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Preface

The Research Science Institute Student Reports 2005 demonstrate the work of 88 academically talented
high-school students who participated in the 2005 Research Science Institute (RSI) sponsored by the Center
for Excellence in Education in collaboration with the Massachusetts Institute of Technology in Cambridge,
Massachusetts.

This unique six-week summer program combines theoretical classroom instruction in mathematics and science
with one-on-one research experience with scientists from the Massachusetts Institute of Technology, Harvard
University, Boston University, Northeastern University, private corporations, and research organizations in
and around Boston, Massachusetts. It is the only U.S. program of its kind offered at no cost to participants.
The scientists and their respective organizations are acknowledged in the headings of the reports.

These reports are the culmination of students’ research in mathematics, physics, chemistry, biology, computer
science, and engineering. The faculty of the Institute, together with a team of outside experts, selected five
outstanding written reports for special recognition. A panel of visiting educators and scientists also chose
five projects to receive awards for outstanding oral presentation. The winning written reports are printed
first in their entirety, followed by the abstracts for the reports that won the oral-presentation awards, and
finally by the remaining student abstracts.

The 88 students represented 34 of the United States, Puerto Rico, and the U.S. Virgin Islands, and the nations
of Bulgaria, China, Egypt, Greece, India, Israel, Jordan, Kuwait, Lebanon, Morocco, Pakistan, Poland,
Qatar, Saudi Arabia, Singapore, Sweden, and Turkey. The students were all selected having completed
coursework comparable to the third year of high school. The U.S. students averaged 78 of 80 points on the
math section and 75 of 80 points on the verbal sections of the Preliminary Scholastic Aptitude Test (PSAT),
representing the 99th percentile of all high-school students taking the PSAT.

The inestimable value of the Institute to scientifically talented students is evident from the following praises
from participants of RSI 2005:

If anything, my participation in RSI 2005 has made me love math and science more.
I feel more involved and I feel that I have contributed to my science field.
RSI 2005 has motivated me to continue with studies and research. It has also opened my eyes
to studies abroad and through this program I have been able to establish a contact network with
Rickoids from the entire world.
This is the first time I’ve ever been challenged in math and it has been amazing because now I
see what I can do if I actually work hard. Also, meeting other young people who love science
has encouraged me to go into research because these are the type of people I want to eventually
work with.
I found it incredibly inspiring to meet people who actually like science and math. Suddenly, I
want to read as much research material as possible!
RSI has been a strong force of encouragement to follow our dreams and desires.

I am honored to have taken part in the Institute as student and as staff member and am pleased to present
to you the excellent work of my successors.

Christopher C. Mihelich, RSI 1997, Editor
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Genetic Polymorphisms in Meningioma Formation and

Progression

ZeNan Chang

under the direction of
Dr. Fabio Nunes

Massachusetts General Hospital

Abstract

Sporadic meningiomas are common tumors of the
arachnoid membrane that arise within the general
population. Approximately half of these tumors arise
through inactivation of the NF2 tumor suppressor as
determined by loss of heterozygosity (LOH) of 22q,
the chromosome arm where the NF2 locus is located.
Recently, SNP309, a single-nucleotide polymorphism
in the promoter region of MDM2, was found to accel-
erate tumor progression by increasing levels of MDM2
protein, a negative regulator of p53. This study inves-
tigated a cohort of 92 sporadic meningioma patients
and found that in those with both SNP309 and LOH
of the NF2 locus, 45.5% had high-grade tumors, com-
pared to only 13.6% of those who retained both 22q
alleles (p = 0.019). In those with LOH of 22q but not
SNP309, males had significantly higher tumor grade
(p = 0.022). However, among those with LOH of 22q
and SNP309, gender and tumor progression were in-
dependent, (p = 1.00). This suggests SNP309’s mask-
ing of the gender differentation in meningioma pro-
gression. This study established the prominence of
the p53 pathway in meningioma progression and pro-
poses a molecular model supported by the results.

1 Introduction

Meningiomas are tumors that arise from the arach-
noid membrane [7], the lining of cells covering the
central nervous system. They are mainly slow-
growing and make up about 20% of all primary in-
tracranial tumors, with an incidence of about 6 cases
per 100,000 of the population per year [10]. Approx-
imately 90% of meningiomas are benign tumors [9].
Nevertheless, more than 25% of them cannot be re-

moved due to their inaccessible location. These be-
nign tumors are left to enlarge [4]. In fixed spaces,
such as the skull, the tumor begins to press upon the
tissue of neurons around it. Excessive pressure in-
terferes with normal function and can disable a crit-
ical nerve. For example, if a tumor compresses the
optic nerve, vision could be lost. One way to better
counteract meningiomas is to diagnose patients early,
while the tumors are still inconsequential. Early iden-
tification would allow for more time to apply appro-
priate treatment to the meningiomas and attenuate
the tumors before they become debilitating. Deter-
mination of specific populations at risk for menin-
giomas allows for an approximation of an individual’s
susceptibility. Appropriate monitoring may then be
implemented.

Symptoms of ailments are usually apparent at the
molecular level much earlier than they can be felt
by the patient or diagnosed by doctors via contem-
porary imaging methods such as magnetic resonance
imaging (MRI). The molecular factors behind tumor
formation may be simple activation or inactivation
events or complex interplays. Activation of a proto-
oncogene or inactivation of a tumor suppressor gene
directly induces a cell to divide more often. However,
most molecular pathways involve feedback loops in
which a molecular pathway’s products affect the orig-
inal molecule itself. Often, many loops of intricate au-
toregulatory feedback interact so that a slightly dif-
ferent level of a gene’s expression may also cause a
significant change in a cell’s mitotic activity.

Meningiomas arise in three genetic backgrounds:
as sporadic tumors in genetically normal individuals,
as multiple meningiomas, and as part of the neurofi-
bromatosis 2 syndrome. This study focuses on spo-
radic meningiomas and all mention of meningiomas
from here on can be assumed to refer to sporadic
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meningiomas. Many genetic events have been found
to be associated with meningiomas in humans, such
as inactivation of the neurofibromatosis 2 (NF2 ) tu-
mor suppressor, the common deletion polymorphism
of GSTT1, and loss of DAL-1 Bexpression [14, 3, 8].
In particular, inactivation of NF2 has been strongly
correlated with meningioma initiation in about half
of all cases [8]. Susceptibility to inactivation of NF2
is determined by loss of heterozygosity (LOH) of
22q, the chromosome NF2 is located on. Discover-
ing such associations allows for development of addi-
tional meningioma diagnostic procedures and treat-
ments. As part of human-genome epidemiology, an
evolving field of inquiry that applies an epidemiologic
approach to studying the human genome, genetic cor-
relations can be used to design genetic tests that may
predict an otherwise healthy person’s risk of develop-
ing aggressive meningiomas. Preventive treatments
may then be instituted in response [5], thereby im-
proving the health care of those affected.

Differences in genes among the human popula-
tion take the form of polymorphisms, where no al-
lele is found at a frequency higher than 99%. Most
polymorphisms are silent and have no differential ef-
fect. Polymorphisms may be of significance if they
occur within genes that are expressed to create pro-
tein products. Other relevant polymorphisms oc-
cur within regions that promote or inhibit a cer-
tain gene’s expression, affecting the levels of the
gene’s protein product. Many alterations in gene ex-
pression arise from single-nucleotide polymorphisms
(SNP), which involve only one nitrogenous base pair.
SNP309 is located at the 309th nucleotide in the
first intron of the MDM2 promoter and has been
associated with quickened tumor formation. In the
general population, SNP309, a thiamine-to-guanine
single-nucleotide polymorphism, has a homozygous
frequency of 12% (g/g) and a heterozygous frequency
of 40% (t/g) [1]. Comparison to genotype frequencies
in meningioma patients can reveal possible associa-
tions between SNP309 and meningioma formation or
progression.

Transcription proteins increase the expression of
certain genes. Sp1 is a universal transcription pro-
tein that binds to certain DNA sequences. The ex-
istence of SNP309 creates an additional region for
Sp1 to bind and promote MDM2 transcription [1].
The subsequent protein product is a ubiquitin lig-
ase that binds directly to the active domain of p53,
a crucial tumor suppressor that responds to intra-
cellular stresses and prevents abnormal cell growth.

The binding of MDM2 immediately inactivates p53,
whose activity depends mostly on binding to DNA
to engage mechanisms that repair or kill off abnor-
mal cells. The resulting p53-MDM2 complex si-
lences the genes that p53 would normally activate
[12]. Then, the p53-MDM2 complex translocates to
the cytoplasm, where it is degraded and cut up by
the ubiquitin-proteosome system [2].

SNP309

greater Sp1 affinity

more MDM2 protein

more inhibition of p53

Figure 1: The Effect of SNP309: The occurrence of
SNP309 in the MDM2 promoter leads to inhibition
of the tumor suppressor p53.

Because SNP309 increases the transcription of the
proto-oncogene MDM2, the occurrence of SNP309
attenuates p53 tumor suppression and is associated
with accelerated tumor formation (Figure 1). Clin-
ically, this association has been confirmed for such
cancers as soft tissue sarcomas, breast cancer, and
osteosarcomas [1]. Merlin, the NF2 protein product,
affects cell-cell contact inhibition. It has been estab-
lished that the loss of this tumor suppressor initiates
meningioma formation. In a previous study, merlin
was found to also mitigate the inhibitory effects of
MDM2 on p53. Since inactivation of the NF2 gene
is seen in approximately half of all meningiomas [8],
changes in the activity of the p53 pathway due to
SNP309 can be analyzed in tumors with and with-
out NF2 loss, providing an important model for un-
derstanding merlin function in the p53 pathway in
human tumors. By using epidemiological methods to
find the frequency of SNP309 among meningioma pa-
tients, this paper explores the contribution of SNP309
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primer 901

WT

cgggagttcagggtaaaggt...14bp...ggctgcggggccgct

ApeK I

tcg...50bp...cgctgc...80bp...

ApeK I

primer 902

SNP309

cgggagttcagggtaaaggt

primer 901

ApeK I

SNP309 primer 902
cg...50bp...cgctgc...80bp...

ApeK I

ApeK I :  g ’ cwgc  (w = a or t)

cleavage site

g...14bp...ggctgcggggccgct

WT
35 bp + 68 bp + 106 bp = 209 bp

SNP309
35 bp + 11 bp + 57 bp + 106 bp = 209 bp

ApeK I

tccgaaactgcactaaaagg

tccgaaactgcactaaaagg

Figure 2: Theory Behind the Assay: Wild-type PCR products have two sites of ApeK I cleavage. The 209
bp sequence is cut into three strands (35 bp, 68 bp, and 106 bp). The occurrence of SNP309 creates an
additional cleavage site so that the PCR product is cut into four strands (35 bp, 11 bp, 57 bp, and 106 bp).

to the risk of meningioma initiation and progression
in a cohort of 92 sporadic meningioma patients. On
a broad scale, this study contributes to the wealth of
genetic information that will help improve the health
of those affected by meningiomas.

2 Materials and Methods

2.1 Study Population

Between August 2000 and December 2004, 142 spo-
radic meningioma patients had tumors resected at
the Massachusetts General Hospital (MGH). Match-
ing blood and tumor samples were donated for re-
search and stored in the MGH Neuropathology Tu-
mor Bank. From the 142 patients, 50 were further ex-
cluded from the study due to lack of adequate blood
or tumor DNA. A total of 92 patients were included
in this study.

Blood and tumor samples were collected during
the surgery. Blood DNA was extracted from the lym-
phoblast cells of the blood using a Puregene DNA
extraction kit (Gentra Systems, Minneapolis, MN).
This study was approved by the Institutional Review
Board of MGH, and informed consent was obtained
from all subjects.

The Research Patient Data Registry (RPDR), a
database of clinical information from MGH, was used
to obtain demographic and diagnostic data about
each patient. Such data includes the gender, ethnic-
ity, and age of patients, along with the tumor grade
and location. This data was used to help search
for any significant associations. In addition, previ-

ous study by Dr. Fabio Nunes used tumor samples
to determine the loss of heterozygosity (LOH) of 22q
among the study cohort. This too was used in ana-
lyzing the data.

2.2 SNP309 Genotyping

Polymerase chain reaction (PCR), a method of mak-
ing numerous copies of a desired segment of DNA,
was used to amplify the amount of the DNA sequence
of interest to facilitate analysis. In PCR, the primers
determine the segment of DNA to be replicated. The
primers P901 and P902 were designed and used to
amplify a 209 bp (base pair) product (Figure 2). The
PCR was carried out in a total volume of 10µL con-
taining 100ng DNA, 4 pmol of both forward and re-
verse primers, 0.2 mM of each dNTP (nucleotides of
each nitrogenous base), 2µL of 5× Q-solution (Qia-
gen, Valencia, CA), 1µL of 10× Buffer (provided by
the manufacturer), and 0.25 U of Taq polymerase.
The initial denaturation was carried out at 95◦C for
4 min. This was followed by 35 cycles of denatura-
tion at 95◦C for 30 sec, primer annealing at 57◦C
for 30 sec, and DNA extension at 72◦C for 1 min.
Each complete cycle theoretically results in twice the
amount of DNA.

After PCR, a restriction enzyme digest was used
to facilitate the detection of SNP309. In the normal
wild-type PCR product, the enzyme ApeK I had two
sites of cleavage. So, the 209 bp sequence was cut into
three strands (35 bp, 68 bp, and 106 bp). The occur-
rence of SNP309 created an additional cleavage site
so that four strands were created (35 bp, 11 bp, 57 bp,
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and 106 bp) (Figure 2). 10µL of PCR product was
digested with the restriction enzyme ApeK I accord-
ing to the manufacturer’s specifications (New Eng-
land BioLabs). The digest was then analyzed using
an 8% polyacrylamide gel for electrophoresis, where
strands of DNA travel through a gel matrix at rates
dependent on their sizes. An AmpliSize Molecular
Ruler (BioRad, Hercules, CA) set of DNA strands of
known lengths allowed the approximate determina-
tion of the length of DNA in the sample.

DNA sequencing was carried out to confirm
that this method of genotyping was indeed correct.
PCR product from a homozygous wild-type (t/t),
a heterozygous individual (t/g), and a homozygous
SNP309 (g/g) were purified using the Qiagen PCR
purification kit. 10µL of purified DNA was added
to 10µL of 4.0 × 10−12 M primer. A different solu-
tion was created with both the forward primer (P901)
and the reverse primer (P902) in order to increase the
confidence in the sequencing results. Since there were
two primers and three different genotypes, a total
of six solutions were sent to the automated sequenc-
ing Core at MGH, where DNA sequencing was car-
ried out by using Applied Biosystems Taq DyeDeoxy
Terminator cycle sequencing kits. This method uti-
lizes a fluorescently labeled dideoxynucleotide chain
method, where each base was fluorescently labeled
with a different color. After cycle sequencing and
clean-up, the DNA samples were put through cap-
illary electrophoresis on an ABI 3700 PRISM au-
tomated sequencer. Fluorescent signals were then
translated into corresponding base-pair sequences.

2.3 Statistical Analysis

Fisher’s exact test was used to test for significant as-
sociations between the SNP309 genotypes and clini-
cal and demographic characteristics of the study pa-
tients. The p level for significance was set at < 0.05,
and all tests were 2-tailed.

3 Results

3.1 Population Characteristics

This study included 92 meningioma patients. Of the
study subjects, 83 were Caucasian (90.2%), 2 were
of Asian descent (2.2%), and 2 were of African de-
scent (2.2%) (the ethnicities of the remaining 5 were
not recorded). There were 27 males and 65 females,
with ages ranging from 29 to 83. Interestingly, only

65 (70.7%) of the patients had benign tumors, while
23 (25.0%) had atypical tumors and 4 (4.3%) had
malignant tumors.

3.2 SNP309 Genotype Detection

In the genotyping of SNP309, occurrence of the 68
bp strand indicated the wild-type allele (t), while the
57 bp strand indicated the SNP309 allele (g). If both
strands were found in a sample, then the genotype
was heterozygous and had one wild-type allele and
one SNP309 allele. Figure 3 shows an example of a
gel of each genotype.

Figure 3: Gel of Digested PCR Product for Detecting
SNP309 Genotype: The first and last band in each
lane appear in all digested samples and serve as indi-
cators that the digestive enzyme indeed carried out
its function. Of the two middle bands, the higher one
is 68 bp and indicates the wild-type allele (t). The
lower one is 57 bp and indicates the SNP309 allele
(g). Presence of both bands means the DNA sample
has both the t allele and the g allele.

3.3 SNP309 in the Cohort

The homozygous frequency of SNP309 in the cohort
was 15.3% (14/92) and the heterozygous frequency
was 45.7% (42/92). This was not significantly differ-
ent from frequencies in the general population (12%
and 40%) (p < 0.50). The genotype frequencies did
not differ much when dividing the cohort by gender
or age either (data not shown). The ethnic distribu-
tion was predominantly Caucasian, so other ethnici-
ties had no statistical power.

3.4 Associations with SNP309

A summary of pertinent association is given (Table
1). Twenty-seven of the 42 individuals (64.3%) het-
erozygous for SNP309 (t/g) had LOH of 22q, while
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only 15 of 37 individuals (40.5%) with the wild-type
genotype (t/t) had LOH of 22q. When comparing
those with heterozygosity of SNP309 to those with-
out SNP309, occurrence of the SNP was significantly
associated with LOH of 22q (p = 0.043). However,
no results of significance were found when relating the
homozygous state of SNP309 (g/g) to LOH of 22q.

Although there was also no significant relation-
ship between the presence of SNP309 and tumor
grade in our cohort of meningioma patients (p =
0.486), a specific subgroup of tumors, those with LOH
of 22q, showed an interesting association between
SNP309 and tumor grade. Among the 33 cases of
those with both SNP309 and LOH of 22q, 15 (45.5%)
had high-grade tumors. Of the 22 individuals who
had SNP309 but retained both NF2 alleles, only 3
(13.6%) had high-grade tumors. In the subgroup of
individuals with SNP309, LOH of 22q was signifi-
cantly associated with greater tumor progression (p
= 0.019). In patients without SNP309, there was no
significant correlation (p = 0.438).

Significant associations were also made in regard
to gender. All 3 men who had LOH of 22q but not
SNP309 had high-grade tumors (2 atypical, 1 ma-
lignant). Meanwhile, 10 of the 12 women had be-
nign tumors. In this subgroup, higher tumor grade
was significantly associated with men (p = 0.022). In
the subgroup of tumors with both LOH of 22q and
SNP309, 8 of 18 women (44.4%) and 7 of 15 men
(46.6%) had high grade tumors. Gender and tumor
grade were independent (p = 1.00).

SNP309 MDM2 p53

Merlin

Figure 4: The Interaction Between Merlin and
SNP309: MDM2 acts as a proto-oncogene, suppress-
ing p53 tumor suppression. Merlin, the NF2 product,
inhibits MDM2, preventing it from attenuating tu-
mor suppression. When the NF2 gene is inactivated,
MDM2 becomes more active leading to meningioma
formation. In individuals with SNP309, this effect is
compounded, leading to more aggressive tumors.

4 Discussion

4.1 The Study Population

The cohort group consisted of individuals who re-
quired removal of meningiomas. Though menin-
giomas are mostly asymptomatic, the cohort con-
sisted of individuals who came to the hospital because
they felt symptoms. Therefore, the study population
consists of those with tumors more aggressive than
in the general population of those with meningiomas.
This explains the higher frequency of high-grade tu-
mors found in the study population (29.3% versus
10% in general).

When looking at the frequencies of SNP309 geno-
types in the study cohort, there was no difference
from the frequencies in the regular population. In
the study, SNP309 is not correlated with the general
presence of meningiomas.

4.2 SNP309 in relation to NF2

A relationship was found between SNP309 and LOH
of 22q, the chromosome containing the NF2 tumor
suppressor. In general, LOH of 22q is correlated with
higher tumor grade. Looking at this association in
the subgroup of those with SNP309 shows a similar
significance. However, LOH of 22q was not correlated
with high-grade tumors in those with the wild type.
This suggests that the general correlation between
LOH of 22q and higher tumor grade arises from the
stratification in those with SNP309.

4.2.1 SNP309 and NF2 Molecular Interac-
tion

Inactivation of NF2 has been established as an ini-
tial step towards meningioma formation. NF2 is a
tumor suppressor gene, essential for cell-cell contact
inhibition via the extracellular matrix [11]. Merlin,
the product of the NF2 gene, was found to also miti-
gate the inhibitory effect of MDM2 on p53 [6]. In the
50–60% of those who gain meningiomas through loss
of NF2 activity, MDM2 levels may become elevated
subsequently suppressing p53. Other proteins such as
p14ARF also act to suppress MDM2 activity, but the
absence of merlin may affect the balance of concen-
tration levels, leaving the MDM2 levels more prone to
increase. If individuals have SNP309 as well, MDM2
levels are naturally higher, and the meningiomas that
form as a result of NF2 inactivation will be more ag-
gressive. Figure 4 shows a proposed pathway con-
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Subgroup Association p-value
(A) meningioma patients heterozygous SNP309 & 22q LOH 0.043
(B) presence of SNP309 22q LOH & higher tumor grade 0.019

presence of wild type 22q LOH & higher tumor grade 0.438
(C) presence of 22q LOH & SNP309 men & higher tumor grade 1.00

presence of 22q LOH & wild type men & higher tumor grade 0.022

Table 1: Associations with SNP309: (A) There is significant linkage between heterozygous SNP309 (t/g) and
LOH of 22q (p = 0.043). (B) In those with SNP309, LOH of 22q results in higher tumor grades. Without
SNP309, there is no such correlation. (C) In those with both LOH of 22q and SNP309, there is no association
between gender and higher tumor grade. In those with LOH of 22q but not SNP309, men have higher grade
tumors.

necting SNP309 and merlin. Because the cohort in
this study consists of individuals with more aggres-
sive tumors, there must be selection for those with
SNP309 among individuals with LOH of 22q. This
was supported by the significant linkage of heterozy-
gous SNP309 and LOH of 22q in the study popula-
tion. Though the homozygous state of SNP309 was
not significantly correlated to LOH of 22q, enlarg-
ing the study cohort could change this. The low fre-
quency of SNP309 in the general population resulted
in only 13 individuals in this study with homozygous
SNP309.

4.2.2 SNP309, NF2 and Gender Stratifica-
tion

Previously, LOH of 22q was found to be correlated
with higher tumor grade among men [13]. This study,
in the subgroup of those with LOH of 22q but not
SNP309 (homozygous wild type) also found a signif-
icant relation between higher tumor grade and men.
However, there was no correlation in those with both
LOH of 22q and SNP309. While meningiomas that
arise because of NF2 inactivation are more aggressive
in men, the presence of SNP309 causes accelerated
tumor progression without regard to gender. This
suggests that the SNP309 mechanism of tumor pro-
gression is more pronounced than other pathways of
meningioma progression since it masks the previously
noted gender imbalance.

The reason for the gender imbalance among those
without SNP309 has yet to be determined. Though
presence of SNP309 masks the effects of gender on
meningioma, discovering the origin of the gender bias
would help in establishing whether the presence of
SNP309 just masks the effects of that pathway or
actually interferes with it.

4.3 Implication of SNP309 Significance

The assertion of merlin as a MDM2 regulator was
confirmed clinically. For the first time in humans,
merlin, the product of the NF2 gene, was shown to
be significantly associated with the p53 pathway.

The association of SNP309 with meningioma pro-
gression in those with LOH of 22q suggests inactiva-
tion of the p53 pathway as a prominent mechanism
for meningioma progression. Studies and potential
drugs targeting the p53 pathway can also be applied
to the 50–60% of meningioma patients with LOH of
22q.

5 Conclusion

This study found significant association between
SNP309 and tumor progression in patients with
meningioma arising from LOH of 22q. In addition,
a proposed molecular pathway explaining the genetic
correlations is clearly defined and supported. The sig-
nificance of SNP309 suggests the prominence of p53
in meningioma progression.

6 Acknowledgments

I give my utmost gratitude to Dr. Fabio Nunes, who
assisted me daily throughout the entire research pro-
cess: the data collection, analysis, and presentation.
I thank Dr. Mia MacCollin for her guidance and sug-
gestions as to the direction and presentation of my
research, along with the use of her lab at the Mas-
sachusetts General Hospital. I thank Ms. Chelsea
Boyd, Ms. Kristina Larson, and Mr. Micah Webster
for their patience in answering all my lab questions.
I also thank Ms. Andrea Balogh, a summer student



2005 RSI Compendium 7

in the lab, for her support.
In addition, I would like to thank Mr. Adrian

Campbell, Dr. Amy Sillman, Ms. Katie Hoover, and
Ms. Rebekah Rogers for their academic support,
Mr. Jason Chu and Mr. Vivek Vankatachalam for
technical instruction and guidance in LaTeX, Johann
Komander for his daily support and advice, and the
Center for Excellence in Education for providing such
a program as the Research Science Institute.

References

[1] G.L. Bond, W. Hu, E.E. Bond, H. Robins, S.G.
Lutzker, N.C. Arva, J. G’Bargonetti, F. Barltel,
H. Taubert, P. Wuerl, K. Onel, L. Yip, S. Hwang,
L.S. Strong, G. Lozano, and A.J. Levine. A
single nucleotide polymorphism in the MDM2
promoter attenuates the p53 tumor suppressor
pathway and accelerates tumor formation in hu-
mans. Cell 119 (2004), no. 5, 591–602.

