
on the presence of an external magnetic field. 

ext, the radical pair will decay into a product 
that depends on its value of S. inally, the decay 
product is detected by a biological mechanism, 
which gives the bird information about the field 
( ore  ouritsen, 201 ).   

Conclusion
At first glance, quantum mechanics does 

not seem necessary to describe large-scale 
phenomena, but its e ects have a profound 
impact on the macro-world. The use of quantum 
e ects in magnetoreception and photosynthesis 
has been improved through millions of years of 
natural selection. Thus, humanity could learn a 
lot about how to employ quantum mechanics for 
its own purposes by studying these biological 
systems. A better understanding of how these 
systems function could lead to better solar panels 
and energy storage devices as well as progress in 
the field of quantum computation.  

Figure 3:  A quantitative sketch 
of the potential energy of a 

system of two nuclei as a 
function of distance. The nuclei 

must overcome the Coulomb 
barrier to reach the true 

minimum value. 

Figure 4:   The Earth’s 
magnetic field lines. Near the 

equator they are parallel to the 
Earth’s surface, while they are 

perpendicular to it near the 
poles.

times weaker than a refrigerator magnet). One 
can attempt to explain magnetoreception using 
only classical phenomena. A previously popular 
hypothesis posited that there were magnetic 
bodies inside of the birds. These bodies would 
be connected to some sort of sensor that could 
detect the torque that the arth’s magnetic field 
would exert on the bodies ( leming, Scholes,  
Cheng, 2011). owever, this hypothesis cannot 
explain two experimentally observed features of 
the internal compasses ( hang, ais,  erman, 
n.d.).

irst, avian compasses are inclination 
compasses, which means that they can 
determine the angle between the arth’s 
magnetic field lines and hori ontal: This angle is 
0o at the poles and 0o at the arth’s equator. 

Traditional polarity compasses used by people 
for navigation cannot do this. On the other 
hand, inclination compasses do not distinguish 
between poles while polarity compasses do. If 
avian magnetoreception worked through the 
classical means proposed above, then the birds 
should be able to detect polarity ( hang, ais,  

erman, n.d.).             
The second piece of evidence that suggested 

that the classical explanation was lacking is 
that the magnetoreception is light-dependent. 

ehavioral experiments suggest that blindfolded 
birds are unable to detect magnetic fields. 
urthermore, the birds’internal compasses 

only seemed to work when they were exposed 
to certain wavelengths of light  for example, 

uropean robins and Australian silvereyes 
were unable to orient themselves in red light 
( hang, ais,  erman, n.d.). This implies that 
the mechanism behind avian magnetoreception 
is somehow powered by light, and the fact 
that the mechanism is wavelength dependent 

“At first glance, 
quantum mechanics 

does not seem 
necessary to 

describe large-scale 
phenomena, but 
its effects have a 

profound impact on 
the macro-world.”
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MEDICINE

BY REEM CHAMSEDDINE ‘17

Counterfeit medications endanger the 
health of thousands of patients around the 
world. ith the increasing ease of acquiring 
medications, counterfeit drugs are a worldwide 
public health concern. According to the 
International Criminal olicing Association 
(Interpol), up to 30 percent of drugs sold 
worldwide are counterfeit (Southwick, 2013). 
The industry is currently valued at 200 billion 
per year.

The counterfeit drug industry knows no 
borders: or instance, in ebruary of 2012, 
the ood and rug Administration ( A) 
warned 20 medical practices in the U.S. about 
the possibility of having obtained counterfeit 
Avastin, an angiogenesis inhibitor used in 
chemotherapy for several cancers including 
ovarian cancers and gliomas ( ackey, Cuomo, 

 iang 2015  eaver  halen, 2012). In ay 
of 2015, the orld ealth Organi ation ( O) 
circulated a medical alert about expired and fake 
meningitis vaccines being sold in est Africa at 
a time when the meningitis outbreak was just 
starting to slow. These recent headlines, only 
two of many, reveal the span of the counterfeit 
drug problem.

What is counterfeit medicine? 
The A defines counterfeit medicine as 

fake medicine  which could be contaminated 

or expired. They may also contain the wrong 
active ingredient, the right active ingredient 
at the wrong dose, or no active ingredient at 
all. At best, counterfeit drugs are ine ective at 
treating the patient. In the worst scenario, they 
can worsen the prognosis and induce health 
problems. Counterfeit medicine is usually 
manufactured with fraudulent intentions, 
but there is also substandard medicine which, 
despite being less e ective than authentic 
medicine, carries no fraudulent intent on the 
part of the manufacturer.  

Case Study: Anti-Malarial Drugs
In 2011, the orld Trade Organi ation 

estimated that fake anti-malarial drugs kill 
100,000 people in Africa per year ( annan, 
2011). In one study in urkina aso, researchers 
collected a representative sample of six 
commercially available drugs: chloroquine, 
pyrimethamine-sulphadoxine, quinine, 
amodiaquine, artesunate, and artemether-
lumefantrine. The samples were gathered 
from the public, private, and informal markets 
of urkina aso. Two physical tests (visual 
inspection and a disintegration test) as well as 
two chemical tests were conducted to assess 
the stability and composition of each sample. 
The first chemical tests included a qualitative 
color reaction, which screens tablets and 

Figure 1:  A graphic depicting 
numerous pharmaceuticals 
available on the market today.

Image courtesy of Flickr Creative Commons

The Dangers of Counterfeit 
Medicine

 “The World Trade 
Organization 
estimated that fake 
anti-malarial drugs 
kill 100,000 people in 
Africa per year.”
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Figure 2:   Statistics regarding 
counterfeit drugs around the 

world

capsules forcompatibility with the chemical 
class to which they are expected to belong.  
The second chemical test involved Thin ayer 
Chromatography and required a perfect match 
in the etardation factor ( ) value, which 
reflects chemical properties unique to a given 
compound , as well as an 0  similarity between 
the intensities of the spot ( asco, 2004). Overall, 
the study found that 42  of the samples were 
low-quality, 11  had lower concentrations of 
active ingredient than the standard, and 1.3  
contained no active ingredients. The majority of 
the substandard drugs ( 0 ) came from the illicit 
or informal market (Tipke, iallo, Coulibaly, 
St r inger, oppe-Tichy, Sie,  ller 200 ). 

Why the Problem Persists
There are many factors that allow the 

counterfeit drug problem to exist and continue 
to grow. irst, medicine is rarely manufactured 
in one laboratory by one set of scientists 
working for one company. ather, raw materials 
come from one place  they are processed into 
active ingredients in another location. Then, 
pill-fillers, such as calcium salts and sugars like 
lactose, and coating are added at yet another 
facility (Gavura, 2011). inally, medications 
are packaged and passed through distribution 
channels and networks before ending up in 
a local drugstore or at a local hospital. In 
addition to drugs being produced in multiple, 
separate locations, many of these locations are 
international. or instance, C estimates that 
0  of active ingredients in drugs sold in the 

United States come from abroad ( ingell, 2012).
Second, restricting the availability 

and access to counterfeit drugs is not easy. 
According to Aline lan on, Assistant irector 
of Interpol’s pharmaceutical crime program, 
many governments lack the resources to 
oversee and regulate the industry, even if they 
have laws in place against counterfeit drugs 
(Southwick, 2013). ot every government 
has a dedicated department that regulates the 

trade and circulation of pharmaceuticals. The 
problem is not limited to countries with few 
resources  the fake drug industry thrives in 
all sorts of environments  when government 
o cials are bribable, when brand-name drugs 
are prohibitively priced, and in times of crises 
and shortages. Specifically, epidemics and viral 
outbreaks force hospitals and medical providers 
to step outside their regular supply chain in 
order to stock up, thus increasing the risk of 
exploitation at the hands of pharma criminals 
(Ossola, 2015).

inally, and perhaps most importantly, the 
widespread availability of online pharmacies 
have made it easier to sell medications online. 

ow more than ever, there is increased risk of 
exposing the end-consumers, the patients, to 
counterfeit or substandard drugs. 

Detection Methods 
ake medicines are best detected by 

sending samples from medicine shipments 
arriving at border crossings and international 
mail centers to a laboratory for chemical 
testing (Ossola, 2015). In many countries, such 
a process is too slow and costly, especially when 
large amounts of medicines are needed at once. 
ortunately, in 2013, scientists working for the 

A designed a handheld counterfeit detection 
device, known as C -3, which emits light onto 
packaged medicines to determine whether they 
are genuine. 

The C -3 emits multiple single wavelength 
lights that cover the spectral region from the 
ultraviolet (U ) to the infrared (I ). The C -3 
contains two charged couple device (CC ) 
cameras that enable the user to view samples in 
real time and to capture images and videos of 
the samples being tested. Illuminating a sample 
at a user-selected wavelength then enables 
the visuali ation of product di erences when 
comparing a sample to a known authentic 
standard. At the level of packaging, the light 
emitted by the C -3 interacts with the inks and 

“Many governments 
lack the resources 

to oversee and 
regulate the 

industry, even if they 
have laws in place 
against counterfeit 

drugs.”
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“China, which has 
acquired a negative 
reputation in the 
drug-export trade, 
has made mass 
arrests, detaining 
as many as 2,000 
people in August 
of 2012, and even 
executed its top drug 
official in 2007 for 
accepting bribes.”

tablet colors to reveal di erences in shading, 
contrast, and/or fluorescence between the 
authentic and the counterfeit samples. At the 
level of the tablet itself, the light emitted reveals 
di erences in the coating texture and colors. 
As the number of visual di erences increases, 
there is stronger evidence suggesting that the 
tested sample is counterfeit or substandard 
( anieri, Tabernero, Green, erbois, errington, 
Sampson, itkowski, 2014).