[2] D.A. Freedman, L. Wu, and A.J. Levine. Func-
tions of the MDM2 oncoprotein. Cellular and
Molecular Life Sciences 55 (1999), no. 1, 96–107.

[3] M. Habdous, G. Siest, B. Herbeth, M. Vincent-
Viry, and S. Visvikis. Glutathione S-transferases
genetic polymorphisms and human diseases:
overview of epidemiological studies. Annales de
Biologie Clinique 62 (2004), no. 1, 15–24.

[4] B. Heinrich, C. Hartmann, A.O. Stemmer-
Rachamimov, D.N. Louis, and M. MacCollin.
Multiple meningiomas: investigating the molec-
ular basis of sporadic and familial forms. Interna-
tional Journal of Cancer 103 (2003), no. 4, 483–
488.

[5] M.J. Khoury, J. Little, and W. Burke. Human
Genome Epidemiology. Oxford University Press,
New York, NY (2004).

[6] H. Kim, N. Kwak, J.Y. Lee, B.H. Choi, Y. Lim,
Y.J. Ko, Y. Kim, P. Huh, K. Lee, H.K. Rha,
and Y. Wang. Merlin neutralizes the inhibitory
effect of Mdm2 on p53. The Journal of Biological
Chemistry 279 (2004), no. 9, 7812–7818.

[7] P. Kleihues, P.C. Burger, and B.W. Schei-
thauer. Histological Typing of Tumours of the
Central Nervous System. 2nd ed. WHO Interna-
tional Histological Typing of Tumours, Springer-
Verlag, Berlin (1993).

[8] K. Lamszus. Meningioma pathology, genetics,
and biology. Journal of Neuropathology and Ex-
perimental Neurology 63 (2004), no. 4, 275–286.

[9] D.N. Louis, B.W. Scheithauer, H. Budka, A. von
Deimling, and J.J. Kepes. Meningiomas. Pathol-
ogy and genetics of tumours of the nervous sys-
tem. In: P. Kleihues and W.K. Cavenee, editors.
World Health Organization Classification of Tu-
mours. IARC Press, Lyon (2000).

[10] H.K.G. Machulla, F. Steinborn, M. Tschigrjai,
J. Langner, and N.G. Rainov. Meningioma: is
there an association with human leukocyte anti-
gens? Cancer Epidemiology, Biomarkers & Pre-
vention 12 (2003), no. 12, 1438–1442.

[11] A.I. McClatchey, I. Saotome, K. Mercer, D.
Crowley, J.F. Gusella, R.T. Bronson, and T.
Jacks. Mice heterozygous for a mutation at the
Nf2 tumor suppressor locus develop a range of
highly metastatic tumors. Genes and Develop-
ment 12 (1998), no. 8, 1121–1133.

[12] N. Minsky and M. Oren. The RING domain
of MDM2 mediates histone ubiquitylation and
transcriptional repression. Molecular Cell 16
(2004), no. 4, 631–639.

[13] F.P. Nunes, I. Ahronowitz, A.O. Stemmer-
Rachamimov, and M. MacCollin. Unpublished
data (2004).

[14] J.A. Trofatter, M.M. MacCollin, J.L. Rutter,
J.R. Murrell, M.P. Duyao, D.M. Parry, R. El-
dridge, N. Kley, A.G. Menon, K. Pulaski, V.H.
Hasse, A.M. Ambrose, D. Munroe, C. Bove,
J.L. Haines, R.L. Martuza, M.E. MacDonald,
B.R. Seizinger, M.P. Short, A.J. Buckler, and
J.F. Gusella. A novel moesin-, ezrin-, radixin-
like gene is a candidate for the neurofibromatosis
2 tumor suppressor. Cell 72 (1993), no. 5, 791–
800.



8 2005 RSI Compendium

A Abbreviations Used

MRI magnetic resonance imaging
NF2 neurofibromatosis 2
LOH loss of heterozygosity
SNP single-nucleotide polymorphism

RPDR research patient data registry
PCR polymerase chain reaction
MGH Massachusetts General Hospital
dNTP deoxyribonucleotide triphosphate
DNA deoxyribonucleic acid

bp base pair
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Abstract

The irreducibility of a polynomial in a prime modulus
implies irreducibility over the rationals. However, the
converse is certainly not true. In fact, there are some
polynomials that are irreducible over the rationals
yet reducible modulo every prime. We show that the
nth cyclotomic polynomial reduces modulo all primes
if and only if the discriminant of the nth cyclotomic
polynomial is a square. We pose further questions
about the specific factorization of cyclotomic poly-
nomials over finite fields in relation to the discrimi-
nant.

1 Introduction

A polynomial f ∈ Q[x] that is irreducible over Q may
still factor into smaller-degree polynomials over Z/pZ
for some prime p. For example, let f(x) = x4 + 1.
It can easily be shown that f is irreducible over Q
using Eisenstein’s criterion [7, pp. 23–24]. Yet f is
reducible over Z/2Z because x4+1 ≡ (x2 +1)(x2+1)
(mod 2). In fact, it can be shown that f is reducible
with respect to every prime modulus. In general, it
is difficult to predict when a particular polynomial
will have this property. As the main result of this pa-
per, we prove the following theorem which provides a
method for determining exactly when the nth cyclo-
tomic polynomial is reducible in all prime moduli:

Theorem 1. For n ≥ 3, the nth cyclotomic polyno-
mial Φn(x) is reducible modulo all primes if and only
if the discriminant of Φn(x) is a square in Z.

In section 2, we provide several definitions and ter-
minology relating to cyclotomic polynomials, Galois
theory, the discriminant, and cyclotomic field exten-
sions. In section 3, we introduce several lemmata

necessary for the proof of the main theorem, which
we carry out in section 4. In section 5, we conclude
our results and offer further directions for research.

2 Definitions and Terminology

2.1 Cyclotomic Polynomials

Definition. Let ζn denote a primitive nth root of
unity. The minimal polynomial (see Appendix A) of
ζn over Q is called the nth cyclotomic polynomial,
denoted by Φn(x), and can be defined as the product

Φn(x) =
∏

0<i<n
gcd(i,n)=1

(
x− ζin

)
.

It follows that the degree of Φn(x) is ϕ(n), where
ϕ(n) denotes the Euler ϕ-function (see Appendix D).
It is well known that Φn(x) is irreducible over Q [3,
pp. 234–235].

2.2 Galois Correspondence

For a field K, let α1, . . . , αn be the roots of
an irreducible polynomial f ∈ K[x]. Let L =
K(α1, . . . , αn), the field extension of K obtained by
adjoining the elements α1, . . . , αn (see Appendix A).

Definition. The set of automorphisms of L that fix
the elements of K form a group by composition (see
Appendix B). This group is called the Galois group
of the field extension L|K and is denoted by Γ

(
L|K)

.

The elements of Γ
(
L|K)

permute the roots of f ,
since the automorphisms must preserve the coeffi-
cients of f overK. Thus, Γ

(
L|K)

is a subgroup of Sn,
the symmetric group on n elements (see Appendix C).
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If H ⊆ Γ
(
L|K)

is a subgroup of Γ
(
L|K)

, then H
fixes some intermediate field of L|K. Clearly, the
identity fixes all the elements of L, while the en-
tire Galois group Γ

(
L|K)

fixes only K. This estab-
lishes an order-reversing, one-to-one correspondence
between the subgroups of Γ

(
L|K)

and the intermedi-
ate fields of L|K, in accordance with the fundamental
theorem of Galois theory [7, pp. 114–117].

2.3 Cyclotomic Extensions and the
Discriminant

Recall from section 2.1 that the degree of Φn(x) is
ϕ(n) and that Φn(x) is irreducible over Q. It follows
that [Q(ζn) :Q] = ϕ(n), where [Q(ζn) :Q] denotes the
degree of the extension Q(ζn)|Q (see Appendix A).
Further, Γ

(
Q(ζn)|Q

)
is isomorphic to (Z/nZ)∗, where

(Z/nZ)∗ denotes the multiplicative group modulo n
[3, p. 235].

Definition. Let f ∈ Q[x] be defined as f(x) =
(x−α1) · · · (x−αn). The discriminant of f , denoted
∆

(
f
)
, is defined as the product

∆
(
f
)
=

∏
i<j

(αi − αj)2.

An explicit formula for ∆
(
Φn(x)

)
can be ob-

tained. Let s be the number of unique prime divisors
of n. Then ∆

(
Φn(x)

)
can be expressed as [6, p. 269]

∆
(
Φn(x)

)
= (−1)(1/2)ϕ(n)s nϕ(n)∏

q|n
q prime

qϕ(n)/(q−1)
. (1)

Definition. For a field extension L|K, the field dis-
criminant of L, denoted δL, is the discriminant of the
minimal polynomial of L|K.

By definition, it directly follows that δQ(ζn) =
∆

(
Φn(x)

)
. Throughout the paper, these two notions

of discriminant will be used interchangeably.

3 Lemmata

The following well-known lemmata will be used in the
development of the main theorem.

Lemma 3.1. For a ∈ Z, the equation x2 = a has
a solution in Z if and only if x2 ≡ a (mod n) has a
solution for all n ∈ Z.

Lemma 3.2. Let Fp denote the finite field of p el-
ements, Z/pZ. For each field extension K|Fp, the
group Γ

(
K|Fp

)
is isomorphic to Ck for some k, where

Ck denotes the cyclic group on k elements (see Ap-
pendix C).

Lemma 3.3 ([3, pp. 168–169]). For a field exten-
sion L|K, we have Γ

(
L|K) ⊆ An if and only if δL

is a square in Z, where An denotes the alternating
group on n elements (see Appendix C).

Lemma 3.4. For n ≥ 3, the group (Z/nZ)∗ has a
generator if and only if n = 4, qk, or 2qk for some
odd prime q and positive integer k.

Lemma 3.5 (Frobenius Density Theorem [2]).
Let f be an irreducible polynomial of degree n over Q;
let N be the splitting field of f (see Appendix A); and
let G = Γ

(
N |Q)

. If G contains a permutation σ that
is the product of disjoint cycles of length n1, . . . , nk,
then there exists an infinite set Pσ of primes such that
for any p ∈ Pσ we have the following decomposition
of f over Fp:

f(x) =
k∏
i=1

fi(x),

where all fi are irreducible over Fp and the degree of
fi is ni.

4 Proof of the Main Theorem

Recall from section 1 the example f(x) = x4 + 1,
which is the 8th cyclotomic polynomial Φ8(x). Com-
putation shows that ∆

(
Φ8(x)

)
= 256 = 162. If one

computes the discriminants for the first several cy-
clotomic polynomials that reduce modulo all primes,
one finds that they are all squares. These observa-
tions motivate the main theorem:

Theorem 1. For n ≥ 3, Φn(x) is reducible modulo
all primes if and only if ∆

(
Φn(x)

)
is a square in Z.

We begin by proving that if ∆
(
Φn(x)

)
is a square

in Z, then Φn(x) is reducible modulo all primes. Sup-
pose ∆

(
Φn(x)

)
is a square in Z. By Lemma 3.1 and

Lemma 3.3, we know that Γ
(
Fp(ζn)|Fp

) ⊆ Aϕ(n). By
Lemma 3.2, we also know that Γ

(
Fp(ζn)|Fp

) ∼= Ck

for some k. The elements of the Galois group per-
mute the ϕ(n) roots of Φn(x), and so k ≤ ϕ(n). But
ϕ(n) is even for n ≥ 3, and k cannot be even since
the sign of any cycle of even length is −1 (see Ap-
pendix C). Therefore

∣∣Γ(
Fp(ζn)|Fp

)∣∣ < ϕ(n) and the
minimal polynomial of Fp(ζn)|Fp has degree less than
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the degree of Φn(x). This implies that Φn(x) reduces
over Fp for all p.

Proceeding in the other direction, we show that
if ∆

(
Φn(x)

)
is not a square in Z, then Φn(x) is ir-

reducible over Fp for some prime p. First assume
(Z/nZ)∗ has a generator g. Then over Q, the auto-
morphism ζn �→ ζgn generates a cycle of length ϕ(n),
and therefore Γ

(
Q(ζn)|Q

)
is isomorphic to Cϕ(n). By

Lemma 3.5, since Cϕ(n) is the product of one disjoint
cycle of length ϕ(n), there are infinitely primes p for
which Φn(x) is irreducible over Fp and we are done.

We must now show that if ∆
(
Φn(x)

)
is not a

square in Z, then (Z/nZ)∗ has a generator. Or equiv-
alently, if (Z/nZ)∗ does not have a generator, then
∆

(
Φn(x)

)
is a square in Z. Lemma 3.4 reduces the

proof to showing that if n = 4, pk, or 2pk for any odd
prime p and positive integer k, then ∆

(
Φn(x)

)
is a

square in Z. We will analyze the possible cases for
n = 4, pk, or 2pk to prove the theorem. Two more
lemmata are required.

Lemma 4.1. Let z = pe11 · · · pek

k , where the pi are dis-
tinct odd primes. Then |∆(

Φz(x)
)| = |∆(

Φ2z(x)
)|.

Proof. Since ϕ(n) is multiplicative, we have that
ϕ(2z) = ϕ(2)ϕ(z) = ϕ(z). From (1),

|∆(
Φ2z(x)

)| =
(2z)ϕ(z)

2ϕ(z)
∏k

i=1 p
ϕ(z)/(pi−1)
i

=
2ϕ(z)zϕ(z)

2ϕ(z)
∏k

i=1 p
ϕ(z)/(pi−1)
i

= |∆(
Φz(x)

)|.
Lemma 4.2. Let z = 2e0pe11 · · · pek

k , where the pi are
distinct odd primes. Then

|∆(
Φz(x)

)| = k∏
i=1

p
ϕ(z)

(
eipi−ei−1

)
/(pi−1)

i . (2)

Proof. We calculate that

|∆(
Φz(x)

)| =
zϕ(z)∏k

i=1 p
ϕ(z)/(pi−1)
i

=
k∏
i=1

p
eiϕ(z)
i

k∏
i=1

p
−ϕ(z)/(pi−1)
i

=
k∏
i=1

p

(
eiϕ(z)(pi−1)−ϕ(z)

)
/(pi−1)

i

=
k∏
i=1

p
ϕ(z)

(
eipi−ei−1

)
/(pi−1)

i .

With these two lemmata, the three cases for which
n = 4, pk, or 2pk can be examined:

Case 1: n = pe11 · · · pek

k where the pi are distinct
odd primes and k ≥ 2. Using equation (2), we find
that the exponent of pi in |∆(

Φn(x)
)| is

ϕ(z)
(
eipi − ei − 1

)
/(pi − 1).

Since pi − 1 divides pei

i − pei−1
i , it follows that pi − 1

divides ϕ(z). Moreover ϕ(z)/(pi − 1) is even since z
is the product of at least two distinct odd primes (see
Appendix D). Thus

√
|∆(

Φn(x)
)| =

√√√√ k∏
i=1

p
ϕ(z)

(
eipi−ei−1

)
/(pi−1)

i

=
k∏
i=1

p
(1/2)ϕ(z)

(
eipi−ei−1

)
/(pi−1)

i ,

which is an integer. From equation (2), the sign of
∆

(
Φn(x)

)
is (−1)(1/2)ϕ(n)s, which equals 1 since 4

divides ϕ(n) if n is the product of two or more distinct

odd primes. Therefore
√

∆
(
Φn(x)

) ∈ Z.
Case 2: n = 2pe11 · · · pek

k , where the pi are distinct
odd primes and k ≥ 2. This is analogous to Case 4
by Lemma 4.1.

Case 3: n = 2e0pe11 · · · pek

k , where the pi are odd
primes, e0 ≥ 2, and k ≥ 1. Since ϕ(2e0) is even,
ϕ(z)/(pi−1) is once again even and the case becomes
analogous to Case 4.

So if n = 4, pk, or 2pk, then ∆
(
Φn(x)

)
is a square

in Z, and the proof is complete.

5 Concluding Remarks

By proving Theorem 1, we have provided an easy
method for determining when the nth cyclotomic
polynomial is reducible modulo all primes. In ad-
dition, we highlight an interesting corollary that re-
sults from the proof of Theorem 1. In the second
part of the proof, we showed that if ∆

(
Φn(x)

)
is not

a square in Z, then (Z/nZ)∗ has a generator, which
implies that Γ

(
Q(ζn)|Q

)
is isomorphic to Cϕ(n). Us-

ing Lemma 3.3, we note the following corollary:

Corollary 5.1. If Γ
(
Q(ζn)|Q

)
� Aϕ(n), then

Γ
(
Q(ζn)|Q

) ∼= Cϕ(n).

While Theorem 1 describes when a cyclotomic
polynomial is reducible modulo all primes, it still re-
mains open exactly how these polynomials reduce for
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particular moduli. We hope to find better methods
of predicting exactly how a cyclotomic polynomial
splits over different finite fields. It is also unsolved
whether the Galois groups of cyclotomic extensions
are further affected by discriminants that are higher
powers of integers. We may find that the discrimi-
nant of a cyclotomic polynomial can tell us exactly
how the polynomial factors over a finite field.
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A Groups and Fields

A group is a set G together with a law of composition
that is associative, has an identity element, and is

such that every element of G has an inverse. An
abelian group is a group whose law of composition is
commutative. Examples of groups include Sn, Cn,
and Z (see Appendix C). Note that Z and Cn are
abelian groups, while Sn for n ≥ 3 is not. The order
of a group G, denoted |G|, is the number of elements
of G; it may be infinite.

A subset H of a group G is called a subgroup if it
has the following properties:

1. Closure: If a ∈ H and b ∈ H , then ab ∈ H .

2. Identity: 1 ∈ H .

3. Inverses: If a ∈ H , then a−1 ∈ H .

For a subgroup H of a group G, a left coset of H is
a subset of G of the form

aH = {ah |h ∈ H} .

Similarly, a right coset of H is a subset of G of the
form Ha. A subgroup H of G is called a normal
subgroup of G if for a ∈ G we have aha−1 ∈ H for all
h ∈ H . A subgroup is normal if and only if its left
cosets are the same as its right cosets, that is, if and
only if aH = Ha for all a ∈ G.

A field F is a set together with two laws of com-
position, addition and multiplication, that satisfy the
following axioms:

1. Addition makes F into an abelian group. Its
identity element is denoted by 0.

2. Multiplication is associative and commutative
and makes the nonzero elements of F into a
group. Its identity element is denoted by 1.

3. Distributive law: For all a, b, c ∈ F , we have
(a+ b)c = ac+ bc.

Q, R, and C are all examples of fields. A finite field
is a field containing only finitely many elements. A
subfield L of a field F is a subset of F that is closed
under addition, subtraction, multiplication, and di-
vision, and that contains the identity elements of F .
The characteristic of a field is the smallest positive
integer n for which 1 + · · ·+ 1︸ ︷︷ ︸

n times

= 0. If this sum is

never 0, the field is said to have characteristic 0.
A field extension K of a field F , denotedK|F , is a

field containing F as a subfield. For a field F and ele-
ments α1, . . . , αn, let F (α1, . . . , αn) denote the small-
est extension of F containing α1, . . . , αn. A field ex-
tension F (α1, . . . , αn) is called algebraic if α1, . . . , αn
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are roots of a polynomial over F . The minimal poly-
nomial of F (α1, . . . , αn)|F is the unique monic non-
constant polynomial f ∈ F [x] satisfying the following
two properties [3, p. 74]:

1. f(αi) = 0 for 1 ≤ i ≤ n.

2. If g ∈ F [x] is any polynomial with αi as a root,
then g is a multiple of f .

The degree of a field extension K|F , denoted
[K :F ], is the dimension of K as a vector space over
F . For an extension F (α)|F , where α is the root of
an irreducible polynomial f ∈ F [x], the degree [K :F ]
is equal to the degree of f . If F ⊆ K ⊆ L are fields,
then [L :F ] = [L :K] [K :F ] [1, pp. 497–498].

If f is an irreducible polynomial over a field F ,
the splitting field of f is the smallest extension of F
over which f splits completely into linear factors.

B Morphisms

Let G, H be groups. A homomorphism φ : G→ H is
any map satisfying the rule

φ (ab) = φ (a)φ (b) for all a, b ∈ G.

The image of a homomorphism φ, denoted im φ, is
the set of all y ∈ H for which y = φ (x) for some
x ∈ G. The kernel of φ, denoted kerφ, is the set of
all x ∈ G for which φ (x) = 1. It is clear that kerφ is
a subgroup of G and im φ is a subgroup of H .

A map φ is surjective if im φ = H , that is, if every
y ∈ H has the form φ (x) for some x ∈ G. A map
φ is injective if φ(x1) = φ(x2) whenever x1, x2 ∈ G
are unequal. Finally, a map is bijective if it is both
surjective and injective.

A bijective homomorphism φ : G→ H is called an
isomorphism, and G is said to be isomorphic to H ,
denoted G ∼= H . An isomorphism G → G is called
an automorphism.

C Examples of Finite Groups

By Cn we denote the cyclic group of n elements, gen-
erated by an element x satisfying xn = 1. Thus
Cn =

{
1, x, . . . , xn−1

}
, where all the listed powers

of x are unequal.
By Sn we denote the symmetric group of n ele-

ments. It is the group of permutations of the set of
integers from 1 to n, and thus |Sn| = n!. For exam-
ple, S3 is the group of permutations on the integers

1, 2, 3. Let 1 denote the identity and let (a1 . . . ak)
denote the map a1 �→ · · · �→ ak �→ a1. Then

S3 = {1, (1 2), (2 3), (1 3), (1 2 3), (1 3 2)} .

A single permutation of the form (ai aj) is called a
transposition. The sign function of a permutation
σ, denoted sign (σ), is equal to −1 or 1 according as
σ is the composition of an odd or even number of
transpositions respectively. For example, sign (2 3) =
−1 while sign (1 2 3) = 1, since (1 2 3) = (1 2)(2 3).
It follows that the sign of any cycle of even length
is −1 while the sign of any cycle of odd length is
1. The sign function is well defined; that is, if a
permutation σ can be expressed as the composition of
two different numbers of transpositions j and k, then
j ≡ k (mod 2) and so both compositions determine
the same value of the sign of σ.

By An we denote the alternating group of n ele-
ments, namely, the set

An = {σ ∈ Sn | sign (σ) = 1}

of all even permutations of n elements. It follows that
An is a subgroup of Sn, and |An| = 1

2n! for n ≥ 2.

D The Euler ϕ-Function

The Euler ϕ-function is an arithmetic function de-
fined by the rule

ϕ(n) =
∣∣{a | 1 ≤ a ≤ n, gcd(a, n) = 1}∣∣.

It follows that ϕ(p) = p − 1 for primes p, and more
generally ϕ(pk) = pk−pk−1 for prime-powers pk. The
ϕ-function is multiplicative, that is, for coprime in-
tegers a and b, we have ϕ(ab) = ϕ(a)ϕ(b). Thus,
a general formula for ϕ(n) can be obtained. Let
n = pe11 · · · pek

k where the pi are primes; then

ϕ(n) =
k∏
i=1

(
pei

i − pei−1
i

)
.

If pi is odd, then each factor pei

i −pei−1
i is even and so

2 divides pei

i − pei−1
i . Thus 4|ϕ(n) if n is the product

of two or more distinct odd prime factors.
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Abstract

We investigated the function of the monocarboxylate
transporter MCT1 in restitution of gastric surface
mucous cells. Restitution is the repair mechanism
by which cells migrate to cover an injured area. Cell
migration after injury is dependent upon glycolysis,
which under some conditions yields the waste product
lactate. We used the bioflavonoid phloretin, a known
inhibitor of MCT1, to block lactate transport in mi-
grating cells and determine the overall effect of MCT1
on restitution. We found that inhibition of MCT1
with phloretin significantly and dose-dependently in-
hibited restitution. Furthermore, under HCO3

−-free
conditions that simultaneously inhibit the bicarbon-
ate transporter NBC, there was a complete inhibi-
tion of restitution after injury with no effect on vi-
ability. These results suggest that MCT1 functions
along with NBC to regulate intracellular pH and pro-
vide a mechanism for lactate efflux during glycolysis.
Thus, this newly discovered role of MCT1 in gastric
restitution could lead to novel strategies both for fa-
cilitating restitution in gastrointestinal cells after in-
jury and for inhibiting metastasis of cancer and other
cells that utilize glycolysis for migration.

1 Introduction

The layer of epithelial cells that lines the inner sur-
face of the body’s digestive system forms a barrier
between digestive fluids and surrounding tissues and
organs in the body cavity [3]. In the stomach, the in-
tegrity of this layer is necessary to prevent acidic gas-
tric fluids from permeating into surrounding tissues,
causing inflammation and widespread tissue damage.
Because this layer is particularly prone to injury from

food and/or ingested drugs [11], the body has evolved
a repair mechanism called restitution that restores
the structure and function of injured stomach lining
[7].

Surface mucous cells comprise most of the epithe-
lium that lines the stomach lumen. The mucus se-
creted by these cells protects the stomach from di-
gested substances as well as from its own secreted hy-
drochloric acid (HCl). Other protective mechanisms
exist, such as the secretion of bicarbonate, which neu-
tralizes the acid, and the formation of tight junctions
between cells, which form the basis of the epithelial
barrier [11]. Surface cells are arranged at the top
and upper sides of tubular gastric glands that extend
downwards from the surface towards underlying mus-
cle layers (Figure 1) [6]. Injury occurs in those cells
that line the stomach lumen, where surface cells are
most exposed [3]. Although all surface cells prior to
injury are columnar in shape, in the first step of resti-
tution, uninjured cells from the gastric pit transform
into flat cells. These flattened cells are then able to
migrate across the apical mucosal surface to cover
the wounded area. The new cells at the surface re-
polarize to form a confluent layer by reestablishing
the tight junctions that hold cells together in a tis-
sue layer. Restitution is complete when the flattened
cells have completely polarized into columnar epithe-
lial cells. These newly populated cells are identical in
structure and function to those that were lost from
the apical surface upon injury [7]. Most importantly,
this repair is rapid, taking place in two hours or less
[11].

In the presence of oxygen, cells create energy in
the form of ATP through a pathway beginning in the
cytoplasm and ending in the mitochondrion. In the
cytoplasm, glucose is broken down through a process
called glycolysis, which yields two net ATP molecules.
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Figure 1: Left: Morphology of the gastric pit and gastric gland. After injury at the surface, cells at the
bottom of the gastric pit migrate upwards to replenish denuded areas. Right: gastric pits open into the
lumen of the stomach, while gastric glands extend downwards towards underlying smooth muscle.

Figure 2: Gastric surface cells contain four known ion channels. Of these four, the Na+/H+ exchanger and
the Na+/HCO3

− cotransporter are thought to play a role in pH regulation.

Upon completion of glycolysis, glucose has been con-
verted into a molecule called pyruvate. Although gly-
colysis can occur under either aerobic or anaerobic
conditions, cellular respiration in mitochondria will
take place only if oxygen is present. Under low-O2

conditions, anaerobic metabolism of pyruvate takes
place, reducing pyruvate to lactate [2].

Although it was initially thought that restitution

would be dependent on energy from mitochondrial
respiration, recent studies showed that, in fact, gly-
colysis drives restitution. Cell migration after injury
is dependent on glycolysis, while the reformation of
tight junctions and cell polarization after migration is
dependent on both glycolysis and respiration. Thus,
restitution can occur even under anaerobic condi-
tions. Interestingly, cell migration in the absence of
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oxygen occurs in many different cells, including tu-
mor cells [3].

Although glycolysis provides the energy needed
for restitution, acidification due to the waste product
lactate can poison migrating cells [7]. When intra-
cellular pH becomes too low, glycolysis is inhibited,
cells are unable to migrate, and they quickly undergo
programmed cell death [9]. Thus, combined with an
already high hydrogen-ion (H+) concentration in the
stomach lumen, the presence of lactate inside the cell
makes it imperative that ion transporters be present
to regulate intracellular pH and to reduce intracellu-
lar lactate concentrations [8].

It is believed that surface cells have ion trans-
porters to regulate intracellular pH by rapidly trans-
porting H+ out of the cell or by rapidly transport-
ing bicarbonate (HCO3

−) into the cell [7]. Cur-
rently, four distinct ion transporters have been iden-
tified within the gastric surface cell: Na+/H+ ex-
changers (NHE), Na+/K+ ATPases, Na+/HCO3

−

cotransporters (NBC), and Na+-K+-Cl− cotrans-
porters (Figure 2) [6]. Of these transport mecha-
nisms, NHE and NBC especially are thought to play
a role in maintaining intracellular pH [7]. However,
recent studies demonstrated that other pH regula-
tory mechanisms must be activated during restitu-
tion, because blockade of existing transporters had
little effect on restitution. A study by Hagen et al.
[7] showed that the compound DIDS, a potent in-
hibitor of NBC, completely inhibits restitution. In
contrast, cells incubated in HCO3

−-free conditions,
which would also inhibit NBC, successfully undergo
restitution, although slightly less effectively than un-
der standard conditions. This suggests the presence
of another ion-transport mechanism that is inhibited
by DIDS but not dependent upon HCO3

−.

With high intracellular lactate concentrations
predicted during restitution, we hypothesized that a
lactate transporter must be required for lactate ef-
flux during restitution. Lactate cannot freely cross a
cell’s plasma membrane, but instead must be trans-
ported through a special channel called a monocar-
boxylate transporter (MCT), which interestingly has
H+-coupled transport properties and thus also reg-
ulates intracellular pH [9]. The first MCT cloned,
MCT1, was shown to be present in surface mucous
cells at the basolateral membrane and is potently in-
hibited by bulky aromatic compounds such as the
bioflavonoid phloretin [8]. To date, however, no func-
tion for this MCT has been identified in surface mu-
cous cells.

In this study, we set out to discover the first
known role of MCT1 in surface mucous cells. To do
this, we inhibited MCT1 with phloretin, a known in-
hibitor of MCT1 [8], and showed a significant reduc-
tion in restitution under standard conditions with no
reduction in cell viability. To test the hypothesis that
DIDS blocks both NBC and MCT1 to inhibit resti-
tution, we also used phloretin in HCO3

−-free condi-
tions. This particular experiment showed complete
inhibition of restitution demonstrating the depen-
dence of restitution on both basolateral ion-transport
systems.

2 Materials and Methods

2.1 Preparation of RGM1 Cell Cul-
tures

The cells used in this experiment were rat gastric mu-
cosal (RGM1) cells, which are nontransformed and
immortalized surface cells. RGM1 cells were estab-
lished by Dr. H. Matsui of the Institute of Physical
and Chemical Science (RIKEN) Cell Bank, Tsukuba,
Japan [12]. Cells were grown in six-well plates and
cultured in DMEM-F12 (1:1) supplemented with 10%
fetal bovine serum, 100 U/mL penicillin, 100 U/mL
streptomycin, and 0.25 µg/mL amphotericin B [16].
All cells were starved in serum-free medium (DMEM-
F12 containing 15 mM HEPES at pH 7.4) for 24
hours prior to experimentation. Cells were incu-
bated at 37◦C under 5% CO2 in air. Experiments
were performed in either standard (STD) buffer or
bicarbonate-free (BF) buffer at pH 7.4.

2.2 Preparation of Buffer Solutions

The experimental medium was STD buffer (a recipe
is given in Table 1 at the end of the paper). To deter-
mine the role of HCO3

− in the recovery of wounds,
mannitol and HEPES were substituted for HCO3

−

to create a bicarbonate-free (BF) buffer (Table 2).
STD buffer contained (in mM): 147 Na+, 5 K+, 131
Cl−, 1.3 Mg2+, 1.3 SO4

2−, 2 Ca2+, 15 HEPES, 20
D-glucose, and 25 HCO3

−. The total osmolarity of
STD buffer was 347.6 mOsm. BF buffer contained (in
mM): 147 Na+, 5 K+, 131 Cl−, 1.3 Mg2+, 1.3 SO4

2−,
2 Ca2+, 25 HEPES, 20 D-glucose, and 15 mannitol.
The total osmolarity of BF buffer was 347.6 mOsm.
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2.3 Preparation of Phloretin Solutions

In order to investigate the role of monocarboxylate
transporters (MCT) in wound repair, wounded gas-
tric cells were treated with phloretin, a known in-
hibitor of MCT1. Phloretin solutions were prepared
in 100% DMSO and then diluted to 0 µM, 30 µM, and
60 µM in STD or BF buffer. The final concentration
of DMSO was 0.1%.

2.4 Wounding

In order to mimic gastric injuries that heal through
the process of restitution, small circular wounds were
made in confluent monolayers of RGM1 cells. The
wounds were made in each well of the cell culture
plates using a pencil-type mixer with Teflon tip. Af-
ter gentle wounding, cells were washed twice with 1.5
mL STD or BF buffer. Buffer was then replaced with
phloretin solutions. Two wells received 1.5 mL of 0
µM phloretin in STD of BF buffer, two wells received
1.5 mL of 30 µM phloretin in STD of BF buffer, and
two wells received 1.5 mL of 60 µM phloretin in STD
of BF buffer. Following wounding, cell plates were
imaged and then returned to 37◦C.

2.5 Microscopy

Wounds were imaged 0, 4, and 8 hours after the ad-
dition of phloretin. Cell plates were placed in the
incubator chamber of a Nikon TE300 inverted micro-
scope and photos were taken using a Hamamatsu Or-
cha digital camera. Wound area was measured using
IPLab, purchased from Scanalytics, Inc.

2.6 Crystal-Violet Viability Assay

Following the 8-hour experiment, a viability assay
was conducted to ensure that the experimental con-
ditions did not affect cell viability. Culture medium
from each well was aspirated into a separate coni-
cal tube and reserved for pH measurements using a
pH meter. All cells were washed twice with 1.5 mL
PBS. Cells were fixed with 100% ice-cold methanol
and incubated for 15 minutes at room temperature.
Cells were stained with crystal violet (1% crystal vi-
olet, 9% methanol in PBS). The stain was incubated
for 5 minutes at room temperature before cells were
washed 10 times with warm water. Cells were air-
dried overnight. Each well was solubilized with 1.5
mL 0.5% SDS for 30 minutes at room temperature
using an environmental shaker. 50 µL of lysate from

each well of the six-well plates was then transferred
to a well of a 96-well plate. 200 µL of 0.5% SDS was
added to each well of the 96-well plate. Absorbance
was read at an excitation of 590 nm and emission of
640 nm. Data were calculated as percent viability
when compared to cultures that received no treat-
ment.

2.7 Statistical Analysis of Results

Statistical analysis was done with SigmaStat software
(Jandel Scientific Software, San Rafael, CA). Data
from wound-area experiments (n = 6/treatment) and
viability experiments (n = 6/treatment) were aver-
aged and reported as means ± standard error. A one-
way ANOVA test was performed to compare controls
to each level of drug concentration, with differences
regarded as statistically significant at P < 0.05. A
t-test was performed to compare STD and BF condi-
tions, with differences regarded as statistically signif-
icant at P < 0.05. For all data presented, statistical
differences were highly significant at P < 0.001.

3 Results

3.1 Restitution in Control RGM1 Cells

Control cells were grown in STD buffer and thus
contained functioning NBC and MCT transporters.
After wounding and incubation for 4 hours in STD
buffer, wound area was (85.1±0.7)% of initial wound
area. By 8 hours, control wound area was (73.2 ±
0.6)% of initial wound area (Figures 3A and 3C).

3.2 Restitution in HCO3
−-free Condi-

tions

HCO3
−-free (BF) conditions were used to test the hy-

pothesis that blockade of NBC inhibits restitution in
RGM1 cells. After a 4-hour incubation, the wounds
of cells grown in BF buffer in the absence of phloretin
had restituted to (88.8± 0.5)% of initial wound area.
By 8 hours, BF wounds had restituted to (80 ± 1)%
of initial wound area (Figures 3A and 3C). That
cultures incubated in BF conditions restituted at a
rate significantly slower than that of cultures in STD
buffer demonstrates that the presence of a HCO3

−

transport mechanism, such as NBC, is required for
restitution in RGM1 cells (t = −6.031, P < 0.001).
However, considering the lack of full inhibition of
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Figure 3: A: Images of wounded RGM-1 cells under both STD and BF conditions at time 0 hours and 8 hours.
B: Images of wounded RGM-1 cells incubated with 60µM phloretin under both STD and BF conditions at
time 0 hours and 8 hours. C: A graph of the effect of phloretin solutions on restitution in cultured cells
(n = 6/treatment, P < 0.001).
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Figure 4: Cell viability data in STD and BF buffer
with varying concentrations of phloretin. It was de-
termined that neither phloretin nor HCO3

−-free con-
ditions compromised cell viability (n = 6/treatment,
P < 0.05).

restitution that occurs when DIDS is added to in-
hibit NBC, other DIDS-inhibitable transporters, such
as MCT1, must be required for restitution.

3.3 Restitution in Phloretin Solutions

Phloretin was used in varying concentrations to test
the effect of MCT1 inhibition on restitution in cul-
tured cells (Figure 3B). At a concentration of 30µM
phloretin in STD buffer, restitution was (92.1±0.3)%
at 4 hours and (84.9 ± 0.5)% at 8 hours. At a
concentration of 60µM phloretin, restitution was
(94.2±0.3)% at 4 hours and (90.5±0.5)% at 8 hours
(Figures 3B and 3C). At a concentration of 30µM
phloretin in BF buffer, restitution was (95.3± 0.4)%
at 4 hours and was (92.3 ± 0.5)% at 8 hours (Fig-
ure 3C). 60µM phloretin in BF buffer completely
inhibited restitution, with only (1.7 ± 0.4)% recov-
ery by 8 hours (Figures 3B and 3C). Results at each
phloretin concentration were statistically significant
from control levels under both STD and BF condi-
tions (P < 0.001). That inhibition of MCT1 with
phloretin significantly and dose-dependently inhibits
restitution shows that MCT1 in conjunction with
NBC is critical for maximum wound repair in RGM1
cells.

3.4 Cell Viability

A crystal-violet viability assay was conducted in or-
der to ensure that the experimental conditions did
not affect cell viability. It was found that cells were
confluent and 100% viable after 8 hours of incubation
with all experimental solutions (Figure 4).

4 Discussion

In this study, bicarbonate-free conditions were used
in conjunction with phloretin to test the hypothe-
sis that DIDS inhibits restitution by blocking both
MCT1 and NBC, rather than NBC alone. Using
bicarbonate-free buffer to inhibit NBC and phloretin
to inhibit MCT1, it was found that although inhibi-
tion of NBC has an effect on restitution, the effect of
MCT1 inhibition was three times greater. This result
suggests that MCT1 activity is essential for attaining
the maximum rate of restitution. These results are
novel and have not been reported for other migration
or wounding studies.

Although phloretin potently inhibits MCT1 at
low concentrations [8], the drug is nonspecific and
blocks other ion transporters, channels, and intracel-
lular signaling pathways. First among these are mem-
bers of the protein kinase C (PKC) family [20], pro-
tein kinases that have been implicated in a variety of
cellular functions including proliferation, apoptosis,
differentiation, motility and inflammation [17]. PKC
is found in a variety of cell types, including the gas-
tric epithelia [17]. Recent experiments have demon-
strated that inhibition of PKC inhibits restitution in
guinea-pig gastric mucosa [1], rabbit gastric epithe-
lial cells [19], and colonic epithelial cells [5]. However,
inhibition of PKC has been demonstrated to have an
inhibitory effect on restitution only at concentrations
of 200–300µM. In fact, phloretin is most specific for
inhibiting PKC at concentrations of 200–250µM [4],
about 4 times higher than those used in this experi-
ment. Although it is unlikely that our concentrations
of 30 and 60 µM phloretin were sufficient to inhibit
restitution via PKC inhibition, positive control stud-
ies should be conducted using GF 109203X, another
known PKC inhibitor [15].

Phloretin is also known [13] to activate large-
conductance Ca2+-activated K+ channels

(
BK(Ca)

)
.

However, although there is evidence that BK(Ca)
channels are present in smooth muscle [10, 22] and
neurons [14], there is no literature to support the
presence of BK(Ca) in gastric epithelial cells. Pos-
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itive control studies could be conducted with 1,3-di-
hydro-1-[2-hydroxy-5-(trifluoromethyl)phenyl]-5-tri-
fluoromethyl-2H-benzimidazol-2-one, another known
activator of BK(Ca) [21], to rule out involvement of
this channel in restitution.

Lastly, phloretin is a known inhibitor of many iso-
forms of glucose channels [18]. Although the specific
glucose channels present in the gastric mucosa are not
known, a study in frog gastric tissue conducted by
Hagen et al. [3] showed that glucose-free conditions
had no inhibitory effect on restitution. Preliminary
data in RGM1 cultured cells for this study also in-
dicate no inhibitory effects of glucose-free buffer on
restitution.

Thus, given that the other known effects of
phloretin are unlikely to account for our results, we
conclude that the inhibition we see in this experiment
is due to phloretin inhibition of MCT1.

The discovery that MCT1 is critically involved
in restitution could support a novel model for the
regulation of both energy and pH in migrating gas-
tric surface cells after injury. Although cell migra-
tion in restitution is driven by glycolysis, which un-
der some conditions yields the waste product lac-
tate, accumulation of lactate within the cell can ac-
tually inhibit migration and lead to programmed cell
death. As an H+-coupled lactate transporter, MCT1
can transport lactate molecules through the other-
wise impermeable cellular membrane and addition-
ally prevent intracellular acidification by the efflux
of H+, allowing cell migration to continue. We hy-
pothesize that phloretin’s potent inhibitory effects on
restitution demonstrate its interference with MCT’s
pH regulation mechanism. However, further studies
will be needed to fully elucidate the effects of MCT1
on restitution by specific blockade of MCT1 using
siRNA technology.

Our results are immediately applicable to the
study of maintenance of the gastric mucosa. Rapid
restitution is required both in daily life and in disease
to prevent acidic gastric juices from causing tissue
damage and ulcers. We show that the rapid and effi-
cient restitution that drives both daily maintenance
and repair after disease is dependent upon MCT1
activity. In addition, the newly discovered role of
MCT1 in migrating cells during gastric restitution
can potentially extend to existing models of migra-
tion in other cell types, especially those that migrate
under either aerobic or anaerobic conditions by utiliz-
ing glycolysis, as in the repair of skin epithelial cells
and the migration of lymphocytes and cancer cells.

In this way, our work in gastric restitution could lead
to novel strategies for both facilitating restitution in
skin cells after burn injury and inhibiting metastasis
of cancer.

5 Conclusion

We have found that inhibition of MCT1 with
phloretin and concurrent inhibition of NBC with
HCO3

−-free conditions results in complete inhibition
of restitution after injury. In individual experiments,
HCO3

−-free conditions had only a minimal effect on
restitution, suggesting that bicarbonate transport by
NBC is not particularly critical for restitution. How-
ever, the significant inhibition of restitution effected
by phloretin in standard physiological conditions sug-
gests that MCT1 is essential to attain maximum rates
of restitution. Although phloretin is nonspecific, in-
hibiting other ion transporters, channels, and intra-
cellular signaling pathways, we eliminated such non-
specific effects as explanations for our results through
analysis of dosage thresholds and preliminary data on
the inhibition of other ion channels. Our results show
that maintenance and repair after disease of the gas-
tric mucosa is dependent upon MCT1 activity. In
addition, this novel role of MCT1 can possibly ex-
tend models of migration in other cell types, espe-
cially those that require glycolysis to migrate under
aerobic or anaerobic conditions.
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Abstract

This paper provides a preliminary analysis of the su-
percritical Brayton cycle, a power-generation system
for space exploration. Supercritical working fluids
increase efficiency due to increased compressibility at
the critical point but have not been investigated at
the high temperatures necessary to generate power
in space. Through computer simulation, the viabil-
ity of the supercritical Brayton cycle is verified for
space exploration. Several working fluids are evalu-
ated. Results show efficiency increases of 221% over
the sodium Rankine cycle and 105% over thermoelec-
tric conversion. For future cycles at 1600 K, sulfur
is the best working fluid. Given present materials
constraints, iodine is the best fluid at 1200 K.

1 Introduction

The purpose of this paper is to perform a prelimi-
nary analysis of high-temperature supercritical Bray-
ton cycles as they pertain to space exploration. Sim-
ple Brayton cycles have been considered for use in
space exploration, but they are not as efficient as con-
densing cycles. Since supercritical fluids have prop-
erties of both liquids and gases, performing compres-
sion around the critical point increases efficiency. Su-
percritical Brayton cycles have been designed at an
operating temperature of 650 K, but the concept has
not been carried over to space exploration, which re-
quires temperatures over 1000 K. This paper provides
a thermodynamic preliminary analysis of several su-
percritical working fluids and proves the viability of
the supercritical Brayton cycle for space exploration.

1.1 Background

Humans have walked on the moon, and sights are now
set on manned Mars exploration, but physiological
limitations of the human body in zero gravity pro-
hibit prolonged space missions. Current travel time
to Mars with conventional propulsion is a minimum
of nine months each way. In order to shorten travel
time to three months, manned Mars exploration re-
quires spacecraft velocities ranging from 40 to 100
km/second. Conventional chemical rockets will not
be able to power manned missions at these velocities
[8].

Electric ion propulsion is a promising propulsion
system for future space exploration. An electric field
charges and ejects atoms of a noble gas (xenon or
krypton). A 25 kW prototype of an electric xenon-ion
system achieved more than fifteen times the efficiency
of today’s best chemical rockets [20]. To go to Mars
and beyond, 100–400 kW thrusters are needed [22].

Currently, there is no way to fulfill an electric ion
thruster’s power requirements in space. Solar-cell ar-
rays are heavy and would not receive enough sun-
light in deep space. A small nuclear fission reactor
(less than 1 MW) would meet this power requirement,
but reactor thermal energy needs to be processed by
power converters to create electric power.

There are two methods to extract electrical en-
ergy from the thermal energy of nuclear reactions.
Static conversion uses no moving parts to generate
DC power. This method is ideally suited for space
flight because the absence of moving parts negates the
possibility of mechanical failure. However, static con-
version methods are currently limited in total power
output, efficiency, and mass. Thermionic converters,
thermophotovoltaic cells, and thermoelectric convert-
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ers are examples of static conversion.1

Dynamic power conversion (heat cycles) converts
thermal energy into AC power. Thermal energy is
transferred to a working fluid. The fluid is com-
pressed and heated before being sent through a tur-
bine, which is linked to a generator. Although dy-
namic conversion may be more complex than static
methods, heat cycles are scalable and the technol-
ogy is mature; coal, nuclear, wood, and gas power
plants use heat cycles. Dynamic power conversion
methods include the Stirling, Rankine, Carnot, Otto,
and Brayton cycles.2 Of these, only the Brayton cy-
cle is ideally suited for space because its simplicity
decreases the likelihood of mechanical failure.

Simple Brayton cycles function much like closed-
circuit jet engines with near-ideal gases. First, the
gas is compressed via a compressor linked to the tur-
bine. Next, heat is added to increase gas enthalpy.
The hot, high-pressure gas is sent through a turbine
to generate electricity. Finally, the gas releases ther-
mal energy in the radiator before beginning the cycle
again (Figure 1). A helium Brayton cycle for terres-
trial power plants achieved 43% efficiency at 1073 K
[7]. By comparison, today’s best coal power plants
are 35–40% efficient [15].

Heat cycles in space present a major difficulty.
Since there is no matter in space, radiation is the sole
option for releasing thermal energy. The gray-body
heat radiation Qrej is defined by the equation3

Qrej = σεAT 4
r , (1)

where σ is the Steffan-Boltzmann constant (5.76 ×
10−8 W/m2K4), ε is surface emissivity, A is radiator
area (m2), and Tr is the radiator temperature (K).
Since Qrej is of fourth order with respect to Tr, high
radiator temperatures are favored.

These high radiator temperatures present a ma-
jor problem for the Brayton cycle. The maximum
efficiency for a given cycle with maximum tempera-
ture T3 and minimum temperature T1 is the Carnot
efficiency η defined by the equation

η =
T3 − T1

T3
. (2)

Efficiency can be increased through the addition of re-
cuperators (preheaters). In space, this option is not

1Information about static converison methods can be found
in Appendix A.

2See [3] for information about heat cycles.
3The temperature of outer space, 0 K, can be neglected in

these calculations.

practical because of the high cost of launching pay-
loads ($50847/kg for the Space Shuttle in 2000 [12]).
Radiator size indicates total system mass. Hence,
specific power, or power output per unit radiator
area, was optimized.

A Supercritical Carbon Dioxide Cycle for Next
Generation Nuclear Reactors [7] has delivered promis-
ing results for increasing Brayton-cycle efficiency
without increasing mass. If a working fluid is com-
pressed near its critical point, compressor work de-
creases up to 75% [6]. A Brayton cycle using super-
critical carbon dioxide at 823 K was demonstrated to
have the same efficiency as a ideal helium system at
1073 K. These cycles were designed for power plants
and contain intercoolers and recuperators [7], and the
concept has not yet been applied to space flight.

This paper focuses on the development of a
Brayton-cycle nuclear engine for space exploration.
The temperature limit for current materials is 1200
K. In order to enable development in the near fu-
ture, high cycle temperatures did not exceed 1600 K
and the SAFE-400 reactor was used. The SAFE-400,
a standard reactor in theoretical nuclear-spacecraft
design, is a 400 kW highly enriched uranium fission
reactor operating at 1250 K. Supercritical working
fluids were used to increase cycle efficiency. Working-
fluid selection optimized power output per unit radi-
ator area.

2 Methods and Materials

2.1 Working-Fluid Selection

Working-fluid selection was based on several crite-
ria. First, the fluid’s critical point must fall within a
given range, 800–1400 K. If the critical temperature
(Tc) is too low, radiator mass increases according to
the gray-body radiation equation (Equation 1). If the
critical temperature is too high, efficiency and power
output drop according to Carnot efficiency (Equation
2). Corrosion properties of the supercritical fluid are
considered. For space missions, system reliability and
low mass are the foremost goals. Exotic and expen-
sive materials are employed in an effort to increase
performance.

Table 1 lists properties for inorganic compounds
with critical temperatures between 800 and 1400 K.
Organic compounds may decompose at these temper-
atures and thus are not included.
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Figure 1: The Brayton cycle

Figure 2: Z correction factors for the pseudoperfect- Figure 3: Brayton cycle enthalpy.
gas model. Note depression around the critical point.