The C -3 is considered to be reasonably-
priced at 1,000 per device and surprisingly 
e ective  according to the A (Ossola, 2015).
The A aims for the C -3 to become a global 
health tool that is used in remote parts of the 
world, not just locally. Although it is not clear 
where this technology is being used around 
the world, the A has been partnering with 
di erent organi ations such as the Centers for 

isease Control and revention (C C) and 
the United States Agency for International 

evelopment (USAI ) to roll out and test the 
device in di erent countries (Clarke, 2014). 

In 2014, researchers at the assachusetts 
Institute of Technology ( IT) developed 
handheld mass spectrometers, which rely on 
a chip-scale vacuum pump and engineered 
nanoscale spectrometry components to 
elucidate the chemical composition of samples 
being tested ( uiu, 2014). Though promising, 
this technology is still too expensive to be 
widely used. 

Overseas Countermeasures 
Several nations have recently taken steps 

to combat this global problem. or instance, 
igeria is using a scratch-o  label system, in 

which consumers use text messaging to verify 
the code on their medicine to confirm its 
authenticity (This system has also been used in 
India.)( o man, 2011) ot all companies use 
a scratch-o  code on their packaging, but this 
tactic, in addition to other actions taken by the 

igerian government, is thought to have cut the 
number of fake drugs in igeria from around 
half to a tenth in five years. 

China, which has acquired a negative 
reputation in the drug-export trade, has made 
mass arrests, detaining as many as 2,000 
people in August of 2012, and even executed 
its top drug o cial in 200  for accepting 
bribes ( lanchard, 2012). inally, the A has 
opened o ces overseas in India, South Africa, 
ordan, exico, and elgium, among others, in 

order to tackle the problem with a global lens. 
Since certain countries are more involved in 
the pharmaceutical trade, and thus have more 
at stake, independent state action can be an 
e ective way to approach the international fake 
drug problem.

International Cooperation
That said, international cooperation is 

needed in order to truly curb the problem. 
Interpol is one worldwide organi ation that aims 
to fulfill this need, but it’s been critici ed for only 
operating within a few, technologically-capable 
and wealthy countries. any have called for 
the O to do more. Since the O operates 
within a large and diverse group of countries, 
and is already the central clearinghouse for 
fake drug warnings and reports, it would make 
sense for the organi ation to attempt to tackle 
the problem. owever, the O has not taken 
a strong stance on the issue, likely in order to 
maintain positive relations with ig harma 
manufacturers, who are financial supporters of, 
and sometimes even partners with, the O. 
urthermore, the O has not been able to 

get member states to sign and adhere to the 
edicrime Convention, the first international 

protocol against counterfeiting of medical 
products and similar crimes involving threats to 
public health (Council of urope, 201 ).

Conclusion 

The medicine supply chain is increasingly 
decentrali ed, and many states do not have 
the resources or the willingness to combat 
the problem of counterfeit medicine. There 
is a long way to go until the counterfeit drug 
problem is e ectively resolved. ut in the 
meantime, scientific advances like the C -3 
continue to make detection more e cient and 
more accessible in many countries around the 
world.       

Figure 2:   A generic pill bottle 
with a number of pills in it
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is known as ob (Grinberg, 2011). 
In secret-key or symmetric cryptography, a 

method of traditional cryptology, both ob and 
Alice only use only one key. The same key is 
used to both encode and decode the information. 

ublic-key, or asymmetric, encryption makes 
key-management much easier. ith an 
asymmetric cipher, Alice could send encrypted 
messages to ob without providing him with 
a secret key. In fact, Alice could send him a 
secret message even if she had never before 
communicated with him in any way ( ogart  
Stein, 2003). In this method, a user chooses two 
interrelated keys. e lets anyone who wants 
to send him a message know how to encode it 
using one key. e makes this key public. The 
other key  the private key he keeps to himself.

The most common asymmetric encryption 
scheme, called SA, uses factoring, or 
identifying the prime numbers which, when 
multiplied together, produce a certain number. 
actoring is an extremely di cult task. obody 

has ever discovered a consistent, usable method 
for factoring large numbers. or big numbers, 
the process is horribly time-consuming, even 
with fast computers. owever, while it is easy 
to multiply primes together, there is no easy 
way to take the product and reduce it back to 
its original primes. In cryptography jargon, this 
is a trapdoor : a function that lets one go one-
way easily, but not the other (Grinberg, 2011). 
Such one-way functions are at the bottom of all 
asymmetric encryption.

“Cryptology can use 
limitless possibilities 

of keys. However, 
there are only two 

widely used methods 
of employing 
keys: public-

key cryptology 
and secret-key 

cryptology.”

very time you buy something online, you 
put your faith in math simple math that is 
easy to do in one direction but di cult to do 
in reverse. That is what protects your credit 
card information from would-be thieves. ut, 
the system can be hacked. Serious security and 
privacy concerns hinder potential applications 
such as Internet voting, universally available 
medical records, and ubiquitous e-commerce. 

ncryption plays a vital role in modern life, 
enabling sensitive information to be shared 
securely. 

Cryptography basics: The good, 
the bad, and the uncrackable

hat is cryptography  Cryptography 
is the process of encoding information or 
messages, while cryptoanalysis is the process 
of decoding this information. oth of these 
processes combined are called cryptology. Until 
the 1 0s, algorithms, mathematical processes 
or procedures, made up the foundation of 
cryptology ( atta, 200 ). These algorithms are 
used in conjunction with a key, a collection of 
bits (usually numbers). ithout the proper key, 
it is virtually impossible to decipher an encoded 
message, even if one knows which algorithm to 
use. Cryptology can use limitless possibilities 
of keys. owever, there are only two widely 
used methods of employing keys: public-key 
cryptology and secret-key cryptology. In both 
of these methods (and in all cryptology), the 
sender (point A) is referred to as Alice. oint  

COMPUTER SCIENCE

BY CARA VAN UDEN ‘19

Quantum Cryptography: The Final 
Stage of Security?

Figure 1: In asymmetric 
cryptography, A person can 
send encrypted messages 

to someone else without 
disclosing their personal 

secret key.
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In the real world, asymmetric encryption 
is practically never used to encrypt actual 
messages. It simply requires too much 
computation. ven on computers, asymmetric 
encryption is about a thousand times slower 
than conventional cryptography. As a result, 
asymmetric cryptography is more o en used 
as a solution to the key-management problem, 
rather than as direct cryptography. eople 
employ asymmetric to distribute regular, private 
keys, which are then used to encrypt and decrypt 
actual messages ( atta, 200 ). In other words, 
Alice and ob send each other their public 
keys. Alice generates a symmetric key that she 
will only use for a short time (usually called a 
session key), encrypts it with ob’s public key, 
and sends it to ob, who decrypts it with his 
private key. ow that Alice and ob both have 
the session key, they can exchange messages 
securely using symmetric cryptography.  

The keys used in modern cryptography are 
so large, in fact, that a billion computers working 
in conjunction with each processing a billion 
calculations per second would still take a trillion 
years to definitively crack a key  ( ogart  Stein, 
2003). Current computers will be replaced in 
the near future with quantum computers. Since 
they can operate on the quantum level, these 
computers are expected to be able to perform 
calculations and operate at speeds no computer 
in use now could possibly achieve. At some point 
in the future, SA and other encryption methods 
that rely on trapdoor  functions will no longer 
be secure. Or some clever mathematician could 
find an easy way to factor large numbers and 
do it tomorrow, in theory. antum physics 
has provided a way around this problem. y 
harnessing the unpredictable nature of matter at 
the quantum level, physicists have figured out 
a way to exchange information on secret keys. 

Quantum cryptography: Using 
photons to secure information

antum cryptography draws its strength 
from the weirdness of reality at small scales. The 
particles making up our universe are inherently 
uncertain creatures, able to simultaneously exist 
in more than one place or more than one state 
of being. They choose how to behave only when 
they bump into something else or when we 
measure their properties. 

antum cryptography promises 
unbreakable  security by hiding information 

in particles of light, or photons, emitted from 
lasers. In this form of cryptography, quantum 
mechanics are used to randomly generate a key 
(Aditya  Shankar ao, 2004). Alice sends the 
key via polari ed photons, which are sent in 
di erent directions. ob uses photon detectors 
to measure which direction the photons are 
polari ed, and the detectors translate the 

photons into bits, which, assuming ob has 
used the correct photon detectors in the correct 
order, will give him the key. 

antum communication systems o er the 
promise of virtually unbreakable encryption. 
Unlike classical encryption, which is used to 
send secure data over networks today and 
whose security depends on the di culty 
of solving mathematical problems like the 
factoring of large numbers, most quantum 
encryption schemes keep the encryption key 
separate from the data. This approach ensures 
that an eavesdropper with access only to the 
data could not decipher the key.

Another strength of quantum cryptography 
is that if an eavesdropper (referred to as ve  
in cryptology) tries to intercept Alice and 

ob’s message, the key itself changes, due to 
the eisenberg uncertainty principle (Aditya 

 Shankar ao, 2004). This principle says, 
essentially, that it’s impossible to know both 
an object’s position and velocity at the same 
time. ve’s presence will be detected, since by 
measuring the photons, ve inevitably altered 
some of them.

The most popular cryptographic application 
yet for this strange behavior is quantum key 
distribution, aka . A quantum key encodes 
and sends the information needed to decrypt 
a message in the fu y properties of particles, 
typically light particles (Stebila et al, 200 ). 

avesdroppers trying to steal the key must make 
measurements of those particles to do so. Those 
measurements change the particles’ behavior, 
introducing errors that can be detected and 
alert users that a key has been compromised 
and should not be used to encode information.

Hacking the unhackable: Problems 
in the real world

owever, researchers have recently 
demonstrated that even quantum encryption 
may be susceptible to hacking, because the 
security of these systems depends on three 
assumptions that are not met in the real 
world: the initial secrecy of the password, the 
correctness and completeness of quantum 
theory, and the reliability of the devices in the 
quantum communication system (The Optical 
Society, 2013).

esearchers have found three avenues 
for hacking quantum systems so far: 
authentication, energy-time entanglement, 
and vulnerabilities with the photon detectors 
used. owever, these researchers also 
propose new methods to increase quantum 
security when they discover these holes. In 
authentication, there is a theoretical possibility 
that an unauthori ed person can extract the key 
without being discovered, by simultaneously 
manipulating both the quantum-mechanical 

“By harnessing 
the unpredictable 
nature of matter 
at the quantum 
level, physicists 
have figured out a 
way to exchange 
information on 
secret keys.”
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Figure 2: In secret-key or 
symmetric cryptography, 

both Bob and Alice only use 
only one key There are only 
two widely used methods of 
employing keys: public-key 

cryptology and secret-key 
cryptology.

and the regular communication needed in 
quantum cryptography ( arsson et al, 200 ). 
The concern involves authentication, intended 

to secure that the message arriving is the same 
as the one that was sent. e have proposed an 
alteration that makes quantum cryptography 
a secure technology,  says an- ke arsson, 
the lead author of one of the first studies that 
demonstrated that quantum cryptography is not 
100 percent secure. 

 In a later study, his group found that energy-
time entanglement the method that today 
forms the basis for many systems of quantum 
cryptography is also vulnerable to attack. This 
energy-time entanglement technology is based 
on testing the connection at the same time as 
the encryption key is created ( ogenfors et al, 
2015). Two photons are sent out at exactly the 
same time in di erent directions. At both ends 
of the connection is an interferometer where 
a small phase shi  is added. This provides the 
interference that is used to compare similarities 
in the data from the two stations. If the 
photon stream is being eavesdropped there 
will be noise, and this can be revealed using a 
theorem from quantum mechanics called ell’s 
inequality. The researchers found that if the 
photon source is replaced with a traditional 
light source, an eavesdropper can identify the 
key and consequently read the message without 
detection ( ogenfors et al, 2015).

 The components that are most frequently 
attacked by hackers are the photon detectors, 
due to their high sensitivity and complex design 
-- it is usually the most complex components 
that are the most vulnerable. or example, in 
2010 researchers discovered that the photon 
detectors used in  should click with a 
certain probability whenever a photon is 
detected, but in practice the devices can be 
blinded  by a strong light pulse and not click. 

In fact, an adversary may use strong light pulses 
to remotely control  the detector ( ydersen 
et al, 2010). As a response to these attacks on 
photon detectors, researchers developed a new 
quantum cryptography protocol known as 
measurement-device-independent quantum key 
distribution ( I- ).

In device-independent cryptography, the 
proof of security is based solely on directly 
observable correlations between sender and 
receiver, and it does not matter how these 
correlations have been established (Comandar 
et al, 201 ). ven if the detectors were blinded, 
for instance, as long as they produce the right 
correlations, a secret key can be extracted from 
them. In this method, instead of each having a 
detector, Alice and ob send their photons to 
a central node, referred to as Charlie. Charlie 
lets the photons pass through a beam splitter 
and measures them. The results can disclose the 
correlation between the bits, but not disclose 
their values, which remain secret. In this set-up, 
even if Charlie tries to cheat, the information 
will remain secure (Comandar et al, 201 ).

More problems: Quantum is short 
and slow

I-  has been experimentally 
demonstrated, but the rates at which 
information can be sent are too slow for real-
world application, mostly due to the di culty 
in creating indistinguishable particles from 
di erent lasers. To make it work, the laser 
pulses sent through Charlie’s beam splitter need 
to be (relatively) long, restricting rates to a few 
hundred bits per second or less. The method 
developed by the Cambridge researchers 
overcomes the problem by using a technique 
known as pulsed laser seeding, in which one 
laser beam injects photons into another. This 
makes the laser pulses more visible to Charlie 

“If the photon 
source is replaced 

with a traditional 
light source, an 

eavesdropper can 
identify the key and 
consequently read 

the message without 
detection.”
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Figure 5: LOREM

“More than 90 per 
cent of photons 
are lost over 
distances greater 
than 50 kilometers, 
severely limiting the 
range of quantum 
communication.”

by reducing the amount of time jitter’ in the 
pulses, so that much shorter pulses can be used. 
The result of using this technique in a I-  
setup would enable rates as high as 1 megabit 
per second, representing an improvement of 
two to six orders of magnitude over previous 
e orts (Comandar et al, 201 ). 

Another flaw in quantum cryptography 
is the length under which the system will 
work: It’s too short. The original quantum 
cryptography system, built in 1  by Charles 

ennett, Gilles rassard and ohn Smolin, sent 
a key over a distance of 3  centimeters. Since 
then, newer models have reached a distance 
of 150 kilometers (about 3 miles) (Grinberg, 
2011). The reason why the length of quantum 
cryptology capability is so short is because of 
interference. A photon’s spin can be changed 
when it bounces o  other particles, and so when 
it’s received, it may no longer be polari ed the 
way it was originally intended to be. This means 
that a 1 may come through as a 0 this is the 
probability factor at work in quantum physics. 
In fact, more than 0 per cent of photons are 
lost over distances greater than 50 kilometers, 
severely limiting the range of quantum 
communication (Gisin et al, 2002).

 One group of Austrian researchers may 
have solved this problem. This team used what 
Albert instein called spooky action at a 
distance.  This observation of quantum physics 
is based on the entanglement of photons. At 
the quantum level, photons can come to depend 
on one another a er undergoing some particle 
reactions, and their states become entangled 
( stecaplioglu, 200 ). In entangled pairs, each 
photon has the opposite spin of the other. If the 
spin of one is measured, the spin of the other 
can be deduced. hat is strange (or spooky ) 
about the entangled pairs is that they remain 
entangled, even when they are separated at a 
distance. ntanglement allows two particles to 
behave like a single entity, no matter how far 
apart they are. eddle with one particle, and 
its partner instantly reacts, even at the opposite 
end of the universe, revealing the presence of a 
hacker.

 The Austrian team put a photon from 
an entangled pair at each end of a fiber optic 
cable. hen one photon was measured in one 
polari ation, its entangled counterpart took the 
opposite polari ation, meaning the polari ation 
the other photon would take could be predicted. 
It transmitted its information to its entangled 
partner. This could solve the distance problem 
of quantum cryptography, since there is now a 
method to help predict the actions of entangled 
photons ( stecaplioglu, 200 ).

Taking another approach to the short 
problem,  researchers have designed the first 
all-photonic quantum repeaters, which ensure 

data can be carried reliably and securely 
across longer distances when using quantum 
cryptography (A uma et al, 2015). To extend the 
range, much research has focused on developing 
quantum repeaters  to give photons a boost  

and reduce loss. The new all-photonic quantum 
repeaters relay photons over long distances 
using photons only, without the demanding 
requirements of matter quantum memories or 
an interface between matter and light at all. 
The team’s proposed all-photonic repeaters 
boast higher quantum-communication rates, 
use optical elements whose proof-of-principle 
demonstrations have already been made, and 
function at room temperature. The proposed 
all photonic quantum repeaters make essential 
use of highly entangled quantum states (called 
cluster states ) and their useful property of 

fault-tolerance to losses (A uma et al, 2015).
ith the ever-increasing pace of 

technological advance, it is more critical now 
than ever before that our information is secure 
and safe from hackers. antum cryptography 
o ers a tantali ing alternative to conventional 
cryptography, in that its inherent uncertainty 
adds another layer of security for our data. In 
reality, even quantum-based security is a back and 
forth game: inventive attacks targeting di erent 
components of the system are constantly being 
developed, and countermeasures to foil attacks 
are constantly being developed in response. 
To create the cybersecurity of the future, 
researchers need to refine the promising field of 
quantum cryptology.  

Figure 3:  Encryption plays 
a vital role in modern life, 
enabling sensitive information 
to be shared securely
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COMPUTER SCIENCE

BY NAN HU ‘18

Computers have become ubiquitous in our 
everyday lives. rom doing homework to buying 
groceries, we encounter computers directly and 
indirectly while carrying out our daily activities.  
In the past several decades, computers have 
become increasingly small, evolving from giant 
room-si ed mainframes to tiny devices that can fit 
in our pockets. At the same time, computer design 
has changed from basic blocky finishes to include 
more extravagant features such as the ability 
to connect to external graphics cards, curved 
screens, and even modular parts (Acer, 201  
Ackerman, 201  idgeon, 201 ). owever, despite 
these aesthetic changes, the means by which 
we interact with computers largely remain the 
same: e give the computer input via keyboard, 
mouse, touchpad, or more recently, touchscreen, 
and we receive visual output through a monitor. 
or the majority of the population, this is where 

the computer ends. eyboard and mouse control 
is not hard to learn, and knowing how to use a 
computer really means knowing how to use the 
various applications that are installed on one. 
There is, however, another aspect of computers 
that is relatively less explored: hardware. Take 
a look at your desktop or laptop. ave you ever 
wondered what physical components are inside  

hat allows a computer to do the ama ing things 
it can do  This article will dive into the computer 
and take a tour of the common components 
all modern-day consumer computers have in 
common. In addition, it will explore their purpose 
and how they operate, starting with the hard drive, 
where all the files on a computer are stored. 