Substance Formula Tc (K) Pc (Pa) Cp (J/mol-K) Cp/Cv (k)
Arsenic oxide As2O3 1200 4 × 106 22.9 1.15
Ferric chloride FeCl3 948.15 4.3 × 106 82.89 1.2

Iodine I2 819.15 1.1654× 107 38.77 1.4
Phosphorus P 993.75 8.3289× 106 20.79 1.55

Sulfur S 1313 1.8208× 107 21.21 1.3
Sulfuric acid H2SO4 924 6.4 × 106 137.4 1.13

Tetraphosphorus decasulfide P4S10 1291 2.32 × 107 32.272 1.1

Table 1: Physical properties of some supercritical fluids [5, 18].
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2.1.1 Supercritical Fluid Model

Supercritical fluids cannot be modeled as ideal gases
around the critical point [6]. Experimental data is
used to determine supercritical properties, but data
on high-temperature supercritical fluids was unavail-
able. Properties of the gases were determined based
on available formulas. The specific heat Cp was ei-
ther found in a reference table [18] or calculated from
a formula [5] at the average cycle temperature. The
ratio of specific heats k is dependent on both the
number of atoms per molecule and the molar mass of
the fluid. A reference table was used to estimate k
values [21].

To correct for real supercritical behavior, the
pseudoperfect-gas model was adopted. This model
approximates compression works savings through a
compressibility factor Z [1]. Z is dependent on both
the reduced temperature Tr and the reduced pressure
Pr.4 A table of Z values was used in all calculations
(see Figure 2 on the previous page). The compress-
ibility chart was constant for all fluids, except when
a critical compressibility factor was provided.

2.2 Thermodynamics Theory

An ideal Brayton cycle was modeled through a set
of equations. The ideal calculations assume that the
working fluid is an ideal gas, Cp does not vary with
temperature, there are no pressure losses, and com-
pression is adiabatic.5 Compression factors approxi-
mate real supercritical fluid behavior.

For a given calculation, four constants are needed.
First, the pressure ratio Rp across the turbine and
compressor is specified. By definition, a Brayton cy-
cle is noncondensing. Therefore, the minimum cycle
temperature T1 and operating pressure P1 must be
greater than or equal to the critical point. Finally, T3

is specified. In these simulations, T3 is less than or
equal to 1600 K due to materials constraints. From
these values, cycle operation parameters are calcu-
lated.

The Brayton cycle’s power output is the difference
between the turbine and compressor work. Turbine
work is equal to the difference in enthalpy of the fluid
before and after compression (see Figure 3 on the
previous page). To find the work, the compressor
and turbine inlet and outlet temperatures must be

4Ratio of current temperature to critical temperature and
current pressure to critical pressure.

5No heat is gained from or lost to the surrounding environ-
ment.

calculated from the relation

T2

T1
=

T3

T4
= R(k−1)/k

p . (3)

Ideal-gas Brayton-cycle efficiency is given by the ex-
pression

ηideal = 1−Rk/(1−k)
p . (4)

Compressor work per unit mass flow (specific work)
is defined by the equation

wc =
1
ηc
Cp(Z2T2 − Z1T1), (5)

where ηc is the compressor efficiency (assumed to be
0.90 [26]). Turbine specific work is

wt = ηtCp(Z3T3 − Z4T4), (6)

where ηt is the turbine efficiency (again assumed to
be 0.90 [26]). Here Zn is the compressibility factor at
Tn. Let qin be the specific work added to the cycle
from the reactor, given by

qin = Cp(Z3T3 − Z2T2). (7)

The net specific work wnet is the difference between
the turbine and compressor specific work. The cycle’s
real-gas efficiency is then

ηreal = wnet/qin. (8)

The output work is defined as

Wout = ηrealQin, (9)

where Qin is the energy output of the reactor. The
value of Qin was assumed to be 80% of full reactor
power, or 360 kW, to compensate for real Brayton-
cycle losses. According to the First Law of Thermo-
dynamics, energy is conserved: in symbols

Qin = Wout +Qrej. (10)

Rather than taking the average of T1 and T4 to calcu-
late radiator size, Equation 1 is integrated from T4 to
T1 to improve accuracy [3], resulting in the equation

Qrej =
1

T4 − T1

∫ T1

T4

σεAT 4dT. (11)
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Fluid Rp Eff. (I) Eff. (R) Power (kW) Specific Work (kW-s/mol) Specific Power (kW/m2)
FeCl3 2.25 0.13 0.55 196.2 12.43 55.63
H2SO4 2.20 0.09 0.31 111.3 45.2 22.22

I2 2.25 0.21 0.32 115.5 3.32 13.24

Table 1: Performance at 1200 K

Fluid Rp Eff. (I) Eff. (R) Power (kW) Specific Work (kW-s/mol) Specific Power (kW/m2)
As2O3 2.00 0.09 0.27 97.3 3.94 55.63
FeCl3 2.00 0.11 0.17 61.3 14.02 20.45
H2SO4 2.00 0.08 0.15 53.8 22.97 18.97

I2 3.00 0.27 0.26 92.0 7.81 15.37
P 2.50 0.28 0.44 158.8 3.11 46.54

P4S10 2.10 0.07 0.38 136.8 6.57 110.58
S 2.00 0.15 0.59 210.8 2.28 210.02

Table 2: Performance at 1600 K

2.3 Computer Simulation

The Brayton cycle was modeled in a computer simu-
lation programmed in Java. A computer simulation
can quickly calculate many iterations. Results are
recorded in a text file, enabling spreadsheet analysis.
The user can specify fluid, pressure, and tempera-
ture parameters. A library of fluids was added for
convenience. Different working fluids were compared
quantitatively.

The program prompts the user to either select the
working fluid from the library or generate a new prop-
erties file. If a new properties file is generated, it is
stored in the library for future use. Then the user
is asked to input T1, T3, P1, and the simulation step
size. The simulation increments the pressure ratio
by the step size until a maximum pressure ratio is
reached (5 in these simulations), performing calcula-
tions at each step. The calculations are recorded in
a formatted text file.

Since the compressibility table contains no for-
mula for calculating intermediate values, an estima-
tion algorithm had to be adopted. Global regressions
generalize local extrema and were discarded. The ta-
ble was in three dimensions, further complicating cal-
culations. To estimate intermediate values, the four
vertices around the point were found. Two linear re-
gressions were performed at constant pressure. These
two points were used to perform a linear regression

at constant temperature, yielding a compressibility
value.

3 Results

Simulations were run at two temperatures. High-
temperature (1600 K) simulations were run for each
fluid to simulate potential future Brayton cycles.
1200 K tests were run to simulate supercritical Bray-
ton cycles that could be implemented today. 1200
K is close to the heat-pipe outlet temperature 1250
K of the SAFE-400 reactor [13]. The 1600 K cy-
cle would require a reactor with a higher outlet tem-
perature. Fluids not included in the 1200 K sim-
ulations did not produce cycles with positive work
output. In Tables 2 and 3, “I” refers to ideal-gas effi-
ciency, while “R” refers to compressibility-corrected
efficiency. All other calculations are for corrected gas
behavior. Table values were optimum specific-power
values for each fluid. If the specific-power calculation
diverged, optimum specific-work values were chosen.
If specific work diverged, then the calculation with a
pressure ratio of 2.25 was selected.

4 Discussion

For comparison, Yarsky et al. achieved 19% thermal
efficiency with an ideal Brayton cycle at 1400 K [26]
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and 12% efficiency with a sodium Rankine cycle at
1400 K. Real-fluid efficiency was greater than ideal-
fluid efficiency in all cases except for I2 at 1600 K.
I2 had a ∆T at 1600 K. Thus, the reduced tempera-
ture Tr2 corresponded to a Z near one. Fluids with
critical points near maximum operating temperature
generally had higher efficiencies than fluids with high
∆T values because T2 was closer to the critical point.
Selected values’ Rp ranged from 2 to 3, indicating the
optimum pressure ratio for a 1600 K space power sys-
tem falls within this range. High efficiency and low
specific work implied high values of ṁ. Specific power
seemed to be exponentially related to ∆T . Efficiency
diverged for I2 (1200 K), S (1600 K), P (1600 K),
and FeCl3 (1200 K). These three substances have the
highest k values (1.2–1.6). Large k values contributed
to divergence by increasing T2 and decreasing T4.

The best fluid for the 1200 K cycle was I2. H2SO4

had the highest specific net work because it also has
the greatest Cp, but it fell behind FeCl3 and I2 in
both efficiency and specific power at pressure ratios
greater than 2.4. While the performance of FeCl3 in
all categories exceeded that of I2, the melting point
of FeCl3 is 577 K, compared to 387 K for I2 [5]. The
working fluid must be in the liquid state at launch to
avoid system damage. The reactor will not be started
until orbit is reached, so a separate heat source is
needed. I2 would require a smaller heat source and
was therefore the best choice.

For the 1600 K cycle, the best working fluid was
sulfur. Sulfur had the highest specific power and ther-
mal efficiency at lower pressure ratios than other flu-
ids. Its main drawback was low specific work, impli-
cating an ṁ of 92.53 mol/s, as compared to P4S10’s ṁ
of 20.82 mol/s. Heat source weight reduction during
launch was the last topic for consideration. Phospho-
rus (white) has a melting point of 317 K, while the
melting point of sulfur is 387 K. Sulfur is the bet-
ter fluid because it had higher specific power at lower
pressure ratios.

4.1 Design Weaknesses

Operating pressures greater than 107 Pa imply that
pipe mass must increase to compensate for the in-
creased pressure. For thin-walled pipes, pipe mass to
confine a given mass of fluid is constant with pres-
sure [9, 23].6 Without knowing total pipe length in
each system, no comparison was possible. Since the
increased efficiency of the supercritical Brayton cy-

6For a full derivation, see Appendix B.

cle allows higher radiator temperatures, supercritical
system radiator mass is less than both the sodium
Rankine-cycle and conventional Brayton-cycle radi-
ator mass. The working fluids in the supercritical
Brayton cycle had higher atomic mass than either
the sodium Rankine or supercritical carbon dioxide
cycles (89.13 g/mol for S2.78 and 253.8 g/mol for I2
versus 22.99 g/mol for Na and 44.01 g/mol for CO2).
Increased molecular mass decreased turbine and com-
pressor size [26].

Special materials have to be considered for con-
struction of this high-temperature Brayton cycle.
There are three options for materials: refractory met-
als, ceramic coatings, and oxide-strengthened steels.
Materials must avoid corrosion at these temperatures.
Exotic ceramic coatings such as TaN, B4C, HfC, ZrN,
BN, or HfN can withstand operating temperatures
greater than 1000 K [14]. Refractory metals such as
columbium, molybdenum, tantalum, tungsten, and
their alloys display oxidation resistance at tempera-
tures greater than 1000 K [16]. Oxide-strengthened
steels are capable of withstanding these tempera-
tures, but corrosion compatibilities with supercritical
I2 and S need to be determined. Some combination
of these substances may yield a satisfactory working
material.

Objections will be raised about the use of toxic
chemicals as working fluids. At high temperatures,
however, any material is dangerous. For example,
supercritical steam is extremely corrosive at 800 K.
The fluids H2SO4, I2, and S are already used for large-
scale hydrogen production at 1273 K, and plutonium
has been launched into orbit for the Cassini mission
[19]. The SAFE-400, a highly enriched uranium re-
actor, will not be started until it is in orbit. The
reliability of today’s launch vehicles limits the risk.
Since the operation is in space, a pressure leak will
pose no threat to the environment.

5 Conclusions

The pseudoperfect-gas model (law of corresponding
states) proves the viability of the supercritical Bray-
ton cycle based on both efficiency and weight reduc-
tion. At 1600 K, the best working fluid is sulfur. If
limited by current materials constraints at 1200 K,
the best working fluid is I2. High-temperature su-
percritical Brayton cycles deserve further theoretical
and experimental research.
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5.1 Further Work

The simulation needs improvement to more closely
model real supercritical fluids and a real Brayton cy-
cle. The next step is to use generalized enthalpy
and entropy charts instead of compressibility values.
Since a real Brayton cycle is not isothermal, using
constant Cp is an approximation. For I2, the value
of Cp increases by 1.7% on the temperature interval
from 800 K to 1200 K and 5.9% between 800 K and
1600 K. Ideal Brayton-cycle equations must be in-
tegrated over the operational temperature range to
estimate the real Brayton cycle. A method for esti-
mating total system mass must be adopted.

Physical properties of high-temperature super-
critical fluids must be experimentally measured.
These measurements should provide the basis for a
supercritical fluid model. Corrosion properties of
working fluids at these high temperatures should be
determined. Many working fluids, such as sulfur
and phosphorus, have unique properties that may al-
ter physical and corrosion properties at temperatures
greater than 1000 K. Sulfur gas is a mixture of S8,
S7, S6, S5, S4, S3, S2, and S1. At the critical point,
there are 2.78 atoms per molecule [5]. With increas-
ing temperature, this number decreases [17]. Phos-
phorus has three allotropes, red, white, and black
phosphorus. The melting point of red phophorus is
870 K, while the melting point of white phosphorus
is 317 K. White phosphorus is much more reactive
than either red or black phosphorus. The relative
abundance of allotropes in supercritical fluids is un-
known.

Current materials constraints limit maximum cy-
cle temperature to 1200 K [18]. New materials should
be developed to withstand high temperatures, possi-
bly allowing high cycle temperatures up to 1600 K.
Additionally, eutectics (mixtures of fluids) could pro-
vide working fluids with intermediate properties.

A pressure leak in a space heat cycle would be
catastrophic. Heat pipes of small diameter could be
used to increase robustness. A heat pipe uses cap-
illary action to move fluids. Heat-pipe performance
in zero-gravity environments and with supercritical
fluids needs to be studied [8, 24].
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A Static Conversion

The three types of static conversion are thermionic
(TIC), thermophotovoltaic (TPV), and thermoelec-
tric.

Space probes such as Voyager and Cassini have
used thermionic power converters (TIC). TICs use
the Seebeck effect to generate power from heat en-
ergy. Heat from radioactive decay of plutonium-238
oxide is applied to a device with p- and n-type semi-
conductor material, creating a potential difference be-
tween materials. While this system requires no mov-
ing parts, TICs are limited in power output; the first
thermoelectric device generated just 2.7 watts, while
the largest thermoelectric cell, built for the Cassini-
Huygens probe, generated 290 watts [19]. TIC effi-
ciency is proportional to temperature, and power pro-
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duction is proportional to the difference in tempera-
tures between the emitter and collector. Single-layer
TICs have been tested experimentally, obtaining ef-
ficiencies greater than 12.4% between 750 and 1200
K. Double-layer TICs, where one layer’s emitter is
connected to the next layer’s collector, will generate
approximately 2.5 times the useful work of the single
layer system [26].

TPVs convert thermal to light to electrical energy.
First, a substrate is heated. The substrate is coated
with a thin (15-250 µm) emitter coating made of rare-
earth oxides. The substrate uses the photoelectric
effect to emit light on selected wavelengths. These
wavelengths are engineered to optimize photovoltaic
cell efficiency [4]. Currently, there are few reliable
efficiency figures for TPV cells because measurement
criteria have not been standardized [10].

Thermoelectric converters use the Seebeck effect,
like TICs, to generate electricity. Thermoelectrics are
made of heavy metals, which conduct heat as well as
electricity. Thus, thermoelectrics often radiate heat
to the cold end of the material, degrading perfor-
mance. Research has been focused on finding com-
pounds that conduct electricity but not heat. Since
1950, the standard compound has been lead telluride
(efficiency less than 10%). In 1996, MIT professors
Mildred Dresselhaus and Lyndon Hicks found that
a sandwich of europium lead telluride and lead tel-
luride did not conduct heat well at the boundary.
In 2004, Mercouri Kanatzidis of Michigan State Uni-
versity had a breakthrough. An alloy of antimony,
tellurium, lead, and silver produced 18% thermal ef-
ficiency. On the nanoscale, this alloy creates islands
of PbTe that absorb phonons and the larger sea of
metal atoms scatters phonons [25].

B Pipe Mass

From [23] one knows that

σ =
Pd

2t
,

where σ is the hoop stress around the tube’s circum-
ference (takes on constant allowable value), P is the
pressure, d is the pipe diameter, and t is the wall
thickness. The mass Mf of the fluid is given by

Mf =
MP

RT

π

4
d2 ∗ 1,

where M is the molar mass of the fluid, R is the gas
constant (8314 Pa-L/mol-K), and T is the tempera-

ture. The 1 is added to make volume per unit length.
The mass Mp of the pipe is equal to

Mp = πdtρp,

where ρp is the pipe density. Then it follows that the
ratio between the two masses is

Mf

Mp
=

4RTdtρp
MPd2

.

Substituting the value of t yields

Mf

Mp
=

2RTρp
Mσ

.
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In this paper we examine Ehrenfeucht-Fräıssé (EF)
games on fields and vector spaces. We find the ex-
act length of the EF game on two algebraically closed
fields of finite transcendence degree over Q or Z/pZ.
We also determine an upper bound on the length of
any EF game on models (Fn1 ,F1) and (Fm2 ,F2) of vec-
tor spaces where m = n and a lower bound for the
special case F1 = F2.

1 Introduction

Ehrenfeucht-Fräıssé (EF) games provide a numeri-
cal measure of the degree to which two models1 are
similar. They have applications in various branches
of mathematical logic, such as measuring the expres-
sive strength of a formal language. We begin with
an example to see how EF games work and how they
connect to other measures of similarity between mod-
els.

Suppose we wish to compare Q and Z. They
are clearly different, but they do share some prop-
erties. Consider attempting to distinguish between
finite subsets of Q and Z. In the language L = {<}, it
is impossible to distinguish between { 22

7 , 1,
3
2 , 1.01}Q

and {21, 10, 20, 15}Z. That is, for any atomic formula
ϕ in L, ϕ(22

7 , 1,
3
2 , 1.01) iff ϕ(21, 10, 20, 15).

We call the map { 22
7

Q → 21Z, 1Q → 10Z, 3
2

Q →
20Z, 1.01Q → 15Z}, denoted { 22

7 , 1,
3
2 , 1.01}Q =⇒

{21, 10, 20, 15}Z, a partial isomorphism from Q to Z

1For a glossary of terms which may be unfamiliar, see Ap-
pendix A.

because it maps a finite subset of Q to a finite sub-
set of Z, is bijective, and preserves structure. (For
a formal definition and more examples of partial iso-
morphisms, see Appendix C.)

Now we ask whether it is possible to extend this
partial isomorphism. If we added the element 3Q,
for instance, could we find some element xZ to make
{ 22

7 , 1,
3
2 , 1.01, 3}Q =⇒ {21, 10, 20, 15, x}Z a partial

isomorphism? Here the answer is no, because if 3Q

is between 3
2

Q and 22
7

Q, then xZ must likewise be be-
tween 20Z and 21Z, but there is no integer between
20 and 21.

We simulate these extensions of partial isomor-
phisms with an EF game on two models:

Definition 1.1. [3, 5] In an Ehrenfeucht-Fräıssé (EF)
game on (M,L) and (N,L) (the “M vs. N” EF game)
where M and N are models of the language L, two
players Spoiler and Duplicator create a partial iso-
morphism from M to N in stages as follows:

At stage i, beginning with stage 1,

1. Spoiler plays an element mM
i or nNi by append-

ing it to the list m̄M or n̄N of elements played
in that model.

2. Duplicator plays an element from the other
model, nNi or mM

i .

After each stage, we examine the mapping f : m̄→ n̄
which maps mj to nj for all j ≤ i. If f is not a partial
isomorphism, i.e., if there exists some atomic formula
in L which is true of m̄ but not of n̄, then Spoiler wins
the game at stage i. If f is a partial isomorphism,
then Duplicator wins stage i. Duplicator wins the
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game if he has a strategy to win through any stage,
i.e., to prevent Spoiler from ever winning.2

We return to our original example. In the EF
game on (Q, {<}) and (Z, {<}), Spoiler is able to
win by Stage 3 by the following strategy:

1. Spoiler plays two consecutive integers in Z. Du-
plicator plays two corresponding elements qQ

1

and qQ
2 .

2. Spoiler plays
(
q1+q2

2

)Q
, which is between q1 and

q2. Since Duplicator cannot find an element in
Z between the two consecutive integers Spoiler
first played, Spoiler wins at stage 3.

Spoiler 5 ∈ Z 6 ∈ Z 4.6 ∈ Q
Duplicator 4.3 ∈ Q 4.9 ∈ Q ?? ∈ Z

Table 1: An EF game on (Z, <) and (Q, <).

The reason such a strategy works can be described
by a formula ϕ in L such that Q |= ϕ and Z |= ¬ϕ,
namely

ϕ = ∀x∀y ∃z (
(x < z) ∧ (z < y)

)
∨ (

(y < z) ∧ (z < x)
) ∨ (x = y).

In English, ϕ says that there exists a third element
between any two nonequal elements. Because this is
true in Q but not in Z, Spoiler has a winning strategy.
Note that the quantifier rank of ϕ is 3, the number of
moves required for Spoiler to win. This correlation is
true generally:

Theorem 1.2 ([1]). Duplicator wins the EF game
on (M,L) and (N,L) through stage i iff M and N
are equivalent under formulas of quantifier rank i in
L∞ω .3

We will also use sequences of partial isomorphisms
in proving bounds on the lengths of EF games. A
sequence of partial isomorphisms from M to N is a
descending sequence

I0 ⊇ I1 ⊇ · · · ⊇ In,

where each Ii is a collection of partial isomorphisms
collectively mapping all of M to all of N , and any
p ∈ Ii has an extension in Ii−1 for any element in
M or N . (A formal definition and examples may be
found in Appendix D.)

2For examples of EF games, see Appendix H.
3See Appendix E.

Theorem 1.3 ([3]). There exists a sequence of par-
tial isomorphisms from M to N of length i iff Spoiler
cannot win the M vs. N EF game by stage i.

In this paper, we consider EF games over fields
and vector spaces. For various conditions on two such
models M and N , we construct partial-isomorphism
sequences between M and N to place lower bounds
on the stage at which Spoiler can win the M vs. N
EF game, and we formulate strategies for Spoiler to
put upper bounds on this stage.

2 Preliminary Definitions

In order to play EF games on models of fields4 or
vector spaces5, we must first define a language LF

for fields and a language LV S for vector spaces.

Definition 2.1. The language of fields, denoted LF ,
is the set of symbols {+, ·,−,−1 , 0, 1}. The language
of vector spaces, denoted LV S , is the set consisting
of

• S(x), a unary predicate that is true when x is
a scalar;

• V (x), a unary predicate that is true when x is
a vector;

• +s, scalar addition;

• ·s, scalar multiplication;

• 0s, scalar zero (additive identity);

• 1s, scalar one (multiplicative identity);

• +v, vector addition;

• 0v, the zero vector; and

• ∗, scalar multiplication of a vector.

Now we define the field EF game to be an EF
game on two models M,N of LF such that M,N |=
Th(fields). Similarly, we define the vector space EF
game to be an EF game on two models M,N of LV S

such that M,N |= Th (vector spaces).
Let F denote a field and F be the algebraic closure

of F. A full list of notation which may be unfamiliar
to the reader is included as Appendix B.

4See Appendix F.
5See Appendix G.
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3 EF field games

Our goal in this section is to characterize, as com-
pletely as possible, the general F1 vs. F2 field EF
game. First we consider the case in which char (F1) =
char (F2).

Proposition 3.1. Spoiler wins the F1 vs. F2 field EF
game at stage 0 if and only if char (F1) = char (F2).
That is, no partial isomorphism sequence can be con-
structed between F1 and F2.

Proof. If char (F1) = char (F2), at least one of
char (F1) and char (F2) is nonzero. Therefore, at least
one of F1 and F2 models an atomic formula in L of
the form 1 + 1 + · · ·+ 1 = 0. Since the characteristic
of the other field is different, the other field does not
model the same atomic formula, and Spoiler wins the
EF game at stage 0.

If char (F1) = char (F2), there is no atomic for-
mula ϕ in L∞ω with only constants 0 and 1 such
that F1 |= ϕ, F2 |= ¬ϕ, so Spoiler cannot win at
stage 0. Thus, Spoiler wins at stage 0 if and only if
the characteristics of the fields are unequal.

For the rest of the paper we assume that all fields
are extensions of P, where P is either Q or Z/pZ.
That is, all fields are of the same characteristic.

3.1 Fields of different transcendence
degrees/F

Next, we consider two fields E1, E2 extending F with
different transcendence degrees over F. In this case,
we show that Spoiler wins the E1 vs. E2 field EF game
by some finite stage.

Proposition 3.2. Suppose that E1 and E2 extend
F and have transcendence degrees a and b over F re-
spectively. If a is finite and a < b, then Spoiler wins
the E1 vs. E2 field EF game.

Proof. First note that any atomic formula in LF

can be written f(x1, . . . , xn) = 0 for some f ∈
P[x1, . . . , xn].

Spoiler’s strategy is to first play c1, . . . , ca+1 ∈ E2

such that {c1, . . . , ca+1} is algebraically independent
over F.