Storing your Stuff 
ook around your room. ou will see a 

variety of objects, each of which takes up physical 
space. Similarly, files stored on a computer take up 
space on the hard drive. The hard drive operates 
as the means of non-volatile, or persistent, storage 
in a computer. ith regard to computer memory, 
non-volatile means that information can still be 
retrieved even a er a hard drive, more commonly 
the entire computer, has been powered o  and 
on again. odern-day hard drive storage space is 
measured in gigabytes or terabytes, and the more 
storage a hard drive has, the more content it can 
save. Ignoring the prefixes, we see that the basic 
unit of information is a byte, which itself consists 
of eight bits. A bit is simply a 1 or a 0, and is the 
fundamental unit of information storage. So, 
following the prefix system for the International 
System of Units (SI), a gigabyte would be 10  
bytes and a terabyte would be 10 12 bytes 
( IST, 201 ). owever, there is a catch. ecause 
computers are binary-based, the progression of 
bytes increase by 2 10, or 1024, so a kilobyte is 
actually 1024 bytes, a megabyte 1024 kilobytes, a 
gigabyte 1024 megabytes, and so forth.  To look 
at how data is actually stored on a hard drive, 
we must first distinguish between the two most 
common forms of hard drives today: the disk drive 
( ) and the solid-state drive (SS ). 

A disk drive, as the name suggests, has 
magnetic disks, or platters, on which data is 
stored. ach disk is made from a non-magnetic 
material, such as glass or ceramic, and is coated 
by a thin layer of magnetic material. ach disk 
is paired with a magnetic head that can change 
the magneti ation of the material that is directly 
beneath it. y detecting and modifying the 
magneti ation, the head can read and write 
information ( acobi, 200 ). The  hard drive 

Figure 1: An inside view of an 
old CPU from the early 1990s 

(Source: Wikimedia Commons, 
Credit: Pauli Rautakorpi).

Behind the Panel

“To look at how 
data is actually 

stored on a hard 
drive, we must first 

distinguish between 
the two most 

common forms of 
hard drives today: 

the disk drive (HDD) 
and the solid-state 

drive (SSD).”
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Image courtesy of Wikimedia Commons.

Figure 3 (right): Different 
types of RAM modules: The 
second to the bottom is the 
type that is currently used in 
consumer PCs

Figure 2 (left): The inside of a 
traditional spinning hard drive: 
The platters and the read/write 
head are clearly visible

Image courtesy of Wikimedia Commons. Image courtesy of Wikimedia Commons.

has been in use in computers for several decades, 
and is considered the more traditional form 
of computer storage.  A solid-state drive is a 
relatively new form of non-volatile storage with 
no moving mechanical parts. Instead of spinning 
platters, a SS  uses integrated circuit assemblies, 
mostly commonly A  flash, to store data. 

A  flash is designed to store its charge state 
even when it is powered o , which is why it can 
be used for persistent storage. A  is made of 
floating gate transistors that store electrons, with 
the position of electrons determining the charge 
state, which in turn is interpreted as 0 s or 1 s. 
Individual transistors are organi ed into grids, and 
a typical SS  contains millions of them ( omingo, 
201 ). s and SS s operate on vastly di erent 
principals, so while they can both be used for 
computer storage, they have varying strengths 
and weaknesses. In practical terms, a disk drive 
can o er a lot more storage for the same price. 
On the other hand, a solid-state drive o ers faster 
file access times and is less susceptible to physical 
shock because it has no moving parts (Intel 201 ). 

aving explored persistent memory, the next step 
is to look at volatile memory, in the form of A . 

Running Applications 
A  stands for random-access memory. 

A  is a form of volatile memory, meaning data 
stored in A  modules will be lost when power 
is disconnected. Since A  is still a form of 
storage, its capacity is still measured in bytes. A 
unique feature of A  is the ability of data items 
to be read or written in the same amount of time 
regardless of the physical location of the data 
inside the memory. This property comes from the 
circuitry in A  modules and from their lack of 
moving parts. In contrast, the time needed to read 
or write data on a disk drive varies depending on 
the physical location, due to limitations such as 
spinning speeds and movement of the magnetic 

head.  The type of A  used in modern computers 
is A , which stands for dynamic A . A  
stores a bit of information using one transistor and 
one capacitor. The capacitor holds a high or low 
charge, which stands for a 1 or 0, respectively. The 
transistor allows for the charge in the capacitor to 
be read or changed by a control circuit in the A  
module. A  is volatile is because the charge on 
the capacitor leaks slowly and must be refreshed 
periodically. ithout power, a refresh cannot 
happen and data is lost (S A, 200 ). odern 
computer operating systems use A  to store the 
temporary information needed to run applications 
and computer programs. or example, when 
you use the Internet through a web browser, the 
content of each web page is loaded and stored 
in A . Similarly, the documents you create are 
first stored in A  and are written to the hard 
drive a er they are saved. Interestingly, operating 
systems can also use existing A  in conjunction 
with the computer hard drive to extend A  
capacity in the form of virtual memory. A portion 
of hard drive space is set aside as a paging file, 
which is simply a file that stores the least used 
information from A , and this combined with 
the physical A  forms the total of a computer’ s 
memory. If the operating system is running out of 

A , it can write data into the paging file, and this 
information can be read into A  at a later time 
( in, 2003). owever, use of this feature can slow 
down a computer system because hard drive read/
write speeds are generally slower than A  read/
write speeds. 

Making Visuals
 Our main form of interaction with a 

computer is through its screen, which is where the 
G U, or graphics processing unit, comes into play. 
G Us are present on a wide variety of computing 
devices, from mobile phones to gaming consoles, 
and they are designed to quickly manipulate 
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steps, each C U chip has three main components. 
The first is the control unit. As its name suggests, 
the purpose of the control unit is to direct the 
other components of the C U to carry out 
instructions. The control unit itself does not 
carry out any instructions  it just communicates 
with the rest of the processor ( atterson, 2012). 
Another component is the arithmetic logic unit, 
abbreviated as the A U. The A U takes care of 
arithmetic and logic operations such as adding and 
multiplying numbers, and manipulating individual 
bits of data. It can be thought of as a box that 
takes information, called operands, and outputs 
a result. ( C, 2014) The final main component 
of a processer is the memorymanagement unit. 
This component is responsible for translating 
memory addresses into their physical locations, 
thus aiding in information retrieval. ( oelker, 
2015) These three main components all have a 
role to play in the instruction cycle. A final note 
about the C U is that it is a synchronous circuit, 
meaning that its actions are synced with a clock 
signal. The clock signal is produced by a circuit 
that generates a consistent number of pulses per 
second, and the rate is measured in hert . ecause 
operations are synced, the frequency of the clock 
signals determines the number of instructions 
that can be carried out per second (Cheung 201 ). 
As a result, a higher C U clock speed means 
more instructions can be carried out in a given 
time period, and faster clock speeds are usually 
associated with greater performance. owever, 
clock speeds are not the only factor in enhancing 
C U performance. In recent years, manufacturers 
have begun producing C Us with multiple cores, 
placing several processers onto the same chip. 
Increased core count increases the workload a C U 
can take, thus leading to increased performance 
(Intel 200 ). 

Putting it all Together 
o computer component can operate on 

its own. The C U needs to get instructions from 
A . The A  needs to read information from 

the hard drive. The G U also needs to access A  
to read and store image bu ers. urthermore, 
all of these components need a source of power 
in order to operate. Thus, an essential computer 
component is the motherboard, which facilitates 
power distribution and allows for other 
components to communicate with each other. 

ach computer component is a complicated 
arrangement of circuits and sometimes even 
magnetic platters. owever, to build a functioning 
computer, all it takes to connect these components 
to the motherboard, connect a power source, and 
add a screen, keyboard, mouse. On the surface, a 
computer seems very simple. ut hidden beneath 
the panel is a world of its own.   

memory to create images in a frame bu er that is 
outputted to a display.  A frame bu er is a portion 
of A  that holds an image’ s information. In 
other words, the purpose of a G U is to create the 
images that are displayed on a screen ( rewell, 
201 ).  Apart from simply putting images on 
a screen, G Us are typically used for either 
gaming or scientific computing. In the former 
case, the G Us render the polygons, textures, 
shading, and necessary geometry for a game’ s 
characters, environments, and objects. ecause 
the calculations required to render polygons and 
textures are heavily dependent on vector and 
matrix operations, G Us are also uniquely suited 
to perform the calculations needed for scientific 
experiments such as protein folding and modeling 
molecules ( I IA, 201 ). G Us on modern 
day computers are either present on video cards 

 which are separate physical components - or 
integrated into the C U die. G Us found on video 
cards are commonly referred to as dedicated or 
discrete G Us, and those that are found with the 
C U are called integrated G Us. edicated G Us 
are referred to as such because they have memory 
dedicated to the G U’ s use, which is separate 
from the computer’ s A . Integrated G Us, on 
the other hand, must use the computer’ s A  as 
their frame bu er (Intel, 201 ).  

The Brain
The G U takes care of the necessary 

computations for displaying images. On the 
other hand, the C U, or central processing unit, 
handles the instructions needed for general tasks. 
It is commonly referred to as the brain  of a 
computer. odern C Us have all of their parts 
contained on a single, integrated circuit chip, 
which consists of several major components. 

efore the physical components are discussed, 
it is important to understand how the C U 
operates. Instructions for the C U are stored 
in A , and to execute these instructions, the 
C U follows the three-step instruction cycle of 
fetch, decode, and execute. In the fetch step, the 
C U retrieves an instruction from memory. The 
location of the instruction in memory is passed to 
the processor, and a er it has been retrieved, the 
location updates to that of the next instruction. In 
the decode step, the instruction is converted into 
signals that control the various parts of the C U. 

ssentially, the retrieved instruction is interpreted 
by the instruction decoder, which translates the 
instructions into signals that other parts of the 
processor can understand. In the final execute step, 
the instructions are carried out and the results are 
either kept in a C U register to be used by later 
instructions or are written to computer memory 
( acon, 2010  ing, 1 ). 

Similar to how the instruction cycle has three 

“Because operations 
are synced, the 

frequency of the 
clock signals 

determines 
the number of 

instructions that can 
be carried out per 

second.“
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Figure 1:  Fictional invisibility 
cloaks may eventually become 

a reality

BY ALI SIDDIQUI ‘17

The Limits and Possibilities of 
Invisibility Cloaks

PHYSICS

rom ing Arthur’s mantle to one of 
the eathly allows in the arry otter 
universe, invisibility cloaks have made regular 
appearances in fictional worlds. owever, 
in reality, such devices are still under 
development. In order to induce invisibility, a 
cloak cannot just isolate the object of interest. 
It must also make that isolation unapparent 
(Schnitty, adic, Guenneau,  egener, 2013). 

ith recent advances, scientists have come 
closer to making invisibility cloaks that satisfy 
both conditions. owever, there are many 
ways to be invisible: The most apparent for 
human beings is to hide one’ s presence in 
terms of visible light  but that does not mean 
one is undetectable. uch like how snakes use 
heat to detect their prey, it may be possible 
to hide one’ s thermal signature. The same 
applies to interactions with magnetic fields or 
sound waves. et, many of the means of being 
invisible that have been developed so far come 
with their limitations. Once the limitations are 
known, however, advancing technology may 
bring us ever closer to usable invisibility cloaks 
of all kinds. 

Light Invisibility
 There are a few central concepts behind 

being invisible in terms of electromagnetic 
radiation. eing visible has to do with the 
fact that when light hits an object, it o en 
scatters or is reflected, allowing detectors 
to sense this light output. One of the most 

common approaches to light invisibility is 
transformation optics. Transformation optics 
involves directing light in such a way to make 
an object invisible, such as directing it around 
the object. This is possible by solving axwell’ 
s equations, which allow for the control and 
propagation of light waves ( iang, uo, ei,  
Cui, 2013). In order to more precisely manipulate 
light, scientists create metamaterials, 
synthetic materials with new properties not 
found in nature. etamaterials derive their 
characteristics primarily from their physical 
structure instead of their chemical composit ion 
(Smith, 2010). articularly for transformation 
optics, scientists have designed metamaterials 
that have negative indices of refraction, such 
that they send light at an angle back towards 
the incident ray. Such metamaterials have 
been used to create invisibility cloaks. Up until 
recently, transformation optics has been the 
primary means to create invisibility cloaks for 
light. owever, this approach o en involves 
bulky and complex materials that make it 
hard to hide larger objects. To funnel light 
around the object of interest, the cloaks have 
to be bigger than the wavelength of light used 
(Cho, 2015). The metamaterials used o en have 
di erent indices of refraction, all of which 
must be less than the index of refraction of the 
environment. Therefore, many of these cloaks 
cannot be used in air and are o en embedded 
in an alternative environment in the form of 
a high index dielectric prism. The prism itself 
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adds an additional phase to the light reflected, 
making the cloaks prism detectable ( i, ong, 

rejen, ang,  hang, 2015). 
To   work   around   these   issues,   

researchers   at   UC   erkeley   created   a   
two-dimensional metamaterial  surface,  or 
metasurface , without  the  use  of  negative  

index  materials.  The metasurface works 
optimally at 30 nm, though it could work for 
most of the  rest of the  visible light spectrum. 
Its 0 nm thickness is much smaller than the 
target wavelengths ( i et al., 2015). ade 
of gold nanoantennae on a thin magnesium 
fluoride surface, the material acts like a carpet 
cloak. Carpet cloaks interact with incoming 
light to make it look like there is a reflection 
o  of a flat surface, similar to a mirror, while 
keeping the object hidden ( eltman, 2015). 
The antennae help  restore  the  wavefront  
and  phase  of  the  scattered  incoming  light,  
and  the  mirror-like appearance remains  no  
matter what  angle the cloak  is  viewed from. 
The  hidden object does not have  to  be  flat  
and  can  be  of  variable  shape.  owever, 
the  features  of  the  object  cannot  be  too 
sharp or larger than the wavelength used. 
Additionally, its carpet cloak nature makes 
it hard for the  cloak  to  adjust  to  di erent  
backgrounds.  Therefore,  the  object  being  
hidden  cannot  be moving  (Cho,  2015).  hile  
the  cloak  could  be  scaled  up  to  cover more  
than  the  3  micrometer wide and 1  m tall 
test object, it would be expensive to build, due 
to nanofabrication technology and  material  
( eltman,  2015).  Though  not  perfect,  the  
scientists  feel  even  this  imperfect  cloak 
could  have  useful  applications. One  could  
design  a  similar  metamaterial  for  radar  and  
givemilitary planes the appearance of a civilian 
one (Cho, 2015).

Figure 2:  Scientists hope to make 
cloaks to negate the destructive 

power of seismic waves and 
tsunamis

Thermal invisibility 
The idea of transformation optics does 

not have to be limited to waves. Other types 
of transfers, such as that of heat or electric 
conduction, may not exhibit properties 
like scattering or reflection like waves do, 
but the principles of invisibility can still 
be used. or example, heat flow occurs by 
di usion. Scientists at the arlsruhe Institute 
of Technology ( IT) in Germany have made 
a cloak for such heat conduction. The cloak 
consisted of a set of connected concentric 
copper rings with bits of silicon material 
known as S strategically placed in the 
metal. This metamaterial then distributes 
incoming heat in many directions at varying 
speeds which imitates the time-dependent 
heat flow around an object without heating the 
masked object at the center of the rings. Such 
an ability could help with heat management in 
electronics and machines (Schnitty et al., 2013, 
Scientists Create,  2013). hile being invisible 

to heating, thermal cloaks like the one 
developed by IT do not truly make objects 
thermally invisible. All objects with a surface 
temperature above absolute ero emit some 
form of infrared radiation. This is what allows 
some animals, like snakes, to detect their 
prey via a thermal signature. To be thermally 
invisible, this infrared radiation must also be 
hidden. esearchers at hejiang University 
created such a thermal cloak for far-infrared 
radiation using the metalloid germanium. 
itting a mouse within the cloak, they were 

able to hide the mouse’ s thermal signature 
while flowing background infrared radiation 
around it. The cloak works in open air and 
even as the background temperature changes 
from 45 C to 30 C. owever, the cloak is only 
unidirectional, meaning the mouse was only 

“Carpet cloaks 
interact with 

incoming light to 
make it look like 

there is a reflection 
off of a flat surface, 
similar to a mirror, 

while keeping the 
object hidden.”
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Figure 3:  Thermal invisibility 
involves hiding the infrared 
radiation all animals and 
objects emit 

“In order to induce 
invisibility, a cloak 
cannot just isolate the 
object of interest. It must 
also make that isolation 
unapparent.”

hidden if one viewed it opposite from the 
source of background infrared radiation (Shen 
et al., 2015).

Magnetic and electrostatic 
invisibility 

eople with pacemakers and cochlear 
implants o en have trouble getting magnetic 
resonance imaging ( I) done, as their 
devices would interfere with the imaging 
process. locking magnetic fields would be 
helpful for such individuals. esearchers at 
the Autonomous University of arcelona 
and at the Academy of Sciences of Slovakia 
collaborated to create a magnet cloak. 
Once again using axwell’ s equations, 
the scientists developed a cloak using 
superconductors and ferromagnets. Shaped as 
a layered cylinder, the inner superconducting 
layer distorts incoming magnetic fields 
to keep it away from the hidden object. 
The outer layer (composed of iron, nickel, 
and chrome) undoes this e ect to keep the 
magnetic properties of the object hidden 
while transferring the external magnetic 
field as if nothing was there. owever, the 
superconductor must be cooled using liquid 
nitrogen, which may pose problems for long-
term use, and was designed for uniform 
external magnetic fields ( agnetic Cloak,  
2012). elatedly, scientists have been working 
on cloaks for electrostatic fields and electric 
currents ( iang et al., 2013). emarkably, 
researchers at hejiang University have 
created a cloak that can both cloak electric 
current and heat flux. y solving equations 
for both simultaneously, they created a 
bilayer cloak, where an inner air cavity repels 
electric current and heat, while an outer layer 
of silicon attracts both and redirects them 
around an object of interest. Cloaks like this 
could have uses for sensitive microelectronic 
elements within electronic devices. This is 
also proof that di erent types of cloaks could 
be combined if carefully thought out ( yga, 
2014).

Nothing to Hear 
Acoustic cloaks may also be a possibility. 

uke University researchers made one of the 
first 3  acoustic cloaks from a perforated 
pyramid made out of plastic. Although 
slightly imperfect, it hides the cloak and an 
object within the pyramid using precisely 
si ed holes to guide sound waves. Although 
oddly shaped for many practical uses, this 
proof of concept could be extended to hide 
mines and submarines from sonar detection. 

or civilian use, such cloaks could be used in 
architecture. Additionally, if applied to other 

frequencies, it could be used to improve 
ultrasound imaging (Anthony, 2014a).

The “unfeelability” cloak 
The concepts of transformation optics 

can be applied to the more physical realm 
as well. Scientists at IT have developed 
an elastomechanical cloak that can hide an 
object from touch. ade of a pentamode 
metamaterial, the cloak is a solid that behaves 
as a fluid, warping the pressure from touch 
in such a way as to prevent interference with 
the hidden object while totally masking its 
presence. The cloak is made of a 3  honeycomb 
that is created when an infrared laser is 
directed into a light-sensitive liquid, thereby 
hardening the plastic into a lattice. The cloak 
was made of rods 40 m long and 10  m thick 
to surround a cylinder 50  m in diameter. 
This required great precision because the 
cloak had to be designed to the dimensions 
of the cylinder. Though the cloak can hide the 
cylinder from human touch and more sensitive 
scientific equipment, a force could push on the 
cloak until its lattice breaks, thereby exposing 
the previously hidden object. ut this is a step 
forward in making unfeelability  cloaks that 
could protect fragile objects and make carpets 
and camping mattresses immune to disruptive 
objects underneath them (Choi, 2014).