Duplicator plays d1, . . . , da+1 ∈ E1. Since the
transcendence degree of E1 is a, only a set of up to
a elements in E1 can be algebraically independent
over F1, and the set {d1, . . . , da+1} is algebraically
dependent over F. This means that there exists a
function f(x1, . . . , xa+1) ∈ F[x1, . . . , xa+1] such that

f(d1, . . . , da+1) = 0. Because {c1, . . . , ca+1} is al-
gebraically independent over F, there does not ex-
ist a function g(x1, . . . , xa+1) ∈ F[x1, . . . , xa+1] such
that g(c1, . . . , ca+1) = 0. Thus, to win, Spoiler
needs only to list every coefficient in f as an ele-
ment in E1. If there are i such coefficients b1, . . . , bi,
then there exists h ∈ P[x1, . . . , xa+1+i] such that
h(d1, . . . , da+1, b1, . . . , bi) = 0 iff f(d1, . . . , da+1) = 0.
No corresponding elements e1, . . . , ei ∈ E2 satisfy
h(c1, . . . , ca+1, e1, . . . , ei) = 0. Therefore, Spoiler
wins at some finite stage a+ i+ 1.

3.2 The field EF game on two alge-
braically closed fields

Finally, we consider the case in which F1 and F2 are
algebraically closed fields of equal characteristic and
with finite transcendence degrees over P. In this case,
we know exactly at what stage Spoiler wins the F1

vs. F2 field EF game, assuming he and Duplicator
both employ optimal strategies. First, we need two
lemmas:

Lemma 3.3. Given an isomorphism of fields F1 →̃
F2, elements {a1, . . . , an} algebraically independent
over F1, and elements {b1, . . . , bn} algebraically inde-
pendent over F2, there exists an isomorphism from
E1 = F1(a1, . . . , an) onto E2 = F2(b1, . . . , bn) extend-
ing the given isomorphism F1 →̃ F2.

Lemma 3.4. If {a1, . . . , an} is a transcendence base
for E1 = F1(a1, . . . , an) over F1 and {b1, . . . , bn} is a
transcendence base for E2 = F2(b1, . . . , bn) over F2,
then F1

∼= F2 implies E1
∼= E2.

Sketch of the proof. We let E0
1 = F(a1, . . . , an)

and E0
2 = F(b1, . . . , bn). Because E0

1 and E0
2 are both

the minimum extensions of F containing a set of n
elements transcendental over F, we have E0

1
∼= E0

2

by Lemma 3.3. This implies that there exists some
isomorphism i : E0

1 → E0
2. The isomorphism i can be

extended to an isomorphism from E0
1, the splitting

field of E0
1 over all monic polynomials in E1[x], to E0

2,
the splitting field of E0

2 over all monic polynomials in
E2[x], and E1 = E0

1
∼= E

0

2 = E2 [7].
Now we proceed to the EF game on two alge-

braically closed fields:

Theorem 3.5. Spoiler wins the F1 = P(u1, . . . , un)
vs. F2 = P(v1, . . . , vm) field EF game, where m < n,
exactly at stage m + 1 if {u1, . . . , un} is a transcen-
dence base for F1/P and {v1, . . . , vm} is a transcen-
dence base for F2/P.
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First we show that Spoiler can always win by stage
m+ 1. Then we show that Duplicator has a winning
strategy through stage m by constructing a sequence
of partial isomorphisms of length m between F1 and
F2.

Spoiler’s strategy to win by stage m + 1 is to
play u1, . . . , um+1 ∈ F1. These are algebraically in-
dependent over P, i.e., there does not exist a func-
tion f(x1, . . . , xm+1) ∈ P[x1, . . . , xm+1] such that
f(u1, . . . , um+1) = 0. Duplicator wins through stage
m by playing m elements c1, . . . , cm ∈ F2 such
that {c1, . . . , cm} is algebraically independent over
P. However, since these m elements form a tran-
scendence base for F2/P, every element cm+1 is al-
gebraic over c1, . . . , cm. Therefore, there exists a
function g(x1, . . . , xm+1) ∈ P[x1, . . . , xm+1] such that
g(c1, . . . , cm+1) = 0. But g(u1, . . . , um+1) = 0, so
Spoiler wins at stage m+ 1.

Now we show that Spoiler cannot win before stage
m + 1 by constructing a sequence of partial isomor-
phisms of length m from F1 to F2.

Recall that any two algebraically closed fields of
the same transcendence degree over P are isomorphic
by Lemma 3.4. Let Ij be the set of all isomorphisms
f : F′

1 ⊆ F1 → F′
2 ⊆ F2 where F′

1 and F′
2 are alge-

braically closed and have transcendence degree j over
P.

Then let Ii = {p ⊂ f : | dom (p)| < ω, f ∈ Ij , j ≤
m− i}.

Claim: I0 ⊇ I1 ⊇ · · · ⊇ Im−1 is a sequence of
partial isomorphisms.

Proof. First we must show that the collective do-
mains and ranges of the partial isomorphisms in any
Ii are the entire F1 and F2 respectively, i.e.:

• for every Ii and a ∈ F1, there exist p ∈ Ii and
b ∈ F2 such that p(a) = b; and

• for every Ii and b ∈ F2, there exist p ∈ Ii and
a ∈ F1 such that p(a) = b.

Note that any a ∈ F1 is either transcendental or
algebraic over P. Let a ∈ F1 be transcendental over
P and a′ ∈ F1 be algebraic over P. We let F′

1 =
P(a), which has transcendence degree 1 over P. There
exists an isomorphism f : F′

1 → F′
2 in I1 for some

F′
2 of transcendence degree 1 over P and a partial

isomorphism p ⊂ f such that {a, a′} ⊆ dom (p) and
| dom (p)| < ω. For all i ≤ m − 1, p is in Ii. Thus,
any element in F1 is in the domain of some partial
isomorphism in Ii. Similarly, any element in F2 is in
the image of some partial isomorphism in Ii.

Next, we must show that for any element a in F1

and any partial isomorphism p in Ii (i = 0), there
is an extension of p in Ii−1 with a in its domain.
Likewise, for any element b in F2 there must be a
extension with b in its image, i.e.:

1. for every p ∈ Ii and a ∈ F1, there exist p′ ∈ Ii−1

and b ∈ F2 such that p′(a) = b; and

2. for every p ∈ Ii and b ∈ F2, there exist p′ ∈ Ii−1

and a ∈ F1 such that p′(a) = b.

We let p ∈ Ii (i = 0) be a subset of f : F′
1 → F′

2 ∈ Ij
(j ≤ m− i).

To prove assertion 1, we let a be in F1 and consider
two cases:

Case 1: a ∈ F′
1. Let p′ ∈ Ii−1 be a subset of f such

that p′ ⊇ p and a ∈ dom (p′).

Case 2: a �∈ F′
1. In this case, a is transcendental

over F′
1, as F′

1 is algebraically closed. If the
transcendence degree of F′

2/P is less than m,
which is true for all i > 0, then there exists
b ∈ F2 such that b is algebraically independent
over F′

1. Let F′′
1 = F′

1(a) and F′′
2 = F′

2(b).
By Lemma 3.4, there exists an isomorphism
f ′ : F′′

1 → F′′
2 . This isomorphism is in Ij+1,

and so a subset p′ ⊆ f such that a ∈ dom(p′)
and | dom (p′)| < ω is in Ii−1.

The proof of assertion 2 is analogous, because the
transcendence degree of F2/P is less than that of F1/P
and so for b ∈ F2−F′

2 there always exists an element
a ∈ (F1 − F ′

1).
Thus I0 ⊇ I1 ⊇ · · · ⊇ Im−1 is a partial isomor-

phism sequence, and by Theorem 1.3 Spoiler cannot
win the F1 vs. F2 field EF game by stage m. Since he
has a strategy to win by stage m+1, he wins exactly
at stage m+ 1.

4 EF vector-space games

Now we turn our attention to vector-space EF games.
First, note that ifM is anm-dimensional vector space
over F, without loss of generality we can choose a
basis for this vector space and consider the model M
to be (Fm,F). (See Appendix G.)

Next, note that if Spoiler wins the F1 vs. F2 field
EF game by stage t, he also wins the M = (Fm1 ,F1)
vs. N = (Fn2 ,F2) vector space EF game by stage t.
His strategy is the same as in the field EF game.
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4.1 EF games on vector spaces of dif-
ferent dimension

We determine an upper bound on the length of a gen-
eral vector-space EF game on vector spaces of differ-
ent dimensions:

Theorem 4.1. If M = (Fm1 ,F1) and N = (Fn2 ,F2),
m < n, then Spoiler wins the M vs. N vector space
EF game by stage m+ 1 + min (m,mingen (F1/P)).

Proof. Spoiler’s strategy to win by stage m + 1 +
min (m,mingen (F1/P)) is as follows:

1. Play m+1 linearly independent vectors v1, . . . ,
vm+1 ∈ N . Duplicator plays w1, . . . , wm+1 ∈
M . Assume w1, . . . , wm are independent. Be-
cause any m independent vectors in Fm1 span
Fm1 , wm+1 can be written in the form

wm+1 = c1w1 + c2w2 + · · ·+ cmwm

for some ci ∈ F1. We let f(x1, . . . , xm, y1, . . . ,
ym+1) = x1y1 + · · ·+ xmym − ym+1 for scalars
x1, . . . , xm and vectors y1, . . . , ym+1. Then

f(c1, . . . , cm, w1, . . . , wm+1) = 0.

2. Play the smallest subset S = {s1, . . . , st}
of {ci : ci ∈ F1 − P} such that P(S) =
P(c1, . . . , cm), i.e., such that every ci is in
P(s1, . . . , st). The size t of this subset cannot be
greater than mingen (F1/P), since c1, . . . , cm ∈
F1. It also cannot be greater than m, since
the set of all ci has size m. Thus t ≤
min (m,mingen (F1/P)). Let ci = gi(s1, . . . , st)
for some gi(x1, . . . , xt) ∈ P[x1, . . . , xt]. So
s1, . . . , st, w1, . . . , wm+1 satisfy

f(g1(s1, . . . , st), g2(s1, . . . , st), . . . ,
gm(s1, . . . , st), w1, . . . , wm+1) = 0. (1)

Duplicator must choose r1, . . . , rt ∈ N such
that

f(g1(r1, . . . , rt), g2(r1, . . . , rt), . . . ,
gm(r1, . . . , rt), v1, . . . , vm+1) = 0. (2)

But since gi(r1, . . . , rt) is in F2, this implies that
vm+1 is linearly dependent on v1, . . . , vm. Since
v1, . . . , vm+1 are linearly independent, choos-
ing r1, . . . , rt ∈ N to satisfy (2) is impossi-
ble. Spoiler thus wins by stage m + 1 + t =
m+ 1 + min (m,mingen (F1/P)).

We now consider the special case where F1 = F2.
In this case we prove a lower bound on the stage at
which Spoiler can win.

4.2 Spoiler cannot win the Fn vs. Fm

EF game by stage m

Theorem 4.2. If M = (Fm,F) and N = (Fn,F) are
m, m < n, then Spoiler cannot win the M vs. N
vector space EF game by stage m.

Proof. To show that Spoiler cannot win the N vs.
M EF game by stage m, we construct a sequence of
partial isomorphisms of length m from N to M . Re-
call that any two vector spaces of the same dimension
over the same field are isomorphic. We let Ij be the
set of all partial isomorphisms from a j-dimensional
subspace of Fn to a j-dimensional subspace of Fm. In
symbols

Ij = {f : Sn ⊆ Fn → Sm ⊆ Fm :
dim(Sn/F) = dim(Sm/F) = j}.

Then we consider the partial isomorphisms generated
as finite subsets of the isomorphisms in Ij . We define
Ii to be the set of all partial isomorphisms p = p1∪p2

where p1 is a finite subset of some f in Ij (j ≤ m− i)
and p2 is a finite subset of the identity function on F.

We claim that I0 ⊇ I1 ⊇ · · · ⊇ Im−1 is a sequence
of partial isomorphisms. To prove this we must show
that it enjoys the three defining properties of a se-
quence of partial isomorphisms.

1. For every Ii and all elements a ∈ N and b ∈M ,
there exist p, p′ ∈ Ii such that a ∈ dom (p) and
b ∈ Im (p′).

To show this, first let c be a scalar in F. The
partial isomorphism (c→ c) ⊂ Id (F) is in every
Ii. Thus, for any scalar a ∈ N , there exists
p ∈ Ii such that a ∈ dom (p). Likewise, for
any scalar b ∈ M , there exists p ∈ Ii such that
b ∈ Im (p).

Now let v be a vector in N . Since v is in the
one-dimensional subspace spanned by v, there
exist an isomorphism f ∈ I1 mapping a one-
dimensional F-subspace Sn ⊆ Fn onto a one-
dimensional F-subspace Sm ⊆ Fm and a subset
p of f such that v ∈ dom (p). Similarly, for
any vector v′ ∈ M , there exist an isomorphism
f ′ ∈ I1 mapping a one-dimensional S′

n ⊆ Fn

onto a one-dimensional S′
m ⊆ Fm and a subset
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p′ of f ′ such that v′ ∈ Im (p′). Since p and p′

are in I1, they are also in all Ii for i < m.

Thus, for any elements a ∈ N and b ∈ M and
any Ii in our sequence, there are a partial iso-
morphism in Ii mapping a to an element of M
and a partial isomorphism mapping some ele-
ment of N to b.

2. For every p ∈ Ii and a ∈ N there exist p′ ∈ Ii−1

and b ∈ Fm such that p′(a) = b.

Let p = p1 ∪ p2 be in Ii with p1 a subset of
f ∈ Ij (j ≤ m− i). If a is a scalar, we let p′ =
p1 ∪

(
p2 ∪ (a→ a)

)
; this partial isomorphism is

in Ii ⊆ Ii−1 and maps a to a. If instead a is
a vector, we must distinguish the following two
cases.

Case 1: a ∈ span (dom (p1)). Let p′ = p1 ∪
(a→ f(a))∪p2. This partial isomorphism
is in Ii ⊆ Ii−1 and maps a to f(a).

Case 2: a �∈ span (dom (p1)). In this case,
the dimension of (dom (p1) ∪ a) is j + 1.
If j + 1 ≤ m, which must be true for
i > 0 because j ≤ m − i, then there ex-
ists a (j + 1)-dimensional subspace Ψ ⊆
Fm containing Im (p1). Let e ∈ Ψ be
independent from range (p1). Then let
f ′ : span (dom (p1) ∪ a)→ (range (p1) ∪ e)
be an isomorphism such that f ′ ⊃ p1.
Since f ′ ∈ Ij+1, the partial isomorphism
p′ = p ∪ (a→ f ′(a)) is in Ii−1.

Thus there exists an extension of p ∈ Ii in Ii−1

for any a ∈ N .

3. For every p ∈ Ii and b ∈ M , there exist p′ ∈
Ii−1 and a ∈ N such that p′(a) = b.

As in step 2, we let b be in M and p = p1 ∪ p2

be in Ii (i > 0), where p1 ⊆ f ∈ Ij (j ≤ m− i).
The cases are analogous. If b is a scalar, the
partial isomorphism p′ = p1 ∪

(
p2 ∪ (b→ b)

)
is

in Ii ⊆ Ii−1 and maps b to b. If instead b is a
vector, again we distinguish two cases.

Case 1: b ∈ span (Im (p1)). Here let p′ =
p1 ∪ (f−1(b) → b) ∪ p2. This partial iso-
morphism is in Ii ⊆ Ii−1 and maps f−1(b)
to b.

Case 2: b �∈ span (Im (p1)). The dimension
of (Im (p1) ∪ b) is j + 1. Since j + 1 ≤ n,
there exists a (j+1)-dimensional subspace
Ψ ⊆ Fn containing dom(p). Let e ∈ Ψ be

independent from dom (p). Then let f ′ :
span (dom (p1) ∪ e)→ span (Im (p) ∪ b) be
an isomorphism such that f ′ ⊃ p1. Since
f ′ ∈ Ij+1, the partial isomorphism p′ =
p ∪ ((f ′)−1(b)→ b) is in Ii−1.

Thus, for any b ∈ Fm there is an extension p′ ∈ Ii−1

of p ∈ Ii with b ∈ Im (p′).
Thus I0 ⊇ I1 ⊇ · · · ⊇ Im−1 is a sequence of partial

isomorphisms, and by Theorem 1.3, Spoiler cannot
win the M vs. N vector space EF game by stage
m.

5 Conclusion and Future Work

We have presented partial characterizations of the EF
field game and EF vector-space game, including the
exact stage at which Spoiler wins an EF field game
on algebraically closed fields of finite transcendence
degree over P and a minimal bound on the length of
the EF vector-space game on vector spaces of differ-
ent dimension over the same field.

Remaining problems include:

1. The characterization of the general field EF
game on two algebraically nonclosed fields F1 ⊆
P(u1, . . . , un) and F2 ⊆ P(v1, . . . , vm) of equal
characteristic.

2. The exact stage at which Spoiler wins an EF
vector-space game on vector spaces of dimen-
sions n < m over an algebraically closed field
(conjecture: 2n+ 1).

3. An extension of the methods used here to the
corresponding ring and module EF games.
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A Glossary

algebraic: An element a is algebraic over a set A
if f(a) = 0 for some polynomial f with coeffi-
cients in A.

algebraic closure: The algebraic closure of a field
F is the union of F and all elements algebraic
over F. This is a field, unique up to isomor-
phism [1].

algebraically dependent: A set S is algebraically
dependent over a field F if there are elements
a1, . . . , an ∈ S and f ∈ F[x1, . . . , xn] such that
f(a1, . . . , an) = 0.

arity: A function of arity n maps Mn to M , i.e.,
takes n arguments. A relation of arity n takes
n arguments. Example: ϕ(x, y, z)⇔ (x = y) ∧
(y = z) is a relation of arity 3.

atomic formula: A formula with no quantifiers.

bijective: A map is bijective if it is both injective
and surjective, i.e., one-to-one and onto.

characteristic: The least positive p such that 1 +
1+ · · ·+1 (p times) = 0, or 0 if such an element
does not exist.

equivalent under formulas of quantifier rank
r: Models M and N are equivalent under for-
mulas of quantifier rank r if

∀ϕ : qr (ϕ) ≤ r, M |= ϕ⇔ N |= ϕ.

field: See Appendix F.

formula: A statement in a language which can be
either true or false. Formally, a formula in first-
order logic is any of the following:

• R(τ1 . . . τn),

• τ1 = τ2,

• ϕ ∧Ψ,

• ¬ϕ,

• ϕ⇒ Ψ,

• ϕ ∨Ψ,

• ϕ⇔ Ψ,

• ∃xϕ, and

• ∀xϕ,

where R is a relation, τ1, . . . , τn are terms, and
ϕ and Ψ are formulas.

free variable: A variable in a formula which is not
mentioned in any quantifiers. For instance, in
the formula ∀x(y < x), the variable y is a free
variable.
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homomorphism: If M and N are models of a the-
ory in language L, a function f : M → N is a
homomorphism if:

• For all relations R ∈ L and elements ā ∈
M , we have

M |= R(ā) iff N |= R(f(ā)); and

• For all functions g ∈ L and elements ā ∈
M , we have

M |= g(ā) = b iff N |= g(f(ā)) = f(b).

injective: A function f is called injective if f(a) =
f(b) only when a = b, i.e., no two elements are
mapped to the same value under f .

isomorphism: A homomorphism with an inverse,
i.e., a bijective homomorphism.

language: A collection of constants, functions, and
variables. Two examples of languages are

L1 = {<} and L2 = {c1, c2,+, ∗,≤}.
An example of a formula in L2 is ∀x(

(x+ c1) ∗
c2 ≤ x

)
.

linearly independent: A set S is linearly indepen-
dent if no element in S is a linear combination
of the other elements.

model: A model M of a language L is a set M with

• a subsetRM ⊆Mn for each relationR ∈ L
of arity n,

• a function fM : Mn → M for each func-
tion f ∈ L of arity n, and

• a constant cM ∈ M for each constant c ∈
L.

This is essentially a universe in which a lan-
guage has meaning and any sentence in the lan-
guage is either true or false. Readers familiar
with the Java programming language may find
it helpful to think of a language as an inter-
face and a model as a class implementing the
interface.

In a model of a theory, every sentence in the
theory is true. In a model of a sentence, the
sentence is true.

module: A vector space over a ring instead of a
field.

partial isomorphism: See Appendix C.

partial isomorphism sequence: See Appendix D.

quantifier: ∀ or ∃.
quantifier rank: The quantifier rank of a formula

ϕ, written qr (ϕ), is defined inductively as fol-
lows:

1. qr (ϕ) = 0 if ϕ is atomic.

2. qr
(∨

i∈I ϕi
)

and qr
(∧

i∈I ϕi
)

both equal
max {qr (ϕi) : i ∈ I}.

3. qr (¬ϕ) = qr (ϕ).

4. qr (∀xϕ) = qr (∃xϕ) = qr (ϕ) + 1.

qr (ϕ) is equal to the maximum number of
nested quantifiers in ϕ.

ring: A set closed under two functions addition and
multiplication, with multiplication distributive
over addition. For instance, the integers form a
ring.

sentence: A formula with no free variables.

span [10]: The span of a set of vectors v1, . . . , vn
is the subspace consisting of all linear combina-
tions of v1, . . . , vn.

splitting field [6]: The splitting field of a
field F over a monic polynomial f ∈ F[x],
where f(x) = (x − r1)(x − r2) . . . (x − rn), is
F(r1, . . . , rn).

surjective: A map f : M → N is surjective if for
every n ∈ N there is some m ∈ M such that
f(m) = n. That is, f is surjective if Im(f) = N .

term: A term is any of the following:

• a variable,

• a constant, or

• the value of a function f(τ1, . . . , τn), where
τ1, . . . , τn are terms and f has arity n.

theory: A collection of sentences.

transcendence base: If a field E is an extension
of a field F, a subset B ⊆ E is called a transcen-
dence base of E/F if B is algebraically indepen-
dent over F and every a ∈ E is algebraic over
F(B). The size of such a transcendence base is
uniquely determined [7].
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transcendence degree of E/F: The size of the
transcendence base of E/F.

transcendental: An element a is transcendental
over a set A if it is not the solution to any poly-
nomial with coefficients in A.

vector space: See Appendix G.

B Notation

∃ there exists
∀ for all
¬ not
⇔ if and only if
⇒ implies
ω the size of the set of natural

numbers
≡r equivalent under formulas of

quantifier rank ≤ r

p′ ⊇ p p′(a) = p(a) whenever a ∈
dom (p), i.e., p′ extends p

aM denotes an element a in the
model M

Q the set of rational numbers
Z the set of integers
R the set of real numbers
N the set of natural numbers

F the algebraic closure of a field
F

F(u1, . . . , un) the smallest field containing
F ∪ {u1, . . . , un}

F[x1, . . . , xn] the smallest ring containing
F∪{x1, . . . , xn}, i.e., the poly-
nomial ring with variables
x1, . . . , xn and coefficients in
F

mingen (E/F) the size of the smallest subset
S ⊆ E such that F(S) = E

qr (ϕ) the quantifier rank of ϕ
Im (f) the image of f
dom (f) the domain of f

C Partial isomorphisms

Definition C.1. [1] A partial isomorphism is a bi-
jective homomorphism p : M → N on a finite subset

of M .

We now provide some examples of partial isomor-
phisms:

1. The mapping p : (Z, {<}) → (Q, {<}) that
takes each element of {1, 4, 5, 3, 2}Z to the cor-
responding element of {−4, 10.5, 30, 5

2 , 0}Q is a
partial isomorphism.

2. The mapping p : (Q(π),LF ) → (Q(e,
√

2),LF )
that takes each element of {π, π2, π +3}Q(π) to
the corresponding element of {e, e2, e+3}Q(e,

√
2)

is a partial isomorphism. Note that there is no

partial isomorphism mapping
√

2
Q(e,

√
2)

to any
element x in Q(π), for then x would have to
satisfy the atomic formula x ∗ x = 1 + 1 in LF .

3. If M = (R3,R) and N = (R2,R), then the
map p : (M,LV S) → (N,LV S) sending each
element of {(1, 0, 0), (0, 1, 0), (0, 0, 1)}M to the
corresponding element of {(1, 0), (0, 1), (π, e)}N
is a partial isomorphism. However, the map-
ping p′ ⊇ p that also takes πM to πN

and eM to eN is not a partial isomorphism
because there is an atomic formula ϕ in
LV S such that ϕ((1, 0), (0, 1), (π, e), π, e) and
¬ϕ((1, 0, 0), (0, 1, 0), (0, 0, 1), π, e), namely

ϕ(v1, v2, v3, s1, s2) = v1 ∗ s1 +v v1 ∗ s2 = v3.

D Sequences of partial isomor-
phisms

Definition D.1 ([1]). I0 ⊇ I1 ⊇ · · · is a sequence
of partial isomorphisms from M to N if the following
properties hold.

1. Every p ∈ Ii is a partial isomorphism from M
to N .

2. For every Ii and everym ∈M there exist n ∈ N
and p ∈ Ii such that p(m) = n, and for every Ii
and n ∈ N there exist m ∈ M and p ∈ Ii such
that p(m) = n.

3. For every p ∈ Ii and m ∈ M there exist n ∈ N
and p′ ⊇ p in Ii−1 such that p′(m) = n, and for
every p ∈ Ii and n ∈ N there exist m ∈M and
p′ ⊇ p in Ii−1 such that p′(m) = n.

In essence, this means that there are two main
conditions on a sequence of partial isomorphisms:
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first, the collective domain and range of each Ii must
be all of M and all of N respectively; second, any p
in Ii must be extensible to any given element of M
or N .