Beyond waves and metamaterials 
ot all cloaks have to arise from 

metamaterials. esearchers at the University 
of ochester created a cloak  using 
four lenses of specific focal lengths. This 
arrangement directs visible light around 3  
objects in such a way as to make the object 
disappear from view when an observer looks 
through the lenses. There are no distortions 
of the background image being viewed, so 
long as one looks through from up to 15 



DARTMOUTH UNDERGRADUATE JOURNAL OF SCIENCE32

visible light, with more wavelength coverage 
at around 300 megawatts. Though interesting, 
the most practical application for this would 
be to hide from aliens in case there are other 
beings looking out for habitable planets in the 
cosmos ( ippling, 201 ).Others are working 
on more realistic threats, like protection from 
seismic waves. rench researchers attempted 
to make such a cloak using three rows of 
shallow holes. This cloak was capable of 
stopping simulated vibrations by the second 
row. owever, this cloak reflected the seismic 
waves, thereby producing new waves with 
twice the initial strength in front of the 
boreholes. If practically used, while the cloak 
could save one building or area, it would 
lead to the destruction of the surrounding 
structures. Similarly, they created a small pad 
made of rods to reflect waves in water. hile 
these prototypes are far o  from protecting 
sensitive structures such as nuclear power 
plants, or entire cities, researchers hope to 
develop various seismic cloaks to counter 
the 2  surface waves, 3  subsurface waves, 
and tsunamis that result from earthquakes 
( c enna, 2015).

The future 
esides the individual limitations already 

described, another one is passivity, where 
metamaterials work without needing power 
from an external source. ost metamaterials 
and cloaking devices are limited in which 
bandwidths for which they can optimally 
suppress scattering. O en, these devices 
scatter less for a central wavelength but 
more at surrounding wavelengths. or larger 
objects, like humans, multiple wavelengths of 
light must be accounted for in order to render 
them invisible. Generally, larger objects 
are harder to render invisible from shorter 
wavelengths, but wavelengths of similar si e 
to the object at hand have fewer limitations. 

owever, once scientists look into active 
and nonlinear cloaking metamaterials, they 
may be able to work around these limitations 
( onticone  Al , 201 ). ven with these 
other materials, for electromagnetic cloaks, 
at least, pure invisibility would be impossible, 
given the properties of light, as dictated by 

instein’ s Theory of elativity. owever, 
with each new cloak ormetamaterial made, 
some problems are solved and others are 
made. owever, as is the natural course of 
science, trial by trial, we are moving closer 
to those movie-like invisibility cloaks. e it 
the military, medicine, or ordinary citi ens 
in earthquake-prone ones, invisibility 
cloaks have great potentials that are yet to 
be seen.  

Figure 4:  There are even some 
proposals to hide the earth 

from detection as it transits 
the sun 

Figure 5:  Negative-index 
metamaterials have been key 

to creating many invisibility 
cloaks for light so far

degrees o  center. In the design, two larger 
lenses focus light on a smaller inner lens 
to create a space where neither incident 
nor reflected light can reach the object or 
observer, respectively. The lenses can be si ed 
to mask objects of practically any si e. One 
application involves hiding a surgeon’ s hand 
from his own view so as to get a clear view of 
an incision (Anthony, 2014b). Along the same 
lines, scientists are working to make cloaks 
that are biocompatible, such as cloaks made of 
silk that could be inserted to surround organs 
during surgery or imaging (Smith, 2010).
One odd cloak that astronomers at Columbia 
University came up with would be to cloak 
the earth as it transits the sun. One of the 
most common methods to detect planets is to 
note the dimming of a star as a planet crosses 
in front of it. To mask this loss of brightness, 
one could emit the loss back. They estimate 
that a 30 megawatt laser could do so for 



FALL 2016 33

MEDICINE
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hile the typical vertebrate’s adaptive immune 
system has undergone about 200 million years of 
rigorous natural selection, illness-causing agents and 
vertebrate immune systems continue to constantly 
compete to adapt and evolve ( ilson, 2011). The 
general schematic in high school biology textbooks 
presents the immune system as a close-to-perfect 
battle machine that recogni es antigens and kills 
all cells with those antigens on them. Antigens are 
defined as any substance that can induce an immune 
response (Green, 201 ). As for the way that those 
antigens are recogni ed  rofessional antigen-
presenting cells (A Cs), such as macrophages and 

 cells, are responsible for digesting invaders and 
presenting those antigens on themselves. This 
presentation essentially programs the organism’s T 
cells into recogni ing that specific kind of invader. 
This digestion process (phagocytosis) can be simply 
thought of as an A C swallowing a foreign object, 
and then chewing it up (Turk, 201 ). resenting 
components of those invaders on their surfaces or 
membranes will lead to interactions with receptors 
on other cells’ membranes, allowing neighboring 
cells to also identify the invaders (Turk, 201 ).

owever, despite the complex and thorough 
system that vertebrates have developed to eliminate 
foreigners, there are cases where the immune system 
is unable to recogni e a substance or cell as foreign. 
Conversely, that raises the question: Are there 
invaders that are capable of intentionally hiding their 
markers or preventing the system from processing 
and recogni ing itsel  Scientists have dubbed this 

phenomenon of alien but unrecogni ed presences 
invisible antigens . ultiple ways have been 

determined as possible methods for invaders to evade 
the immune system, and many are still in the process 
of being understood. Three kinds of well-understood 
mechanisms have been solidly illuminated. 

Epstein-Barr Virus – Invisibility Cloak 
The first mechanism is used by the pstein- arr 

virus, known as  for short. This virus is generally 
known for causing mononucleosis (commonly 
called mono ), but it can also cause other illnesses 
or establish latency (inactivity) in  cells.  is one 
example of a virus that is capable of toning down  its 
own markers in order to avoid detection.

ormally, the  virus infects a cell and 
then uses the cell’s machinery to make its progeny 
( oisset, 2014). 

Once multiple cycles of viral replication have 
occurred, the cell bursts due to limited physical 
capacity, and the progeny travel to other cells to 
infect them and continue propagating. owever, the 
initial phase of  infections that occurs this way 
leads to inflammation. Inflammation and recruitment 
of immune system machinery is indicative of the 
body’s immune response kicking in to eliminate . 
A er the initial inflammatory reaction, rather than 
fighting back,  utili es a mechanism that allows 
it to become latent, e ectively evading our immune 
system.

As oisset’s team found, in the case of latent 

Enemies We Sometimes Do Not 
See: Invisible Antigens

Figure 1:  The viral life cycle: 
Normally, for any given virus, 
a virus infects a cell, slips its 
DNA into the host’s DNA, and 
then has its host cell makes 
its progeny. Once there are 
too many, the cell bursts, and 
the progeny go off to find new 
hosts.
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Figure 2:   See-Saw Balancing: 
when a natural killer cell 

interacts with a cell, it will 
use its surface proteins to test 

for MHC I levels (the pairs of 
blue lines). If there is not the 
normal level of MHC I, it will 

release chemicals to poke 
holes into and kill the cell it is 

attached to.

infections, there is a domain, or repeated sequence, 
of glycine and alanine amino acids coded in the  
virus’s A that actively suppresses the translation 
(polypeptide creation) of A1 (  nuclear 
antigen-1) m A. ue to the decreased expression 
of antigenic (immune response-inducing) peptides 
such as A1, the human immune system is unable 
to recogni e the presence of foreign or harmful 
substances. In the future, scientists are considering 
targeting these glycine-alanine repeat domains (GAr) 
as a possible way to remove or screen for latency.

HIV – Doubly Invisible
The human immunodeficiency virus, or 

I   the virus that results in AI S, or acquired 
immunodeficiency syndrome  utili es a second 
mechanism to avoid immune detection. To explain 
the mechanism in any detail, it is first necessary to 
start from an introduction of the virus itself, along 
with the first steps of an I  infection.

I  is a retrovirus. This classification means 
that, in order to propagate its own reproduction, I  
must first use an en yme called reverse transcriptase, 
which builds A using I ’s A as a template 
(Chabanet, 201 ). The newly-made A is then 
inserted into the genome of the cell it intends to 
infect. Another category that I  falls into is the 
genus lentivirus. ente  is atin for slow,  which 
refers to the characteristically long incubation periods 
for viruses within this genus. I ’s retrovirus and 
lentivirus classifications are compounded by the fact 
that I  needs to interact with a specific cell marker 
protein C 4, or cluster of di erentiation 4. Cells with 
C 4 on them are notated as C 4  cells. There is a 
glycoprotein complex (a group of proteins with sugars 
attached to them) on I ’s envelope, or membrane, 
which is I ’s key to accessing the inner parts of a 
cell. Called the nv-trimer-spike, the complex consists 
of  smaller parts: 3 gp120 and 3 gp41 subunits. ach 
subunit plays a part in interacting with a C 4 marker 
and facilitating fusion of I  to the target cell.

I  can be passed through blood transfusions or 
sexual contact with exchange of bodily fluids. All of 
these bring the virus in contact with mucosal surfaces 
or directly under the skin. At that point, it still needs 
to get past a thick epithelial cell layer, and the way 
it does so is not clear yet. owever, there has been 
speculation that I  uses a Trojan horse.  In this 
hypothesis, I  finds C 4  angerhans cells o en 
found on mucosal surfaces and directly infects their 
filopodia, which are flexible projections extending 
out from the cell membrane to explore the cell’s 
surroundings. I  can then use the angerhans cell 
to cross the epithelial layer and access other C 4  
cells that fit its purpose for replication. This is the first 
facet of I ’s ability to be invisible.

The second part to its invisibility occurs a er 
infecting T cells. About 5  of C 4  T cells are 
permissible, or accessible, to infection, and the 

I ’s genome is integrated into those T cells’ A. 
Although some of these permissible cells may induce 
an acute phase of programmed cell death (apoptosis) 
a er infection, others will tolerate the new A. The 
tolerance leads to an asymptomatic phase in which 

I  A count increases while the virus avoids 
detection. art of the reason this occurs is that I  has 
an incredible tendency towards random mutations 
(changes in A) during replication. ormally, the 
body needs time to recogni e an antigen, generate 
a cell sensitive to that antigen, and then create a 
stockpile of cells that can attack I -marked cells. 
Unfortunately, when there are 1 billion new variants 
of I  being made every day, the host will have 
trouble generating enough immune responses to 
keep up. To the host, this creates the illusion that 
there is nothing wrong internally, creating the second 
facet to I ’s invisibility.

Cancer – Escaping Notice
As opposed to viruses, the last mechanism is 

used by cells that have gone awry, such as tumor and 
cancer cells. Tumors essentially are the massive over-
reproduction of cells, o en because a checkpoint in 
the cell cycle has either been disrupted or ridden of 
altogether ( astan, 2004). In the ideal scenario, known 
as the Tumor Immune Surveillance ypothesis,  
the immune system is able to detect the tumor cells 
and kill them o . urthermore, evidence has been 
collected from nude mice and autopsy data that 
strongly supports this hypothesis that the body has 
the theoretical capacity to target tumors.

The biggest di culty with battling cancer is the 
problematic similarity between normal and tumor 
cells (Turk, 201 ). or one, tumor cells continue 
to express the self-markers  that uncorrupted 
cells also have, so if the immune system is too 
general with its attacks, healthy cells may die, too. 
Secondly, tumor cells actually try to evade the 
immune system by downregulating C I (major 
histocompatibility complex one), which allows it to 
be ignored by T cells completely. Interestingly, this 
is a tricky see-saw balance for tumor cells. They 
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Figure 3:  The HIV vaccine: 
scientists in the present and 
the past have tried a variety 
of approaches to finding an 
HIV vaccine, as summarized 
here. Although it is still in 
development, more and more 
research has gone into finding 
a prevention method for 
HIV/AIDS, rather than just a 
treatment.

“Together, passive 
evasion and active 
suppression of the 
immune system 
leads to tumor cells 
flying under the 
radar and not being 
detected or attacked 
by immune system 
cells.”

cannot completely eliminate C I o  of their 
surfaces, because that will cause natural killer ( ) 
cells to attack them instead.The tumor cells further 
complicate things by suppressing immune responses 
and creating the illusion that they do not even exist. 
The first component is the tumor cells’ expression 
of immunosuppressive molecules on their surfaces 
and sending out immunosuppressive chemicals 
to its surroundings. ecruiting a specific kind of 
T cell called regulatory T cells, or Treg, also serves 
to suppress non-regulatory T cells from hurting or 
trying to raise a response against the tumor cells 
(Turk, 201 ).

Together, passive evasion and active suppression 
of the immune system leads to tumor cells flying 
under the radar and not being detected or attacked by 
immune system cells.

Fighting back
espite these invasive mechanisms, there is still 

hope for our immune system: In response to foreign 
organisms and substances constantly combatting 
our immune systems, our bodies have developed 
recognition mechanisms, and scientists are also 
developing new methods to fight invisible antigens.

Cancer can be detected naturally. In terms of 
the human body’s evolutionary response to invisible 
antigens, the immune system’s responses to cancer 
are a prime example. Although normal and tumor 
cells have a huge overlap in protein expression, the 
immune system can detect the presence of tumors 
through a few sets of markers.

The first set of markers is those on the tumors 
which result from point, or single base pair, mutations 
in self-antigen genes, leading to the production of 
tumor-specific antigens, or TSA (Turk, 201 ). The 
second type of markers is those of viruses that caused 
the mutation and conversion of regular cells into 
tumor cells. Tumor cells infected by viruses share the 
antigens of those viruses. xamples of viruses that 
cause cancer include  (human papilloma virus), 
hepatitis  and C, and . The third category of 
markers is self-antigens, but with a twist. The first 
type in this category is called oncofetal antigens. 
Although expressed in fetal tissues, these markers 
should not normally be expressed in adult tissues 
and o en appear randomly on tumor cells due 
to disregulation. The second type is normal self-
antigens. owever, because of expression at a much 
higher density, T cells are now able to recogni e the 
tumor cells as abnormal.

Scientists are now developing drugs and 
therapies against invisible foes. urthermore, although 
the diagnosis of cancer used to be a death sentence 
in the 20th century, in recent years, scientists have 
developed drugs to reduce the invisibility of tumor 
cells. A few vaccines have been developed against 
cancer, although improvements remain to be made to 
what is available. ore significantly, there are now 
quite a few A-approved drugs, such as Ipilimumab 

and embroli umab for melanoma, which counteract 
the braking  e ects that regulatory T cells have on 
the immune system’s ability to eliminate the tumor 
( oelle, 201 ).

 There also has been the development of 
adoptive T cell therapy, in which some peripheral 
blood cells are taken out from a patient ( une, 200 ). 
Of these peripheral blood cells, T cells are activated 
and proliferated. The patient then receives therapy 
to deplete his or her lymphocyte population, like 
a cleansing, before the sample of normal T cells 
is returned to the patient’s body. It e ectively is a 
substitution of healthy T cells grown outside of the 
body for broken ones in the patient’s body.

Although some scientists are still working on 
a possible I  vaccine, others have been have had 
more success targeting I  by preventing it from 
reverse-transcribing A (Chabanet, 201 ).

 The goal of A T, or anti-retroviral therapy, 
is to stop I  from replicating its genome within the 
cells that it has infected. A T basically prevents I  
from e ectively using a C 4  cell as a cover for its 
increasing progeny, thereby stopping the I  titer 
count from growing higher. This lowers the risk of 
transmission to a second party and risk of AI S for 
the original patient.

 In recent years, the option of AA T has 
also appeared. AA T, which stands for highly 
active anti-retroviral therapy, is essentially a cocktail 
of A T drugs. This can be even more intense than 
normal A T regimens, but both A T and AA T set 
out to decrease viral burden count, maintain function 
of the immune system, and prevent opportunistic 
infections, infections that the immune system can 
normally fight o .

Scientists continue to search for new therapies 
each day to fight against invisible antigens, along 
with the natural ability of our bodies to recogni e 
small details that di erentiate invisible antigens 
from our self-antigens. The 21st century has already 
been dotted with explosions of cancer therapies and 
general immunotherapies. So for patients su ering 
from these diseases, there is still hope, as the medical 
field will surely continue to jump by leaps and bounds 
in the coming years.   
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Figure 1:  People expect their 
symptoms to be diagnosed and 

treated following a physician 
visit. However, many are 

unaware of the dangers of 
excessive medical care

BY BRENDA MIAO ‘19

A Healthcare “Epidemic”

MEDICINE

ost people expect a typical doctor’s appointment 
to result in a diagnosis and subsequent treatment, due 
to popular culture and societal beliefs that the most 
aggressive testing, diagnosis, and treatment will lead to 
the best health outcome (Gawande, 2015). hile many 
groundbreaking scientific discoveries have been made 
to increase longevity and people’s quality of health, 
dependence on this model of testing, diagnosis, treatment 
without taking one’s individual symptoms into account 
may lead to adverse e ects on people’s health. esearch 
consistently shows that many diseases, including cancer 
and hypertension, are overdiagnosed or overtreated 
( oynihan, oust,  enry, 2012). The purpose of 
diagnostic tests is to detect disease earlier in order to 
improve patient outcomes, characteri ed by increased 
lifespan, decreased symptoms, or increased quality of life. 

owever, recent evidence shows that diagnostic tests 
are o en ine ective and that overtreating patients with 
mild symptoms or nonprogressive disease provides few 
benefits. urthermore, aggressive testing and treatment 
can o en cause these patients to develop side e ects that 
may worsen their health ( oynihan, oust,  enry, 
2012). Increased research into individuali ed healthcare 
and understanding the benefits of watchful waiting,  
rather than relying entirely on diagnosis and treatment 
of mild symptoms, may reduce overdiagnosis and lead to 
overall increased quality of living.

Overdiagnosis and Overtreatment
The definition of overdiagnosis is still being 

debated, but the general consensus is that it occurs when 
people are diagnosed for a disease that otherwise would 

have not significantly impacted lifespan or quality of 
life (Carter, ogers, eath, egeling, oust,  arratt, 
2015). esearchers have coined the term pseudodisease  
to refer to these overdiagnosed diseases, as they present 
clinicopathological characteristics  but are unlikely to 

progress to a significant illness ( oynihan, oust,  
enry, 2012). 

One significant example of overdiagnosis is the 
diagnosis of breast cancer. Growing evidence suggests 
that cancer is not a strictly progressive disease, and 
tumors o en have variable rates of growth, or even 
shrink and disappear over time without treatment 
( ulliard  Chiolero, 2015). In a paper published in the 

ew ngland ournal of edicine, researchers looked 
at epidemiological data to estimate the overdiagnosis 
rate of breast cancer a er the introduction of screening 
mammography in the United States. hile the detection 
of breast cancer has risen from 112 to 234 cases per 
100,000 women from 1 -200 , the rate of advanced 
breast cancer has decreased by only  cases per 100,000 
women, suggesting that only  of the 234 cases of breast 
cancer detected were progressive. Using this information, 
the authors estimated that in 200 , nonprogressive breast 
cancer was overdiagnosed in over 0,000 women ( leyer 

 elch 2012). The harmful e ects of overdiagnosis 
are clear when patients understand the benefits and 
consequences of treatment. or patients with mild cases of 
a commonly overdiagnosed disease, (eg. nonprogressive 
breast cancer), the treatment (e.g. chemotherapy or 
mastectomy) can only confer adverse side e ects. The 
benefits of treatment are only seen once patients begin 
experiencing severe symptoms or face a significantly 
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for patients. inally, in 2014, physicians from South 
orea began publically expressing concerns about the 

overdiagnosis of thyroid cancer, and there has since been 
a decrease in the rate of thyroid cancer screening and 
surgery (Ahn, im,  elch, 2015).