An example is given in the figure below. This
partial-isomorphism sequence is between (M, {<})
and (N, {<}), where M = {1, 2, 3} and N =
{a, b, c, d} with a < b < c < d. Examining the figure,
we see that for every partial isomorphism p in I1 we
can choose any element in M or N and find an ex-
tension of p in I0 containing a map to or from that
element.

Figure 1: A sequence of partial isomorphisms of
length 2 from M to N .

E L∞ω

Theorem 1.2 states that Duplicator wins the EF game
on (M,L) and (N,L) through stage i if and only if
M and N are equivalent under formulas of quantifier
rank ≤ i in L∞ω .

L∞ω differs from L in that infinite conjunctions
and disjunctions are allowed, so long as the total
number of free variables remains finite [2]. For ex-
ample,

ϕ = ∀x
∨
i∈N

(x = i)

is a formula in L∞ω . This ϕ allows us to say that
every x is a natural number. It is not a formula in
L, because it involves taking an infinite conjunction,
i.e., combining an infinite number of formulas with
“or.”

F Fields

Definition F.1. A field is a model of LF which sat-
isfies the field axioms below.

Th (fields) is the set of the following axioms in LF

[11]:

Commutativity ∀x, y (x+y = y+x)∧(x·y = y ·x).
Associativity ∀x, y, z ((x+ y) + z = x+ (y+ z)) ∧

(x · (y · z) = (x · y) · z).
Distributivity ∀x, y, z (x · (y + z) = x · y + y · z).
Identity ∀x (x + 0 = x) ∧ (x · 1 = x).

Inverses ∀x (
(x − x = 0) ∧ (x = 0 =⇒ x · x−1 =

1) ∧ (0−1 = 0)
)
.

G Vector spaces

Definition G.1. A vector space over a field F is a
model of LV S which satisfies the vector space axioms
(Th (vector spaces)), where F is considered the set of
scalars.

Th (vector spaces) is a set of sentences in LV S in-
cluding ∀x(

S(x) ∨ V (x)
) ∧ ¬(S(x) ∧ V (x)

)
and the

following:
Axioms for scalars: Commutativity, associa-

tivity, distributivity, identity, and inverses, as in
Th (fields), for elements which satisfy S(x).

Axioms for vectors:

• ∀x, y, z V (x)∧V (y)∧V (z)⇐⇒ x+v (y+v z) =
(x+v y) +v z.

• ∀x, y V (x) ∧ V (y)⇐⇒ x+v y = y +v x.

• ∀xV (x)⇔ x+v 0v = x.

• ∀xV (x)⇔ ∃y :
(
V (y) ∧ x+v y = 0v

)
Axioms involving ∗:
• ∀xV (x)⇐⇒ (0s ∗ x = 0v) ∧ (1s ∗ x = x).

• ∀x, y, z S(x) ∧ V (y) ∧ V (z) ⇐⇒ x ∗ (y +v z) =
x ∗ y +v x ∗ z.
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• ∀x, y, z S(x) ∧ S(y) ∧ V (z)⇐⇒ ((x +s y) ∗ z =
x ∗ z +v y ∗ z) ∧ ((x · y) ∗ z = x ∗ (y ∗ z)).

• ∀x, y x ∗ y = y ∗ x.
Axioms for nonsensical operations:

• ∀x, y V (x) =⇒ (x · y = 0s) ∧ (x+s y = 0s).

• ∀x, y S(x) =⇒ x+v y = 0s.

• ∀x, y (
V (x)∧V (y)

)∨ (
S(x)∧S(y)

)
=⇒ x ∗ y =

0s.

Any two vector spaces of the same finite dimen-
sion over a field are isomorphic [9]. Also, for any
finite-dimensional vector space there exists a basis.
This allows us to consider an m-dimensional vector
space over F as Fm without loss of generality.

H EF game examples

Here we provide some example EF games to help fa-
miliarize the reader with the strategy involved.

First, notice that Spoiler may list his plays in ad-
vance without gaining any advantage; for instance,
he may play three elements at once and then wait
for Duplicator to catch up. For clarity, we may re-
fer to Spoiler and Duplicator playing sets of elements
at once, though in the actual game the elements are
being played one at a time.

An example EF game is shown in Table 2 on
{Z, <} and {Z + Z, <}. Here Z + Z refers to two
copies of Z, one after another, such that any element
in the second is larger than any in the first. To dis-
tinguish between integers in the two copies of Z in
Z + Z, we will call an integer in the first copy small
and an integer in the second copy big.

Spoiler wins this game by using the fact that there
are infinitely many integers between any small inte-
ger and any big integer in Z + Z, but only a finite
number of integers between any two elements of Z.
First he chooses big 0 and small 0 in Z + Z. Corre-
spondingly, Duplicator chooses two elements of Z, z1
and z2. Then Spoiler forces Duplicator to play inte-
gers between z1 and z2 until Duplicator must find an
integer between consecutive integers, which is impos-
sible. Using this strategy, Spoiler always wins, but
Duplicator can determine how long it takes by set-
ting the distance between z1 and z2. In the game
depicted in Table 2, Spoiler wins at stage 7.

A second example is the R vs. Q(e) field EF game.
In the example shown in Table 3, Spoiler first plays

Stage Spoiler Duplicator
1
2
3
4
5
6
7

small 0 ∈ Z + Z
big 0 ∈ Z + Z

small 10 ∈ Z + Z
small 20 ∈ Z + Z
small 100 ∈ Z + Z
big −10 ∈ Z + Z
small 200 ∈ Z + Z

0 ∈ Z
16 ∈ Z
8 ∈ Z
12 ∈ Z
14 ∈ Z
15 ∈ Z
?? ∈ Z

Table 2: An EF game on (Z, <) and (Z + Z, <).

Stage Spoiler Duplicator
1
2

e ∈ R
π ∈ R

e ∈ Q(e)
a ∈ Q(e)

Table 3: An EF field game on R and Q(e).

Stage Spoiler Duplicator
1
2
3
4
5

(1, 0, 0) ∈ N
(0, 1, 0) ∈ N
(0, 0, 1) ∈ N

π ∈ M
e ∈ M

(1, 0) ∈ M
(0, 1) ∈ M
(π, e) ∈ M
a ∈ N
b ∈ N

Table 4: An EF vector space game between M and
N .



46 2005 RSI Compendium

eR. Duplicator plays eQ(e). Then Spoiler plays πR.
For any element aQ(e) that Duplicator may play, there
is an equation

a =
q0 + q1e+ · · ·+ qne

n

p0 + p1e+ · · ·+ pmem

for some rational q0, . . . , qn, p0, . . . , pm. Then we have

a(p0 + p1e+ · · ·+ pme
m) = q0 + q1e+ · · ·+ qne

n,

or

p0a+ · · ·+ pme
ma− (q0 + · · ·+ qne

n) = 0,

which is equivalent to f(e, a) = 0 for a function f ∈
P[x1, x2]. But f(e, π) = 0, so Spoiler wins at stage 2.

As a third example we take the M vs. N vector
space EF game, whereM = (R2,R) andN = (R3,R).
A sample play is shown in Table 4. Spoiler begins
by playing a basis for R3 in N . Duplicator plays
the vectors (1, 0), (0, 1), and (π, e). Spoiler does not
win yet, because there is no linear combination with
coefficients in P of the vectors (1, 0) and (0, 1) that
yields (π, e).

Next, Spoiler plays π and e in M . Regard-
less of the field elements a and b that Duplica-
tor chooses in N , there is an atomic formula ϕ in
LV S such that {(1, 0), (0, 1), (π, e), π, e}M |= ϕ and
{(1, 0, 0), (0, 1, 0), (0, 0, 1), a, b}N |= ¬ϕ, namely

ϕ(v1, v2, v3, s1, s2) = s1 ∗ v1 +v s2 ∗ v2 = v3.

Thus, Spoiler wins at stage 5.
For more examples and a more detailed discussion

of the relationship between EF games and equivalence
under formulas of a certain quantifier rank, see [3].
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Quantitative Trait Loci Modulate the Size of
the Cerebral Cortex

Shiv Gaglani Under the direction of
West Shore Jr./Sr. HS Dr. Glenn Rosen

Melbourne Beach, FL BIDMC

The cerebral cortex, or neocortex, is responsible
for many “higher-order” functions such as language,
memory and information processing. Abnormalities
in neocortical development result in disorders such
as dyslexia, schizophrenia, and autism. Due to the
importance of the neocortex in cognitive function, it
is of great interest to determine which genes modulate
its size. In this study, we mapped quantitative trait
loci (QTL) modulating the volume of the cerebral
cortex in mice. We estimated the neocortical volume
in 144 BXD recombinant inbred mice (34 strains) and
their parent strains (C57BL/6J and DBA/2J). We
found that neocortical volume is a heritable trait (h2

= 0.25). A major QTL for cerebral cortical volume
was detected on chromosome 12. Eleven candidate
genes, including Mnat1, Trim9, Snx6, and Sstr1 were
identified as potential modulators of cerebral cortical
volume.

On the Reducibility of Cyclotomic
Polynomials over Finite Fields

Brett Harrison Under the direction of
Half Hollow Hills HS West Ms. Miki Havĺıčková

Dix Hills, NY MIT

The irreducibility of a polynomial in a prime modulus
implies its irreducibility over the rationals. However,
the converse is certainly not true. In fact, there
are some polynomials that are irreducible over the
rationals yet reducible at every prime modulus. We
show that the nth cyclotomic polynomial reduces
modulo all primes if and only if the discriminant of
the nth cyclotomic polynomial is a square. We pose
further questions about the specific factorization of
cyclotomic polynomials over finite fields in relation
to the discriminant.

Correlation Between Loss of Fixation And
Antisaccade Errors In Schizophrenic

Individuals

Manisha Pandita Under the direction of
F.A.I.P.S. Dr. Dara S. Manoach

Kuwait MGH NMR Center

It is known that schizophrenic individuals show
deficits in executive functions like inhibition. Us-
ing the saccadic task, this study aimed to correlate
the error in inhibition followed by a novel response
(known as an antisaccade) with the error in fixation,
which can be seen as a type of inhibition not followed
by a novel response. It was seen that schizophrenic
subjects show significant deficits in fixation compared
to their normal counterparts. Also, it was found that
there exists a significant positive correlation between
loss of fixation and antisaccade error in the saccadic
task. This indicates that since these two quantities
are not related by a causative relationship, the mech-
anism that controls them must be related. This in
turn supports the hypothesis that the mechanism
of inhibition always remains the same, regardless of
whether it is followed by a novel response.

A Partial Characterization of
Ehrenfeucht-Fräıssé Games on Fields and

Vector Spaces

Kim Scott Under the direction of
Wellesley HS Mr. Nate Ackerman

Wellesley MIT

In this paper we examine Ehrenfeucht-Fräıssé (EF)
games on fields and vector spaces. We find the exact
length of the EF game on two algebraically closed
fields of finite transcendence degree over Q or Z/pZ.
We also determine an upper bound on the length
of any EF game on models (Fn1 ,F1) and (Fm2 ,F2) of
vector spaces, where m = n, and a lower bound for
the special case F1 = F2.
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Extracting Face Shape from Skin Reflectance:
Reconstructing Three-Dimensional Face

Surfaces and Reflectance Models from Digital
Video

Justin Solomon Under the direction of
TJHSST Mr. Daniel Vlasic

Oakton, VA MIT CSAIL

This paper presents a novel algorithm for three-
dimensional face-shape reconstruction from digital
video. While most existing reconstruction algorithms
develop shape solely from local face properties, such
as characteristic-point locations, this algorithm uses
video clips to produce a face model by analyzing
facial reflectance from multiple viewpoints. Prelimi-
nary testing of the algorithm reveals that it is able
to capture subtle face features, including nose shape
and cheek structure, that earlier feature-tracking al-
gorithms were unable to detect. Possible applications
include realistic animation using three-dimensional
models of human faces, facial recognition, and per-
sonalization.
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On Integer Partitions and Borwein’s
Conjecture

Zachary Abel Under the direction of
Greenhill School Mr. Yakov Shapiro

Dallas, TX MIT

We present results and hypotheses concerning a con-
jecture in partition theory. Peter Borwein conjectured
that the three polynomials defined by

An(q3)− qBn(q3)− q2Cn(q3) =
∏3n

k=1

(
1− qk

)
∏n

k=1

(
1− q3k

)
have nonnegative coefficients. We develop an explicit
integral expression for the coefficients of these poly-
nomials and then make two conjectures concerning
the polynomials, both of which imply Borwein’s re-
sult. Further, we derive recurrence relations for the
coefficients of A∞(q), B∞(q), and C∞(q), as well
as expressions for these numbers in terms of the
partition numbers p(n). Finally, we generalize the
sequences of coefficients of these three power series
into pentagonally generated sequences and formulate
conjectures about the growth rate of such sequences.

X-ray line diagnostics of Pre-Main Sequence
stars

Ashish Agrawal Under the direction of
Delhi Public School Ghaziabad Dr. Norbert Schulz

Ghaziabad, India MIT

We study a group of pre–main-sequence (PMS) stars
of ages between 1–100 myr, which were observed
by the Chandra X-ray telescope in the high-energy
X-ray region. After processing the data using CIAO
tools developed at the Chandra X-ray Centre and
MIT, we estimated interstellar absorption. H and
He-like emission lines of oxygen, neon, magnesium
and silicon were fitted with Gaussian functions. Then
flux ratios of these emission lines were used to find
plasma properties such as temperature and density.
We discuss the dependence of these properties on the
known projected age and the spectral class of the
stars.

An Analysis of Power Plant Facility Outages
and Performance

Abdulaziz Al-Bahar Under the direction of
Al-Bayan Bilingual School Prof. Neil Todreas

Adailiya, Kuwait MIT

Methods for the improvement of the current status
of nuclear power plant fleets have been deduced from
graphical plots of planned and unplanned stoppage
periods over a time period of eight years. Nuclear
power plants are required to shut down for a specific
amount of time between regular operating schedules.
That period of stoppage may be planned by the
management of the plant, or it may be an unex-
pected or unplanned difficulty associated with faulty
equipment or machinery. This stoppage time is signif-
icantly reflected upon the plant’s performance during
service. Sweden and the United States both have ac-
tive nuclear reactors, and their performance statistics
are quite varied when considering that lapse of time
in the middle of operational periods.

Towards an Arabic Language ConceptNet

Abdulaziz K. Al-Falih Under the direction of
Dhahrah Ahilyya Schools Mr. Walter Bender

Dhahran/Khobar, Saudi Arabia MIT Media Lab

ConceptNet—a database of commonsense assertions—
has the potential to change the way computers think,
reason, and behave. Multilingual ConceptNet will
speed up that change and add many more benefits
to the already huge array of ConceptNet applica-
tions. This paper describes the creation of Arabic
ConceptNet. Furthermore, it analyzes the outcome
and recommends future work through which a truly
Multilingual ConceptNet could be achieved.
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Nanoscale Thermoelectricity

Laith Alkurdi Under the direction of
The Jubilee School Dr. Dezhi Wang

Amman, Jordan Boston College

Thermoelectricity has many useful applications from
power generation to refrigeration, but its economical
efficiency and convenience must improve before it
can be practically used. This paper sheds light
on nanoscale thermoelectricity and its benefits and
on current approaches to finding the most efficient
thermoelectric material possible.

Comparing Volumetric and Linear Analysis of
Tumor Growth in Plexiform Neurofibromas

Characteristic of NF1

Aditi Balakrishna Under the direction of
Lausanne Collegiate School Dr. Gordon Harris

Memphis, TN Massachusetts General Hospital

The purpose of this study was to evaluate cur-
rent tumor measurement standards in the context of
plexiform neurofibromas characteristic of neurofibro-
matosis type 1 (NF1), as they grow in a networklike
fashion along the nerves of the body, making it dif-
ficult to measure them by the same standards as
solid tumors. In order to evaluate these standards,
the tumor measurements from ten patients with le-
sions in varying parts of their bodies were taken
using volumetric measurement and modified RE-
CIST (response evaluation criterion in solid tumors)
techniques. Magnetic resonance imaging (MRI) tech-
nology was utilized in conjunction with the Vitrea2
computer program (Vital Image; Plymouth, MN) to
obtain both the volumetric and RECIST measure-
ments. The measurements were repeated by the same
reader for intrarater reliability analysis and by a sec-
ond reader for interrater reliability analysis, and the
reliability for linear and volumetric measurements
were compared. Furthermore, the accuracy of tumor
diagnosis as stable or progressing disease for the two
types of measurements was compared. The study
showed that both volumetric and RECIST measure-
ments were extremely reliable in terms of intrarater
and interrater precision, though RECIST failed to
identify progressing disease in the case of one patient
in which volumetric measurement did identify it.

A Nonconformist Use of Conformal
Transformations: A Mathematical Study of

Escher’s “Print Gallery”

Asilata Anand Bapat Under the direction of
The Army Public School, Pune Mr. Aaron Tievsky

Pune, India MIT

In this paper we look at M.C. Escher’s lithograph
“Print Gallery” from a mathematical standpoint,
building upon the results obtained in a previous
paper on this subject. We explore the nature of
the curves in the picture. We also generalise the
mathematical transformations used in the earlier
paper to produce new, similar maps but with different
curves.

Optimizing nanospheres for drug delivery

Vivek Behera Under the direction of
Detroit Country Day School Dr. Joyce Wong

Farmington Hills, MI Boston University

Encapsulation of drugs into nanospheres is an emerg-
ing technology that promises more controlled and
sustained drug delivery within the body than current
drug-delivery methods can offer. These nanospheres
are being engineered specifically to travel through
the 100 nm pores of blood vessels. Even though the
nanospheres are sterically stabilized, aggregation of
nanospheres occurs often in a manner that severely
limits their abilities to travel through pores. The pH
of the water in which the nanospheres were formed
was manipulated to determine how it impacted ag-
gregation. An increase in pH decreased nanosphere
size and increased the amount of aggregation. In the
future, we hope to form a model of nanosphere aggre-
gation with which these parameters can be optimized
and aggregation minimized.

The Effect of Local Doping on the Fermi
Points in Superconducting Bi2Sr2CaCu2O8+δ

J. Andrew Benecke Under the direction of
MICDS Prof. Jenny Hoffman

St. Louis, MO Harvard University

High-temperature superconductivity is an incom-
pletely understood phenomenon with tantalizing pos-
sibilities. A variety of techniques are currently being
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used to learn more about the properties of these ma-
terials and the mechanism of their superconductiv-
ity, including scanning tunneling microscopy (STM),
a local probe capable of atomic resolution. Using
STM data for the high-temperature superconductor
Bi2Sr2CaCu2O8+δ (BSCCO), this paper explores the
relationship between the change in momentum expe-
rienced by a quasiparticle scattering off an impurity
in BSCCO’s crystal lattice and the oxygen doping
level in that local environment. The data presented
in this paper are found to exhibit the theoretically
expected trend for quasiparticle scattering in a high-
temperature superconductor, although further work
is needed to quantify both the theoretical model
and experimental analysis. Suggestions for future
exploration of this topic are then offered.

Food Bars for Mars Gravity Biosatellite

Tewfik Cassis Under the direction of
Cairo American College Col. John Keesee

Cairo, Egypt MIT

The ground-breaking Mars Gravity Biosatellite aims
at understanding the effects of Martian gravity (less
than Earth’s gravitational strength but not quite
weightlessness) on mammals. It will conduct cen-
trifugal force experiments in Earth’s lower orbit on
15 female mice for a duration of five weeks. During
this mission the mice will be fed using food bars
that have been provided by the National Aeronau-
tics Space Administration (NASA). This paper deals
with determining the optimum humidity in which
the NASA food bars should be stored, and concludes
that they should be waxed. This project is a key step
in the proposed Mars landings of the not-so-distant
future.

Understanding Causal Learning in Early
Childhood

Ezra Cetinkaya Under the direction of
TEV Inan c Türke s Özel Prof. Laura Schulz

Kocaeli, Turkey Early Childhood Cognition Lab

To understand how children behave to discover causal
structure in novel objects, we set an experiment
where children would play with two novel toys. In
order to see how children and adults differ in reacting
to novel objects, we also tested adults. In the end the

data showed us that the children acted with more
varied actions, did more repetitions, and participated
longer than adults did. Although the children were
very young, they had several characteristics of a
scientist.

Role of cyp79b2 in Tryptophan Dependent
Indole-3-Acetic Acid Synthesis

Sarika Chandiramani Under the direction of
Kentucky Country Day School Dr. John Celenza

Louisville, KY Boston University

Auxin is a plant hormone involved in regulating
cell division and elongation. Although auxin has
been studied extensively, the precursors and genes
involved in the synthesis of this plant hormone (also
known as IAA) are not well known. It is known that
tryptophan is a precursor to IAA. However, the genes
involved in converting tryptophan to auxin have yet
to be identified. Here we investigate cyp79b2 as a
potential gene involved in the conversion of trypto-
phan into IAA. We found that cyp79b2 metabolizes
tryptophan, but due to experimental difficulties, we
were not able to determine whether cyp79b2 plays a
role in the synthesis of IAA.

Effects of Fibroblast Growth Factor (Fgf)
Inhibition on Left-right Patterning in

Embryonic Danio rerio

Isabel Chang Under the direction of
Seoul American HS Dr. Craig Albertson

Seoul, South Korea Forsyth Institute/Harvard

Thousands of human beings are born as victims of
craniofacial defects every year. Left-right patterning
during embryonic development is crucial in the un-
derstanding of these unfortunate defects, because it
is one of the most obvious types of defects. To sim-
ulate the human body and the causes of craniofacial
defects, zebrafish were manipulated in order to de-
termine the extent to which fibroblast growth factor
(fgf), a protein that is acknolwedged as a contributor
to these kinds of defects, plays during early develop-
ment in human beings and zebrafish embryos alike.
Thus, wild-type zebrafish embryos were treated with
SU5402, a protein tyrosine kinase inhibitor of fgf
signaling, so that their developmental patterns could
be compared to those of the control group consisting
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of mutant embryos that originally lack fgf’s in their
genotypes.

Genetic Polymorphisms in Meningioma
Formation and Progression

ZeNan Chang Under the direction of
Santa Monica HS Dr. Fabio Nunes

Santa Monica, CA MGH

Sporadic meningiomas are common tumors of the
arachnoid membrane that arise within the general
population. Approximately half of these tumors arise
through inactivation of the NF2 tumor suppressor
as determined by loss of heterozygosity (LOH) of
22q, the chromosome arm where the NF2 locus
is located. Recently, SNP309, a single-nucleotide
polymorphism in the promoter region of MDM2, was
found to accelerate tumor progression by increasing
levels of MDM2 protein, a negative regulator of
p53. This study investigated a cohort of 92 sporadic
meningioma patients and found that in those with
both SNP309 and LOH of the NF2 locus, 45.5%
had high grade tumors compared to only 13.6% of
those who retained both 22q alleles (p = 0.019).
In those with LOH of 22q but not SNP309, males
had significantly higher tumor grade (p = 0.022).
However, among those with LOH of 22q and SNP309,
gender and tumor progression were independent (p =
1.00). This suggests SNP309’s masking of the gender
differentation in meningioma progression. This study
established the prominence of the p53 pathway in
meningioma progression and proposes a molecular
model supported by the results.

Privacy Preserving Analysis on Social
Networks of Physical Interactions

Zhenghao Chen Under the direction of
Raffles Junior College Prof. Larry Rudolph

Singapore MIT CSAIL

The use of social-network analysis is tremendously
useful in organizational studies and many other areas.
The study of physical interaction is of interest to us as
physical interaction remains as the most significant
channel of communication within an organization.
The use of mobile computing devices to achieve this
has been suggested before; however, privacy issues
pose a large obstacle to the implementation of such

social-network analysis. We thus propose the use of
a universal hash function to preserve privacy while
still being able to extract useful information such as
network centrality.

The Progression of Parenchyma Cell Death in
the Secondary Xylem of Angiosperms vs.

Gymnosperms

Cindy Cheng Under the direction of
Ben Franklin HS Ms. Rachel Spicer

New Orleans, LA Harvard University

Parenchyma cells die in the transition between heart-
wood and sapwood, but whether this process is pro-
grammed cell death or gradual death by aging is not
clear. There may also be a distinction in the heart-
wood formation process between the two evolutionary
groups gymnosperms and angiosperms. Two gym-
nosperm species (Pinus strobus, Tsuga canadensis)
and two angiosperms (Fraxinus americana, Quercus
rubra) were selected for study. Tissue sections that
held parenchyma rays were taken from sapwood rings
found in outer, middle, and inner (immediate to the
beginning of the heartwood) positions. The cell nu-
clei were stained with DAPI and then counted. The
density of cells per ray area was determined. No sig-
nificant difference was found for both gymnosperms
and angiosperms in the number of living cells among
the outer, middle, and inner positions, which means
that the cells do not die out until the sapwood-
heartwood boundary. This indicates the mechanism
of death to be programmed cell death rather than a
gradual, aging process.

Automorphism Groups of Specially
Constructed Graphs

Stephanie Cheng Under the direction of
Mounds View HS Mr. David Pritchard

Arden Hills, MN MIT

In this paper, we consider the automorphisms of
graphs, namely, the structure-preserving mappings
of a graph to itself. Using group theory, we demon-
strate several results that relate special constructions
of graphs to the number and kind of automorphisms
that they have. First, we show that every positive in-
teger is the number of automorphisms of some graph
and that every finite group is the automorphism
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group of some graph. We then determine the number
of automorphisms that result from composing graphs
in various ways.

Modelling Traffic Divergence and
Convergence

Elizabeth A. Cook Under the direction of
Tuscaloosa Academy Mr. King-Yeung Yick

Tuscaloosa, AL MIT

In this paper, we modified an existing partial-
differential equation that describes traffic density
along a road. We established a manipulable model us-
ing Godunov’s scheme and implemented the scheme
in Matlab. The existing model’s velocity function had
several limitations and was therefore replaced with
a velocity function that took into account drivers’
tendencies and deceleration rates. Using this model,
we looked at situations involving traffic lights and
speed limit changes. We also manipulated the model
to simulate one road splitting off into two (the di-
verging model) and two roads merging into one road
(the converging model). Our model provided realistic
results and tolerated the above manipulations.

The n-Queens Problem on Nonstandard
Chess Boards

Greg Corkran Under the direction of
Gilmour Academy Mr. Michael Hill

Lyndhurst, OH MIT

We examine the classic n-queens problem on square
and cubic chess boards. We study the generation
of new solutions and the conditions that must be
present for the existence of a particular type of
solution. We then present a method to determine
side lengths for which there are no solutions to the
n-queens problem on a d-dimensional toroidal chess
board.

A Scientific Approach to Science Journalism:
Comparison Between University and
High-school Science News Reports

Wang Dong Under the direction of
Shanghai FLS Ms. Elizabeth Thomson

Shanghai, China MIT News Office

This paper introduces science journalism and studies
the methods of making reports on university and
high-school science projects. It presents two sample
reports of each type and analyses the similarities and
differences in covering science stories of each kind.

Investigating the role of the antioxidant
protein mitochondrial superoxide dismutase
SOD2 in promoting mammary tumorigenesis

and metastasis

Ann Du Under the direction of
Erik Dahlbergsgymnasiet Dr. Priyamvada Rai

Jönköping, Sweden Whitehead Institute

Many tumors and tumorgenic cells are characterized
by chronic oxidative stress and high levels of reac-
tive oxygen species (ROS). SOD2 is an antioxidant
enzyme which transforms toxic superoxide anions,
produced as byproducts of aerobic metabolism, into
water. High SOD2 levels in certain tumors correlate
with poor prognosis and are associated with increased
levels of proteins that are implicated in metastases
(membrane metalloproteases, MMPs). Additionally,
SOD2 appears to modulate the function of the major
oncogenic protein Ras. Therefore it is important to
understand the exact role of SOD2 in tumor progres-
sion.

In order to characterize the role of SOD2 in tu-
morgenesis and metastasis, we have assayed for SOD2
levels using western blotting in a number of cell lines
derived from breast cancers. In addition, we have
also looked for changes in other antioxidant proteins
such as SOD1 and thioredoxin (TRX). Preliminary
data suggests that highly metastatic cell lines have
higher SOD2 levels than the nonmetastatic and less
tumorgenic cell lines. We have therefore also overex-
pressed SOD2 in less tumorgenic cells in order to set
up further experiments where the tumorgenicity and
metastatic potential of such cells will be introduced
in a mouse model. Additionally, we have looked for
an effect between Ras overexpression and SOD2 over-
expression in breast epithelial cells. Preliminary data
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also suggests that increased SOD2 levels correlate
with reduced β-catenin in human breast epithelial
cells and may cause them to be more invasive.

Ras tumorgenicity is associated with superoxide
production. We want to study the effect of overex-
pressing SOD2 in premalignant breast epithelial cells
in conjunction with overexpressing oncogenic Ras.
To help in this process we have established SOD2
into a pBzeo overexpression vector since the Ras
overexpression vector is puromycine selectable and is
lost unless uniquely selected for.

Water Pump Electronics Onboard The Mars
Gravity Biosatellite

Patrick El Hage Under the direction of
Notre Dame De Jamhour Col. John Keesee

Hazmieh, Lebanon MIT

The Mars Gravity Biosatellite Program aims at
studying the effects of prolonged exposure to low-
gravity environments on mammalian life forms by
sending a crew of 15 mice into space and simulating
a gravity field similar to that of Mars. This paper
discusses the design and prototypes of the electronics
behind the water-pump system on board the satellite.
We have designed two circuits, one allowing for more
control over the pump system, and a more practical
one for preliminary lab testing.

The Effect of Endoglycosidase H and
Hyaluronidase on R-cognin Mediated

Cell-Cell Adhesion

Sara M. El-Shaker Under the direction of
Najd National Schools Dr. Robert Hausman

Riyadh, Saudi Arabia Boston University

Cognin is a 50 kD glycoprotein found in embryonic
retina, B-lymphocytes, and platelets. It is not a cell
adhesion molecule, but it enhances cell-cell adhe-
sion via a mechanism that may involve its protein
disulphide isomerase activity. Its target is a cell
surface molecule that has not yet been determined.
To find the molecule cognin modifies, we need to
distinguish the molecules that interfere with the R-
cognin-mediated cell-cell adhesion pathway. Some of
these are believed to be integrins, tetraspanins, or
carbohydrates. This research focuses on the interac-
tion between cognin and carbohydrates, and cognin

and hyaluronan, which is a carbohydrate that can be
found alone and not attached to other proteins. Using
a standard cell-suspension protocol, it was found that
most carbohydrates do not affect R-cognin-mediated
cell-cell adhesion, but hyaluronan has an effect.

A Fitness-Based Model for Complex
Networks

Zhou Fan Under the direction of
Parsippany Hills HS Mr. King-Yeung Yick

Parsippany, NJ MIT

We develop a method for modeling complex networks
through a new network construction algorithm based
on fitness. Our algorithm assigns fitness values η to
all vertices according to a probability distribution
P (η) and adds new vertices with a fixed number of
attached edges to the network at discrete time inter-
vals. The probability that a new edge connects to an
existing vertex i is assumed to be proportional to the
vertex fitness ηi. We analyze the degree distribution
of such networks using probability theory, treating
network growth as a continuous process. We ver-
ify this continuum theory with computer simulations
and observe that various exponential and power-law
degree distributions can result from different choices
of P (η).

Discrepancies in Motor Skill Acquisition
Between Genders

Arun Gupta Under the direction of
Half Hollow Hills HS East Dr. Daniel Press

Dix Hills, NY BIDMC

Extensive research has been conducted concerning
learning in humans, but the discrepancy between
skill acquisition in differing groups has yet to be
tested. This study focused on the difference in motor
skill acquisition between males and females. The
serial reaction time task was used to measure sub-
jects’ reaction times for both random and sequential
trials. The subjects underwent three blocks of trials
consisting of random trials, sequential trials, and
another block of random trials. In each block the
reaction times for the random trials were higher than
those for the sequential trials. The difference be-
tween the mean reaction times between the random
and sequential trials was defined as skill. An ANOVA
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found that females acquire motor skills at a faster
pace than males. However, females did not gain
significantly more skill than males overall. Another
interesting finding was the average female displayed
a faster reaction time than the average male.

Sugars and Cancer: The Role of
N-Glycosylation of E-Cadherin in

Tumorigenesis

Helen Han Under the direction of
Walker Governor’s School Ms. Krystyn Ross

Richmond, VA Boston University

E-cadherin is an N-glycosylated transmembrane gly-
coprotein that has a vital role in calcium-dependent
cell-cell interaction and adhesion. Research has
shown that the hyperglycosylation of E-cadherin may
instigate tumor development by weakening cell-cell
adhesion. To investigate how N-glycosylation affects
the function of E-cadherin in tumorigenesis, we per-
formed a lectin blotting assay on normal MDCK
cell lysate, cancerous A253 cell lysate, and mutant
A253 cell lysate (mutated for underglycosylation) to
visualize the glycosylation of E-cadherin in the three
cell types. By probing the E-cadherin of different cell
lysates with the lectins ConA, GNA, LFA, and AAA,
we found that E-cadherin in A253 cells were hyper-
glycosylated in tetramannosyl, mannosyl, and fucosyl
groups, but lower in sialyl content as compared to
MDCK cells. Further, when A253 tumor cells were
transfected with a modified gene that perturbed gly-
cosylation sites on E-cadherin, E-cadherin became
underglycosylated relative to the normal A253 tu-
mor cells and also resialylated. Therefore, we propose
that the different glycosylation patterns and saccha-
ride content of cancerous E-cadherin may be used
to develop a new mechanism to detect and possibly
prohibit tumorigenesis, most likely through deglyco-
sylating and resialylating tumor cell E-cadherin.

Sustainability Comparison of Wood and Steel
Construction Systems in Homes

Kallie Hedberg Under the direction of
Lakenheath HS (DODDS) Prof. Jerrome Connor

Lakenheath, England MIT

A life-cycle assessment is an ecological inventory used
to determine the environmental sustainability of a

man-made product or process. This study uses the
life-cycle assessment to compare the environmental
sustainability of steel- and wood-frame construction
systems in home building. After analyzing the pro-
duction data for these materials, we have determined
that producing a wood-frame system creates less en-
vironmental damage than producing a steel-frame
system.

Investigating Natural Selection Pathways of
Ten Regions of the Human Genome

Jennifer Jing Huang Under the direction of
Oak Grove HS Dr. Pardis Sabeti

Hattiesburg, MS Broad Institute

Throughout history, well-adapted variations of the
genome are preserved for many generations, while
less favored variations continue to change. This phe-
nomenon, called natural selection, has been detected
in 10 regions of the human genome, including the
CD36, GAL3ST1, PRKCB1, and PKD1 genes and
various parts of chromosome 16. These regions are
attributed to disease prevention, cell-growth regula-
tion, and various disorders. Sequencing and compar-
ing these regions among different human populations,
as well as by comparison with those of gorillas, may
identify regions of prevalence and low heterozygosity,
both signals of positive natural selection. Confir-
mation of natural selection and identification of the
underlying functional variant under selection may
pave the way for further research on why one vari-
ation (and thus protein) is preferred over another
and how genetics can be used to tailor individualized
medical treatments.

Exploration of maximum independent sets in
different types of graphs

Fatima Ezzahra Izma Under the direction of
Ibn Khaldoun El Jadida Dr. Eddie Nikolova

El Jadida, Morocco MIT

This paper examines techniques for finding a max-
imum independent set of a graph. In general, this
problem is NP-complete. But we present special
graphs for which we invoke properties to find a
maximum independent set.
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Investigations of Dietary Restrictions as a
Treatment for Brain Cancer

Razan Jammal Under the direction of
Hariri HS 2 Dr. Thomas Seyfried

Beirut, Lebanon Boston College

In this study we shall be investigating the effect of
caloric dietary restriction on mice in the cancerous
proliferation of the brain. Previous literature has not
found any defect in such a treatment; instead, it
has guaranteed a longer organism lifespan and more
efficient physical activity.

Automatic Calibration of Displays Using
Multiple Multimedia Projectors

Umar Javed Under the direction of
Aitchison College Lahore Mr. Jeroen Van Baar

Lahore, Pakistan MERL

Large displays are becoming more and more impor-
tant for the purposes of presentations, collaboration
and entertainment. The use of multiple projectors
for such displays presents us with a solution that
is not only relatively cheap but also produces high-
quality results. However, unless the projectors are
aligned perpendicularly to the presentation screen,
the resulting images suffer from projective distor-
tions. In this paper we present a special case of
a dual-projector display and use image prewarping
to remove the projective distortions, resulting in an
image display twice as bright as the original one.
Then we show how such a setup can be used in
projecting a passive stereoscopic display. Finally, we
propose some ways in which our display system can
be used to increase the reproducible color range of a
projector display.

Development of a mammalian
trans-activation assay for the characterization

of Z-DNA-mediated transcription

Ilyes Kamoun Under the direction of
Lower Merion HS Dr. Ky Lowenhaupt

Wynnewood, PA MIT

Z-DNA is a left-handed conformation of DNA as-
sociated with transcription and viral responses. It
is believed that stabilization of Z-DNA by Z-DNA
binding proteins in the promoter region of a gene may

induce transcription, although the precise mechanism
responsible for this event remains to be elucidated.
Characterizing proteins that bind to Z-DNA tightly
and specifically in the context of transcriptional pro-
cesses may reveal the biological relevance of Z-DNA.
Here, we construct part of a novel in vivo mam-
malian transactivation assay to expose the mecha-
nism by which Z-DNA activates transcription, and to
determine which Z-DNA binding motifs confer this
activity.

Tetraspanin CD9 Limits Fusion in
Osteoclastogenesis

Elizabeth Christine Kao Under the direction of
Norman North HS Dr. Roberto Fajardo

Norman, OK Harvard Med Sch/BIDMC

Tetraspanins are found in monocyte precursor cell
membranes. This study examined the role of the
tetraspanin CD9 in osteoclast fusion. An anti-CD9
antibody (KMC8) was applied, which revealed that
increased enhancement of osteoclast fusion occurs
when CD9 is inactive in RAW cells driven by receptor
activator of nuclear factor-κB ligand (RANKL). Cells
were stained and observed for whether the antibody
perturbed the genetic profile of osteoclasts sufficiently
to alter their identity in terms of morphology and
expression.

Detection of Natural Selection in
Chromosome 4

Lubna Kayyali Under the direction of
Al-Bayan Scientific School Dr. Pardis Sabeti

Doha, Qatar Broad Institute

In this study, we investigate regions in chromosome
4 in the human genome that showed signs of natural
selection by sequencing those regions and compar-
ing the DNA sequence with that of the ancestors.
Two methods were used to confirm the occurence
of a selection: the extended haplotype homozygos-
ity (EHH) method and low-heterozygosity detection
within a population. Certain regions of chromosome
4 are gene-deserted and yet present distinct relations
with the inheritance of obesity, to which end we have
decided to investigate them. Therefore, our study
will be a helpful tool to establish a better under-
standing of this disease and will seek to discover the
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connection between regions in chromosome 4 and the
inheritance of obesity.

Minimizing Miss Error Rates in Low
Target-Prevalence Searches

Nour Kibbi Under the direction of
International College Dr. Jeremy M. Wolfe

Beirut, Lebanon Harvard Med Sch/BWH

The search for low-prevalence items, such as weapons
in airport baggage checks, aims at reducing the num-
ber of missed targets, known as miss error rates, while
maintaining speed (avoiding trade-off). In this study,
we investigate the effect of high current-prevalence
bursts on the miss-error rates. The experiment was
tested on thirteen paid participants and as a con-
trol, the bursts were randomized across subjects.
The effect, as proven, was minimal and miss error
rates continued to soar with increases in set sizes.
Using a new program called RealBags, the Visual
Attention Lab at BWH aims to create a realistic
dimension to the problems faced outside the labora-
tory to evaluate prevalence errors, thereby increasing
our understanding of why the errors occur at low
prevalence.

Classifying Ideals of Z[
√
d] and Their

Corresponding Quotient Rings

John Kim Under the direction of
Montgomery Blair HS Mr. Aaron Tievsky

Silver Spring, MD MIT

The mathematical structure of an ideal helps us un-
derstand its larger ambient ring. We study ideals
generated by two elements in the ring Z[

√
d] and de-

termine criteria for maximality. Given such maximal
ideals, we further classify their quotient rings.

Application of Decision Trees and Associative
Rules to Personal Product Recommendation

Veselin Kulev Under the direction of
High School of Mathematics Dr. Daniel Nikovski

Varna, Bulgaria MERL

This paper reports on our research on the applica-
tion of decision trees and associative rule discovery

algorithms to the problem of discovering and repre-
senting optimal recommendation policies for direct
marketing and e-commerce. The central hypothe-
sis we explored was that recommendation policies
discovered by associative rule algorithms imply the
existence of large classes of customers that can be
grouped together, ignoring some of the distinctions
in their past purchasing histories. Our approach
to discovering such groups of customers was based
on the use of algorithms for induction of decision
trees such as ID3 and C4.5. Experimental results
suggest that indeed such groups of customers ex-
ist, and decision-tree learning algorithms can reduce
the size of recommendation policy by up to 20%.
It is our expectation that more advanced, problem-
specific decision-tree induction algorithms would lead
to even higher savings and reveal even more structure
in optimal recommendation policies.

Generation of Stable Overexpression of
Aurora A, a Cell Cycle Kinase, in a MCF10A

Cell Line

Gillianne Lai Geet Yi Under the direction of
Raffles Junior College Ms. Mary Ross

Singapore Harvard Med Sch

Overexpression of Aurora A has been shown to be
effected at a very early stage of tumour progression.
Deviant phosphorylation of substrates by Aurora A,
as well as via disruptions of transitional checkpoints
in the cell cycle caused by Aurora A overexpression
are some causes of tumorigenesis. In this study, a
model system was successfully developed to facilitate
further study of the effects of Aurora A overexpres-
sion on cell morphology and mitotic events. Plasmids
containing recombinant pIRES-neo vectors with Au-
rora A-green fluorescent protein (GFP) fusions were
generated and transfected into a MCF10A cell line.
Aurora A overexpression in AurAGFP transfected
cells was achieved, and phenotypic differences be-
tween cells transfected with pIRES-EGFP vectors as
a control and neo-AurAGFP transfected cells were
observed.
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The Use of Magnetic Fields in Improving Ion
Beam Focusing

Richard Winston Larson Under the direction of
Provo HS Dr. Raymond J. Sedwick

Springville, UT MIT

Magnetic fields generated by current-conducting coils
were studied for their ion-beam–focusing capabilities
in an Inertial Electrostatic Confinement Fusion sys-
tem. OOPIC Pro, an object-oriented particle-in-cell
simulation program, was used to simulate the addi-
tion of the fields to such a system. It was found that
adding such coils weakly improved the ion-beam fo-
cusing, making the usefulness of such devices doubt-
ful when their focusing capabilities are compared to
their power consumption.

Analysis of the Kolakoski Sequence

Sue Lin Under the direction of
Dos Pueblos HS Mr. Emanuel Stoica

Santa Barbara, CA MIT

In this paper, we investigate properties of the Ko-
lakoski sequence, in particular, the frequency to 1’s
and 2’s. We derive a recurrence to describe the num-
ber of 2’s in a string with respect to its encoding
sequence. We formulate conjectures regarding the ex-
istence of a limiting frequency and the ratio of even
1’s to odd 1’s, then provide a proof of the limiting
frequency based on these conjectures.

On Products of Catalan Numbers and a
Theorem of Chan, Yuen, and Robbins

Daniel Litt Under the direction of
Orange HS Mr. Ching-Hwa Eu

Pepper Pike, OH MIT

We present fully combinatorial, novel proofs of two
known results involving Catalan numbers. First, let
Nn be the set of n× n matrices N = (nij) such that
the qth row and column of N each sum to q, where
nij ∈ N and nij = 0 unless i = n, i = j, or i = j − 1
(that is, all nonzero elements are in the bottom row,
main diagonal, and superdiagonal). We show that
|Nn| is equal to Cn, the nth Catalan number. Next,
let Mn be the set of n× n matrices M = (mij) such
that mij ∈ N and mij = 0 if j > i + 1 (that is, all

elements above the superdiagonal are equal to zero)
and such that the qth row and column each sum to
Tq, the qth triangular number. We show that |Mn| is
equal to C1C2 · · ·Cn. The proof of the second result,
which is known as the Chan-Yuen-Robbins theorem,
is of special interest, as no combinatorial proof was
known previously.

Engaging Children in Playful Applications of
Technology

Huan Liu Under the direction of
Shanghai SW Weiyu HS Mr. John Galinato

Shanghai, China Build-It-Yourself

The software platform developed in this project
combined LEGO Mindstorms and MS Excel. This
platform engages children in playful applications of
technology to build creative inventions. To test the
software platform, a robotic soccer game application
was developed. The first group of 10 young children
to use this software thoroughly enjoyed themselves
as they created robots and learned life-long technical
skills and tools needed to make their creations come
to life.

Scanning Ion Gun for Ion Beam Etching

Yangyang Liu Under the direction of
Qibao HS Dr. Jagadeesh Moodera

Shanghai, China Francis Bitter Magnet Lab

Special techniques to fabricate nanostructures, such
as e-beam lithography and patterning, have been
developed, including ion beam etching nanostructure
in a reproducible and efficient way. Ion beam etching
has proven to be a versatile process in which highly
energetic and controlled inert gas (such as Ar and Xe)
ions, in a controlled manner, bombard the surface and
sputter out (knock off) atoms from the unrequired
regions to create nanowires and devices.

The current project deals with understanding the
basic principles and developing an ion beam gun on
a lab scale. To this end a simple variable energy of
ion flux was designed and implemented that could
cover a large area (∼ 3 cm2).
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Mitochondrial Movement Responds to Local
Mechanical Forces

Wen Xi Aylwin Low Under the direction of
Hwa Chong Institution Prof. Ning Wang

Singapore Harvard School of Public Health

The movement of mitochondria in cells ensures the
efficient delivery of ATP molecules and regulates
calcium-ion signals, cell survival, and apoptotic sig-
nals. It is guided by microtubules, which span across
the cell and serve as tracks. Recent studies have
shown that the microtubules are displaced and de-
formed when a localized mechanical force is applied
to the cell surface via integrin receptors. We hypoth-
esized that spontaneous mitochondrial movement
changes in response to a local load. By measuring
the time-averaged mean-square displacement (MSD)
of individual mitochondria over different time scales,
we found that mitochondrial movement increased by
13% as a result of externally applied local stress and
decreased by 16% when the mitochondria were depo-
larized. Interestingly, increasing the internal tension
of the cytoskeleton had no effect on mitochondrial
MSD. These results suggest that mitochondrial move-
ment is more prone to changes when a local stress
is applied externally and highlight the need for more
research in this area.

The role of Akt kinase in chronic
inflammatory and fever related diseases

Anders Lundberg Under the direction of
Hjalmar Stromer Dr. Per-Olof Hasselgren

Strömsund, Sweden BIDMC/Harvard Med Sch

It is known that stimulation of the human intes-
tine cell line Caco-2 with interleukin-1β induces an
increased production of interleukin-6. Although the
intracellular signaling pathway involved in this pro-
cess is not fully understood, it is theorized that PI3K
and Akt kinase, both important signaling kinases for
several cellular functions, are vital components in
the interleukin-1β–induced interleukin-6 production.
The aim of this project was to investigate the role of
Akt kinase in this signaling pathway and determine
what connection it may have to chronic inflammatory
diseases such as sepsis and Chron’s disease. This was
achieved by artificial stimulation of cultured cells
with different concentrations of IL-1β and at varied
time points. Investigations proved that Akt kinase

indeed plays a vital role in the IL-1β pathway in ad-
dition to its previous investigated kinase functions.

Hydrogen Fuel Cells for Transportation
Applications

Fatma Luy Under the direction of
TEV Inan c Türke s Özel Dr. Michael Driscoll

Kirikkale, Turkey MIT

Energy use in the transportation sector is growing
rapidly. Emissions by the diesel/gasoline internal-
combustion engines of vehicles (such as automobiles,
trucks and buses) contribute significantly to air pol-
lution and greenhouse-effect gases (CO2). Thus, it
is critical to identify an alternative ‘environmentally
friendly’ technology for energy conversion suitable
for transportation applications.

Hydrogen fuel cells are a promising candidate,
having proved to be substainable and reliable, due to
their high efficiency and zero emissions. Furthermore,
fuel cells do not depend on crude oil, as they use
hydrogen as fuel, which can be extracted from various
energy sources such as natural gas, alcohols and
water, as well as from any source of electric energy.
This project examines several key requirements which
must be met for the subject application, for example,
storage.

Accumulation of Information During Visual
Searches

Eric Maldonado Under the direction of
Antilles HS Dr. Jeremy Wolfe

Bayamon, Puerto Rico Harvard Med Sch

The signal-accumulation experiment investigates how
visual signals are processed with the intention of
determining whether subjects amass information re-
garding the target gradually or instantaneously. By
the completion of the experiment, the data for twelve
subjects was collected, yielding unforeseen results.
Consequently, the results presented by the graphs of
the area under the ROC curve showed the possibility
that one group of subjects accumulated information
gradually over time, while the other group of subjects
gathered information suddenly, which is expressed as
a step function on the graph. The method used to
measure information accumulation will be refined in
order to reflect this trait.
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A Novel Function of Lactate Transporter
MCT1 in Gastric Restitution

Lisa Marrone Under the direction of
TJHSST Dr. Susan J. Hagen

Centreville, VA BIDMC

We investigated the function of the monocarboxylate
transporter MCT1 in restitution of gastric surface
mucous cells. Restitution is the repair mechanism by
which cells migrate to cover an injured area. Cell
migration after injury is dependent upon glycolysis,
which under some conditions yields the waste prod-
uct lactate. We used the bioflavonoid phloretin, a
known inhibitor of MCT1, to block lactate trans-
port in migrating cells and determine the overall
effect of MCT1 on restitution. We found that in-
hibition of MCT1 with phloretin significantly and
dose-dependently inhibited restitution. Furthermore,
under HCO−

3 -free conditions that simultaneously in-
hibit the bicarbonate transporter NBC, there was a
complete inhibition of restitution after injury with no
effect on viability. These results suggest that MCT1
functions along with NBC to regulate intracellular
pH and provide a mechanism for lactate efflux during
glycolysis. Thus, this newly discovered role of MCT1
in gastric restitution could lead to novel strategies for
both facilitating restitution in gastrointestinal cells
after injury and inhibiting metastasis of cancer and
other cells that utilize glycolysis for migration.