Two other significant reasons for excessive 
healthcare usage include broadening definitions of 
disease and the false assumption that more medical care 
cannot hurt a patient. This is especially true for mental 
illnesses such as depression, a diagnosis with criteria that 
has only broadened since its adoption in the 1 0 S -
III, a set of guidelines used by the American sychiatric 
Association to classify mental disorders. vidence in 
a meta-analysis of 41 diagnostic studies of patients 
for depression showed that only 10  of patients were 
correctly diagnosed by the S  criteria, compared to 
10  of patients who failed to receive the correct diagnosis, 
and 15  of patients who were labeled as false-positives 
and overdiagnosed ( owrick  rances, 2013). This 
overdiagnosis is coupled with overtreatment: In 200 , 
antidepressants were prescribed at over 0  of primary 
care or other non-psychiatrist visits despite previous 
studies showing that antidepressants are ine ective 
for mild depression and may in fact increase suicidal 
thoughts ( owrick  rances, 2013). As researchers 
continue to explore the reasons for overdiagnosis 
and overtreatment, it becomes apparent that not all 
tests, procedures, and treatments are necessary. et, 
as physician Atul Gawande writes, It’s di cult to do 
nothing for a patient ,  as it is o en counterintuitive to 
accept the fact that too much healthcare can be harmful 
(Gawande, 2015).

Combating Overdiagnosis and 
Overtreatment

ecause overdiagnosis and overtreatment occur 
due to a variety of social and technological factors, 
combating the issue will require further investment 
into appropriate and individuali ed healthcare 
methods  increased communication between patient 
and physicians  and increased education for patients 
to choose the best treatment, or no treatment, given 
their symptoms ( oynihan, oust,  enry, 2012). 

owever, a major problem arises from the di culty 

Figure 2:  The risk of 
treatment, including surgical 
complications or side effects 
from medication, is the same 
for all patients. However, for 
people with mild symptoms 
and nonprogressive disease, 
this risk can outweigh the 
benefits, illustrating the harms 
of overtreatment.

“Overdiagnosis and 
overtreatment occur 
due to a combination 
of societal and 
technological factors, 
including government-
sponsored testing and 
increasingly sensitive 
diagnostic tests.”

decreased lifespan resulting from progressive disease.
ot only does overdiagnosis lead to unnecessary 

and potentially dangerous treatments, it can also present 
significant financial problems for patients. A study of 

edicare beneficiaries noted that 25-42  received at 
least one of 2  of the low-value procedures  (Schwart , 
andon, lshaug, Chernew,  c illiams, 2014). These 

procedures included ordering an electrocardiogram 
( G), a procedure used to diagnose sei ures for patients 
with headaches, and placing a stent in patients with 
uncomplicated cardiac disease, a procedure proven to be 
ine ective (Schwart  et al., 2014). This waste accounted for 
over seven hundred and fi y billion dollars in edicare 
spending (Gawande, 2015). The healthcare system must 
address the significant problems of overdiagnosis and 
overtreatment. owever, because overdiagnosis and 
overtreatment occur for several reasons, reducing the 
rate of excessive medical care will be a challenging task.

Excessive Healthcare Usage
esearch shows that overdiagnosis and 

overtreatment occur due to a combination of societal 
and technological factors, including government-
sponsored testing and increasingly sensitive diagnostic 
tests ( oynihan, oust,  enry, 2012). Government-
sponsored screening programs, although established 
with the best intentions of early detection, o en lead to 
rampant overdiagnosis and overtreatment. In addition to 
the government influence, companies that produce highly 
precise diagnostic devices further increased the risk of 
overtreatment and treatment complications because 
they detect a higher percentage of pseudodiseases. 
seudodiseases are those that may be interpreted as 

pathological, but are benign or asymptomatic and do 
not require unnecessary treatment ( oynihan, oust, 

 enry, 2012). oth government-sponsored screening 
programs and sensitive diagnostic tests led to the well-
documented thyroid cancer epidemic  in South orea. 

Autopsy studies have previously established 
that nearly a third of the adult population grow small 
papillary thyroid tumors, most of which remain 
asymptomatic and do not cause death. hen the South 

orean government began o ering low-cost thyroid 
cancer screening beginning in 1 , the rate of thyroid 
cancer diagnosis and treatment to increased by nearly 
15 times by 2011, yet the mortality rate remained stable. 
This strongly suggested that the screening had little 
impact on progressive thyroid cancer patients and was 
simply detecting a greater number of the more common, 
nonprogressive tumors (Ahn, im,  elch, 2014). In 2005, 
screenings detected tumors less than 1 cm in diameter 
in more than half the population of South orea. These 
mild cases were subsequently treated, but not without 
consequence. Of those that underwent tumor removal 
surgery, about 13  su ered severe complications, such as 
hypoparathyroidism or vocal-cord paralysis (Ahn, im, 

 elch, 2014). The screening program, combined with 
aggressive treatment procedures, had become an avenue 
for rampant overdiagnosis and unecessary complications 
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Figure 4 (right): Mental 
illnesses such as major 
depression are often 
overdiagnosed due to 
broadening diagnostic 
criteria. This disorder is 
also overtreated using 
antidepressants, which are 
ineffective for mild depression 
and can induce suicidal 
thinking

Figure 3 (left): The thyroid is a 
small endocrine organ located 
in the neck. Autopsy studies 
show that nearly a third of the 
adult population grows small 
papillary thyroid tumors, most 
of which remain asymptomatic 
throughout life.

Image courtesy of Wikimedia Commons. Image courtesy of Wikimedia Commons.

in di erentiating between e ective medication and 
unnecessary treatment due to a shortage of controlled, 
randomi ed trials for medication. hile these trials 
are considered the gold standard for assessing the 
e ectiveness of therapeutic agents  (Concato, Shah, 

 orwit , 2000), cost, insu cient volunteers, or 
ethical reasons make them di cult to perform. Thus, 
researchers may instead use observational studies. 

owever, poor study designs for these observational 
studies can overlook extraneous variables that can skew 
results, and the data collected only shows correlational 
rather than causal links ( enson  art , 2000). In a 
controlled trial, researchers can demonstrate causality by 
comparing results from two randomly selected groups, 
one of which receives the experimental treatment and 
the other does not. The people in each group are selected 
randomly from a population of people that share similar 
characteristics  for example, age, gender, height, weight, 
or socioeconomic status. This is to ensure that the results 
were caused by the experimental factor, and not other 
variables ( enson  art , 2000).

In the late 20th century, hormone replacement 
therapy ( T), an e ective treatment for severe 
menopausal symptoms, was prescribed to millions of 
women with no menopausal symptoms when several 
studies linked T to a lower risk of cardiovascular 
disease (C ). owever, the research was based on 
observational data rather than a randomi ed trial 
( elch, 2015). hen a controlled, randomi ed study 
was performed on the e ectiveness of T in reducing 
disease, results demonstrated that T did reduce 
the risk of colon cancer but it also increased the 
risk of stroke and  breast cancer  ( elch, 2015). The 
observational data failed to account for the fact that 
most of the women who took T were wealthier and 
had better access to healthcare. These factors accounted 
for the decrease in C , not the medication. A er the 
randomi ed trial was completed, millions of women 
who had been prescribed T to prevent disease rather 
than reduce menopausal symptoms stopped taking the 
medication ( elch, 2015). 

esides the need for randomi ed, controlled studies 

to determine the necessity and e ectiveness of certain 
medications and diagnostic procedures, other research 
is needed to determine the extent of overdiagnosis and 
increase awareness of this issue. The ational Cancer 
Institute has plans to fund such studies in the future, 
and new conferences are being held to address excessive 
healthcare usage. Some medical schools are adopting 
new curricula that caution students against overtreating 
patients. ducational resources for physicians and 
patients, as well as public policy reform on items such as 
diagnostic criteria and edicare spending are also being 
developed to help curb overdiagnosis and overtreatment 
( oynihan, oust,  enry, 2012).

Conclusion
ality of life has been dramatically improved 

by the development of e ective treatments for severe 
illnesses, but healthcare has become overutili ed 
in many cases today. atients with mild symptoms 
are unlikely to benefit from aggressive testing and 
treatment, and may su er adverse e ects from taking 
medications that outweigh their initial symptoms. 
This is especially true for cancers, as new research has 
shown that tumor growth will not progress in some 
cases and may even regress in others. owever, societal 
views of healthcare and government health screening 
programs, combined with increasingly sensitive tests 
that increase diagnosis rates, have led to overdiagnosis 
and overtreatment of many diseases. estraining 
this epidemic  of overdiagnosis and overtreatment 
will require more controlled, randomi ed studies to 
determine the true e ectiveness of certain medication 
and procedures, increased conversation between the 
patient and physician, as well as increased patient 
awareness of the severity of their symptoms and the 
idea of watchful waiting. ecommendations for medical 
schools to adopt curricula teaching students about the 
dangers of overdiagnosis may also be helpful towards 
minimi ing this problem. hile healthcare continues to 
improve the lives of many, understanding that medical 
care is not always necessary could further enhance a 
patient’s quality of life.  
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