Dynamic and Ergodic Properties of the
Generalized 3x+ 1 Mapping

Frederick N. McCollum Under the direction of
Forrest City HS Mr. Zuoqin Wang

Forrest City, AR MIT

The Collatz 3x+1 function is defined to be T (x) = x
2

for x ≡ 0 (mod 2) and T (x) = 3x+1
2 for x ≡ 1

(mod 2). We extend the Collatz 3x+ 1 function as a
dynamical system to the ring of n-adic integers Zn;
examine its ergodic and measure-theoretic properties;
generalize the Q∞ function of Lagarias; give an
explicit, noniterative definition of its inverse Φ =
Q−1∞ ; construct a topological conjugacy between the
generalized function T̃ and the n-adic shift map H
using Φ; and prove the equivalence of the generalized
forms of several conjectures related to T̃ . We also
propose the generalized periodicity conjecture that
Φ(Q ∩ Zn) = Q ∩ Zn and prove that Φ(Q ∩ Zn) ⊆

Q ∩ Zn.

Magnetic Tunnel Junctions with Alq3 as a
Barrier

Piotr K. Migdal Under the direction of
High School No. 5 Dr. Jagadeesh S. Moodera

Bielsko-Biala, Poland Francis Bitter Magnet Lab

The aim of this project is to test unpurified 8-
hydroxyquinoline aluminum (Alq3) as a tunnel bar-
rier in a spin-dependent system, a magnetic tunnel
junction (MTJ).

Basic principles of MTJs are discussed and ther-
mal deposition, a common technique of creating
MTJs, is described. The quality of Alq3 films de-
posited on a glass substrate is measured with Cu
Kα X-ray diffraction, showing the organized struc-
ture of the films. Layers of cobalt, aluminum ox-
ide, 8-hydroxyquinoline aluminum, and permalloy
(Co/AlOx/Alq3/PY) are deposited. TMR has been
achieved, up to 5.2% and 8.8% for room and liquid-
nitrogen temperature, respectively. The spin polar-
isation of Alq3/PY interface was observed to be
positive.

Topological Protein Regulation Network
Analysis in Escherichia coli

Vinayak Muralidhar Under the direction of
Corona del Sol Dr. Marco Ramoni

Chandler, AZ Harvard Med Sch/MIT

Genomics alone is not sufficient to describe the struc-
ture and function inherent within all organisms. For
this reason, proteomics, or the study of the pro-
teome and how proteins interact and regulate one
another, must be studied to develop a fuller under-
standing of fundamental biology. This paper analyzes
protein-regulation networks within Escherichia coli
and studies methods to determine the lethality of spe-
cific genes, providing two novel algorithms to rank
genes in order of probable lethality. This is the first
purely computational study of E. coli that also takes
into account the gene ontology and enrichment in the
gene ontology and details a plan to build a regulation
network also including metabolic pathways. Finally,
error analysis and other future research topics are
included.
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Discrete Dynamical Systems in Directed
Graphs

Jeff Nanney Under the direction of
Plano East Senior HS Mr. Zuoqin Wang

Plano, TX MIT

The contents of this paper focus on analyzing dynam-
ical systems, defined as iterated processes on positive
integers, which are aptly modeled by directed graphs.
In particular, we analyze the dynamical systems that
correspond to an elegant generalization of the famous
Collatz conjecture. We develop a unique methodol-
ogy of analyzing dynamical systems through encoding
matrices, allowing us to better analyze the directed
graphs we consider, especially because concatenation
of paths is paralleled by concatenation of matrices.
Furthermore, we construct and implement effective
counting functions in order to generalize a major
result on the original Collatz conjecture, a theorem
concerning the implication of the property of uni-
form positive predecessor density. Thus, this paper
contributes original and significant results on this
class of generalized Collatz functions, in addition to
introducing a novel methodology that applies to a
wider class of discrete dynamical systems.

Use of Heat Pumps to Provide High
Temperature for Hydrogen Production

Mohammad Nsouli Under the direction of
Hariri HS 2 Dr. Michael Driscoll

Beirut, Lebanon MIT

Global warming, pollution and carbon-dioxide emis-
sions are contemporary problems. Humanity needs
cleaner power sources, such as hydrogen, that cause
less harm to the environment. This work’s main
goal is to facilitate producing hydrogen gas using
high-temperature (850–950◦C) processes, by using
a high-temperature heat pump to convert lower-
temperature heat sources into a high-temperature
resource.

It was found that a vapor-compression cycle using
cesium as the working fluid could be used in this
process. This cycle has a high performance coefficient
(87% of Carnot), a highly compressible working fluid
and a noticeable fraction of heat of the reactor
pumped to the high temperature.

Characterization of Nafion Degradation in
Proton Exchange Membrane Fuel Cells

Sarah Ong Shu Ren Under the direction of
Raffles Junior College Prof. Yang Shao-Horn

Singapore MIT

Nafion is an ion-exchange membrane widely used for
fuel cells, sensors and chloralkali production. When
used in a fuel cell, it is a proton-exchange membrane
(PEM). Nafion structure and its changes under var-
ious conditions (including the operating conditions
of a PEM fuel cell) were studied using several tech-
niques. This included a luminescence technique, Au
nanoparticles infiltration, Ag nanoparticles formed
in Nafion, transmission electron microscopy (TEM)
and electron impedance spectroscopy (EIS). This is
the first time, to the best of our knowledge, that
Au nanoparticle infiltration for the study of a PEM
has been proposed and explored and that a Nafion
membrane with Ag nanoparticles within has been
investigated in a fuel cell setting.

Creating a Dynamic Common-Sense
Database Using the Wiki Model

Ryan Orley Under the direction of
Cranbrook Kingswood HS Prof. Walter Bender

Bloomfield Hills, MI MIT Media Lab

The Open Mind Common Sense project (OMCS) is a
database of “common sense” knowledge built from a
community of online participants. While the current
Open Mind Common Sense design has been successful
at collecting hundreds of thousands of common-
sense facts, it also contains thousands of erroneous
assertions, biased statements, and inconsistencies. To
build a more reliable knowledgebase, we introduce the
OpenMindWiki, a completely editable common-sense
database built from the Open Mind Common Sense
corpus. The OpenMindWiki was constructed through
a series of custom formatting scripts and a unique
“bot” which assembled the Wiki by inserting a system
of virtual cabinets into a server in a predetermined
hierarchy. A cleanup script then wove a semantic
network between these Wiki-pages. With the help
of these applications the Open Mind Common Sense
Database was reassembled in a communally editable
form.
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Modeling the Anti-Foundation Axiom

Hubert Orlik-Grzesik Under the direction of
V LO im. A Witkowskiego Mr. Nate Ackerman

Chrzanów, Poland MIT

In this paper we introduce a generalization of the
von Neumann hierarchy. We use the antifoundation
axiom to construct a non–well-founded model of set
theory from a well-founded model. Then we apply
the generalized von Neumann hierarchy in such a
way that its recursive properties are preserved and
we are able to formulate inductive proofs.

Image Segmentation as a Tool to Aid
Image-based High-Throughput Screening

Yousef Osman Under the direction of
Cairo American College Mr. Thouis (Ray) Jones

Cairo, Egypt MIT

The information from most RNA microarrays only
provides data for the average of all the cells, not for
each individual cell in an image of many cells. One
way to overcome this problem is image-based high-
throughput screening involving image segmentation.
A method to segment images of cells is presented in
this paper. It uses Bayesian belief propagation to
label each individual pixel as background, cell, or
nucleus. The method is designed to be run automat-
ically. It shows significant advantages over existing
methods.

A Generalization of Euler’s Theorem to
Matrices

Minas Pagonakis Under the direction of
4th High School of Heraklion Mr. Joonsung Lee

Mastabas, Heraklion, Crete, Greece MIT

We formulate and prove a generalization of Euler’s
theorem to matrices. That is, for every integer m
and any n× n matrix A, we show that

AΦ(m) ≡ I (mod m).

For A a 2 by 2 matrix, we show that

Φ(m) =
∏
pi|m

(
p4ei−3
i (pi − 1)2(pi + 1)

)
,

where pi runs through the primes that divide m.

Hit Song Prediction Through Melodic
Analysis

Xin Pan Under the direction of
Ames HS Dr. Beth Logan

Ames, IA Hewlett-Packard R&D Labs

In this study, we apply melodic-analysis algorithms
in an attempt to determine the intrinsic similar
features of popular songs. We then employ these
features to generate a hit-song prediction model. As
hit-song prediction is a novel field of study, we report
the results of several of our models that permute
music analysis algorithms such as chroma features,
the constant Q transform (CQTs), histograms, and
K-means clustering. Results show that on average,
normalized self-similarity histograms generated from
CQTs form the best prediction model, while chroma
coupled with K-means clustering is the worst. Our
most effective hit-song prediction model returns a
receiver operating curve area of 0.62, an improvement
over random guessing (0.50). However, the shape of
the curve must be analyzed in the context of its
application to evaluate true significance.

On the Search for Dark Matter in the
Galactic Disk through Gravitational

Microlensing Events

Geeta Persad Under the direction of
Persad Homeschool Dr. Rosanne Di Stefano

Pflugerville, TX Harvard-Smithsonian Center

We present the formulation of a program to search
for occurrences of dark matter in the galactic disk.
We describe an automated search for nearby massive
compact halo objects (MACHOs) through correlat-
ing gravitational microlensing events in the galactic
bulge and Magellanic clouds with x-ray, infrared,
and gamma-ray observations. No matches have been
found by initial runs. However, this program may
prove useful in the correlation of future lensing
events.
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The number of isomorphism classes of groups
of order n and some related questions

Vladislav Petkov Under the direction of
Nat’l HS of Sci & Math Ms. Miki Havĺıčková

Sofia, Bulgaria MIT

One of the most important unsolved problems in
group theory is that of finding the number of iso-
morphism classes of groups of a given order. In this
paper we consider some special cases of the problem
from a new perspective. We determine the values of
n for which there are exactly three or four groups of
order n. The problem of the existence of exactly one
nonabelian group of order n is also resolved.

Dynamics of Charged Polymers in Solution

Michael Pizer Under the direction of
Univ Sch of Milwaukee Dr. Udayan Mohanty

Kohler, WI Boston College

Polyampholytes are polymers that have mixed dis-
tributions of positive and negative charges along the
backbone of the chain. We have generalized the clas-
sical Rouse-Zimm bead-spring model for semidilute
polymers to describe the dynamics of polyampholytes
in aqueous solution in an external electric field. Long-
range hydrodynamic interactions between the beads
are described within the framework of the Kirkwood-
Riseman approximation in which the Oseen tensor is
replaced by its equilibrium average. By introducing
normal-mode transformation, we derive an expression
for the electrophoretic mobility and the self-diffusion
coefficient of a polyampholyte chain with arbitrary
charge distribution. We explicitly calculate the elec-
trophoretic mobility for random and periodic charge
distributions. The amplitude of the deformation of
the chain during electrophoretic motion is also dis-
cussed. This study improves our ability to predict the
dynamics of polyampholytes in solution, providing an
important tool for development of novel applications
of polyampholytes to medicine and industry.

Efficient Determination of Quantum
Information: Von Neumann Entropy and

Depolarizing Channels

Nimish Ramanlal Under the direction of
Seminole HS Mr. Alan Leung

Winter Springs, FL MIT

There are significant barriers to the construction and
implementation of fast quantum algorithms. For ex-
ample, we must deal with intrinsic problems such
as decoherence, the inability to distinguish between
quantum states, and the inability to identify quan-
tum states. In this paper we aim to minimize some
of these problems by finding efficient ways to calcu-
late information measures such as the von Neumann
entropy if we are given limited copies of the quan-
tum system under study. We determine when it is
beneficial to use certain techniques to extract the
desired information. The quantum systems we are
concerned with have density operators of the form
p|0〉〈0|+ (1− p)|1〉〈1|. This form is the same as that
of depolarizing channels. Thus, the results of this
paper are also applied to determining the behav-
ior of depolarizing channels, channels that can be
used to simulate quantum decoherence. An efficient
search algorithm is then developed, and it is hoped
that in the future we will be able to study such
search algorithms while accounting for factors such
as decoherence.

Thermal Simulation of a Deep-Borehole
Storage Facility for Nuclear Waste

Raj Ranade Under the direction of
East Lyme HS Dr. Michael Driscoll

East Lyme, CT MIT

The deep-borehole storage facility is one of the
best options for storing nuclear waste. In the deep-
borehole storage facility, a thin long pipe is inserted
into granite rock layers and then filled with nuclear
waste. However, the effect of the hot nuclear waste
on the surrounding rock layers is unclear. A Java 2
numerical model of the deep-borehole situation was
created to simulate the effect of the nuclear waste on
surrounding rock layers. This model was validated
using other high-end simulations for heat transfer
and published results. The model showed that peak
temperature changes in the rock layer occur a few
years after emplacement, and the thermal stress cre-
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ated by these changes is not enough to cause any
damage to the rock layer. In addition, the model
was used to find constants for approximation of the
situation in order to faciliate parallel research in the
borehole field. Parametric studies with the model
also showed which other materials could be safely
used for the borehole system. Overall, the model
showed that the borehole system is thermally safe for
use in the environment.

The Influence of Topography on Martian
Polar Clouds

Sukrit Ranjan Under the direction of
Glenbrook North HS Dr. Peter G. Ford

Northbrook, IL MIT

This paper seeks to study some of the influences of the
topography of Mars on polar CO2 clouds. Computer
analysis is used on data from the MOLA instrument
aboard the Mars Global Surveyor spacecraft. Among
other results, it is found that most clouds form
over slopes with a positive gradient to the east in
northern polar regions and to the west in southern
polar regions. Substantially more clouds form in the
southern polar regions than the northern, likely due
to the altitude difference between the two. Support
is found for the hypothesis that wave-pattern clouds
are self-propagating and not topographic.

Searching Unsorted Databases using
Quantum Mechanics

Syed Aunn Hasan Raza Under the direction of
Aitchison College Lahore Dr. Marten Van Dijk

Lahore, Pakistan MIT

Searching databases is an intrinsic part of many
computer applications, and classical algorithms for
searching unsorted databases take a variable num-
ber of steps. In this paper, we explain Grover’s
algorithm, a quantum algorithm which promises a
quadratic speedup in unsorted searches. We present
an overview of the mathematics involved and simulate
the algorithm’s behavior in terms of changes in prob-
ability amplitudes of the solution and nonsolution
search states by converting the Grover iteration into
a 2 × 2 matrix multiplication. The steps of Grover’s
algorithm can be translated into a 2-dimensional ro-
tation analogue, which we explain. To complete the

overview of the algorithm, we apply to it to a simple
3-qubit example with 2 solutions and conclude by
briefly looking at its future prospects.

On Rational and Integer Solutions to the
Equation y2 = x3 − b2x

Matthew Rognlie Under the direction of
West Linn HS Mr. Michael Hill

West Linn, OR MIT

Let E be the elliptic curve corresponding to y2 = x3−
b2x. We study the cardinalities of the groupsE(Fp) to
conclude that the torsion group ofE(Q) is isomorphic
to Z2⊕Z2. This leads to the conclusion that the group
E(Q) itself is isomorphic to F r⊕Z2⊕Z2. Examining
possible integer solutions, we find a necessary and
sufficient condition on a square x in order for x to
be a solution. We find a bijection between integer
solutions and triplets of integers (m, a, b), where m
and a are coprime and a < m. Using this bijection,
we determine that the number of solutions x < n as
n → ∞ is at most O(n). We generalize this result
to all equations where the product of terms of an
arithmetic sequence of odd length is a square and
find that for other cases the number of solutions is
at most O(

√
n).

Analysis of a High Temperature Supercritical
Brayton Cycle for Space Exploration

Ian M. Rousseau Under the direction of
Essex HS Prof. Michael Driscoll

South Hero, VT MIT

This paper provides a preliminary analysis of the su-
percritical Brayton cycle, a power-generation system
for space exploration. Supercritical working fluids
increase efficiency due to increased compressibility
at the critical point but have not been investigated
at the high temperatures necessary for space power
generation. Through computer simulation, the via-
bility of the supercritical Brayton cycle is verified for
space exploration. Several working fluids are evalu-
ated. Results show efficiency increases of 221% over
the sodium Rankine cycle and 105% over thermoelec-
tric conversion. For future cycles at 1600 K, sulfur
is the best working fluid. Given present materials
constraints, iodine is the best fluid at 1200 K.
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Shrinking the Wavefunction

Peter Roussev Under the direction of
St. Croix Country Day Dr. Edmund Bertschinger

Christiansted, VI MIT

In quantum mechanics, the collapse of the wave-
function has long been a topic of heated discussion
subject to multiple interpretations. We will try to de-
duce Copenhagen quantum mechanics from strictly
unitary quantum mechanics. We do this by compress-
ing a four-dimensional unitary operator composed of
a subsystem and a random environment to a two-
state space by averaging over and squeezing out the
environment. Under certain conditions Copenhagen
quantum mechanics might be reconciled with strictly
unitary quantum mechanics because our method of
reduction, on average, results in nonunitary time-
evolution operators. These operators allow for the
violation of unitarity because the ratios of their
eigenvalues can sometimes be much greater than
one, resulting in an almost definite state, i.e., the
shrinkage or collapse of the wavefunction.

Blazhko effect in AH Leo

Andrew Scacco Under the direction of
Smoky Hill Dr. Pamela Gay

Aurora, CO Harvard University

We analyze the apparent magnitude of RR Lyrae
variable star AH Leo during the years 1993, 1994,
2004, and 2005. The primary pulsation period is
calculated to be 0.46595 ± 0.00001 days in 1993,
0.4633± 0.0001 days in 1994, 0.4663± 0.00001 days
in 2004, and 0.466306± 0.000001 days in 2005. The
presence of the Blazhko effect is also confirmed. The
Blazhko period is also determined to be 23±2 days in
1993 and 1994 and 23.6±0.01 days in 2004 and 2005.
This was calculated using Fourier analysis available
with the Peranso software package.

Efficiency of Parallel Processing with JCilk

Quentin Smith Under the direction of
Lawrence Academy Prof. Charles E. Leiserson

Hollis, NH MIT

We examine the performance of the JCilk parallel
processing language and associated runtime system
for Java. We consider the impact of various factors,

such as Java Virtual Machine choice, CPU count,
and program design, on the performance of JCilk
programs. Then we successfully optimized the JCilk
runtime environment to achieve reduced execution
times for parallel processing using an AMD Opteron
quad-processor machine. We conclude that of the
JVM’s evaluated, IBM’s Java 1.4.2 and Sun’s Java
1.5.0 are the most effective for JCilk use.

On The Expected Winding Number of a
Random Walk on the Unit Lattice

Yi Sun Under the direction of
The Harker School Mr. David Pritchard

San Jose, CA MIT

Random walks on graphs have many interesting ap-
plications to algorithms in computer science. In this
paper, we investigate the winding numbers of random
walks on the unit lattice. It is known for the continu-
ous case that the RMS value of the winding number
is asymptotic to O (logn). We provide bounds for
the discrete case and demonstrate some approaches
employing generating functions to enumerate and
characterize the behavior of such walks.

Niceness in the Graphs of Partitions of n

Charles Tam Under the direction of
Indiana Academy Mr. Emanuel Stoica

Carmel, IN MIT

Consider the Young diagrams of the partitions of n.
Let a cell in such a diagram be nice if the number
of cells to its right is equal to or one more than
the number of cells below it. It has been proven
algebraically, by Kefeng Liu, Catherine Yan, and
Jian Zhou, that the set of the numbers of nice cells
in each of the partitions of n is a permutation of the
set of the numbers of parts in each of the partitions
of n. We shall explore some first steps to reaching a
more elegant combinatorial proof.
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Engineering Multifunctional Nanoemulsions
for Image-Guided Cancer Therapy

Yi-Meng Tan Under the direction of
IMSA Dr. Mansoor Amiji

Aurora, IL Northeastern Univ Sch of Pharmacy

Nanotechnology has great ramifications for the fu-
ture of pharmaceutical science with its potential as
a drug-delivery system as well as an MRI contrast
agent. This research aims to combine both of these
capabilities into a novel multifunctional nanoemul-
sion that will allow for image-guided cancer therapy,
which would transport drugs and enhance imaging
of the target tissue simultaneously. Diethylenetri-
aminepentaacetic acid–phosphatidyl ethanolamine–
gadolinium (DTPA-PE-Gd) was complexed to stan-
dard nanoemulsions, and their T1 values were deter-
mined through nuclear magnetic resonance (NMR)
and magnetic resonance imaging (MRI). The de-
crease in T1 relaxation time from 3.05 seconds for
plain water to 0.005 seconds for nanoemulsions loaded
with 15.8 mM Gd correlated with enhanced image
contrast. Finally, in vitro cell-penetration and cy-
totoxicity studies were conducted to quantify the
efficacy of the nanoemulsion drug-delivery system.
While these results support the theory that multi-
functional nanoemulsions can be engineered, in vivo
studies must be done to corroborate their capabilities
and move nanoemulsion therapies toward clinical use
in the future.

Analyses of Chandra LETGS X-ray Spectrum
of the Afterglows of Gamma Ray Bursts

020405 and 041006

Toan Tran-Phu Under the direction of
NCSSM Dr. Herman Marshall

Cary, NC MIT Kavli Institute for Space Research

We present high-resolution X-ray spectroscopy of
GRB 020405 and GRB 041006 observed with the low-
energy transmission gratings on the Chandra X-ray
Observatory. We fit each of the observation spectra
first with the full data set, and then time-sliced
into the first half and first quarter. We search for
deviations from the model continua for the full and
sliced datasets for significant (≥ 3σ) emission lines
or absorption lines. These lines would characterize
the material surrounding the burst and strongly link
supernovae to GRB’s. We find several peaks ≥ 3σ,

but their overall significance is marginal at best.

The Effects of alk8 and bmp7 Mutations on
Tooth and Pharyngeal Arch Cartilage

Development in Zebrafish

Alice Tzeng Under the direction of
Lafayette HS Dr. Pamela Yelick

Lafayette, LA Forsyth Institute

Zebrafish (Danio rerio) are often used as models
for studying vertebrate development and molecular
signaling pathways because they share many biolog-
ically important characteristics with mammals. In
particular, though zebrafish have teeth located on
pharyngeal arches instead of in the oral cavity, their
teeth bear a striking resemblance to those of hu-
mans. To better understand the general process of
dentition, we investigated the roles of the genes alk8
and bmp7, which are vaguely associated with dental
tissue regulation, in zebrafish tooth and pharyngeal
cartilage development. We focused on the effects
of null mutations of alk8 and bmp7, proposing that
development in heterozygous fish would be abnormal
due to weakened molecular signaling if the genes were
indeed essential to regulation. We then examined the
teeth of fish stained with Alcian blue and alizarin red
and performed morphological analysis on the pha-
ryngeal arch cartilages of specimens of various ages.
Though we obtained a few promising preliminary
results, we must ultimately perform further studies
in order to validate or reject our hypothesis.

Applying Reference Functions to the
Multi-Armed Bandit Problem to Optimize

Transmitter Training

Jason Uh Under the direction of
TJHSST Dr. Lizhong Zheng

Kent, WA MIT

Transmitter training is an integral part of signal
processing, as the transmitter attempts to determine
the optimal channel through which information is to
be sent. However, this process must be conducted
as efficiently as possible in order to conserve energy
for the actual signal transmission. The multiarmed-
bandit problem is used to model such a training
process, and this paper presents algorithms to solve
the problem. The concept of the reference function
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is developed and applied, thereby establishing the
appropriate sampling procedure. Ultimately, optimal
ranges and values are determined for logarithmic and
exponential reference functions.

Image Deblurring Using Methods for
Factoring Polynomials with Inexact

Coefficients

Ameya Velingker Under the direction of
Parkland HS Mr. Joonsung Lee

Orefield, PA MIT

This paper considers the classic problem of decon-
volving images which are blurred using single direc-
tional translational blur. It translates the problem
into that of finding the approximate greatest com-
mon divisor (agcd) of polynomials whose coefficients
are known not exactly but only within a certain
tolerance. We first determine the degree of the agcd
by using the Singular Value Decomposition of a
Sylvester matrix. After that, we use a method based
on QR-decomposition to compute the agcd. Then, we
propose a method for dividing two inexact polynomi-
als which we show to be far superior than the naive
method used for dividing two exact polynomials. Fi-
nally, we apply these algorithms to deconvolving a
blurred image.

Synthesis of a Dibromide and a Boronic Acid
En Route to a New Class of Diels-Alder

Precursors

Genevieve Williams Under the direction of
Redondo Union HS Prof. Mohammad Movassaghi

Palos Verdes Estates, CA MIT

The main goal of this project is to synthesize a dibro-
mide and a boronic acid, two compounds necessary
for the synthesis of bromodiene, a key intermediate
in the study of Diels-Alder reactions with substituted
oxazolidinone dienes. Both reactions were success-
fully scaled up by a factor of 3 with moderate yields.
The products were characterized by 1H nuclear mag-
netic resonance (NMR) spectroscopy.

Influence of cyclodextrins on the dissolution
kinetics of Naproxen in simulated gastric and

intestinal fluid

Tsz Yeung Emmett Wong Under the direction of
Hwa Chong Institution D. Ece Gamsiz-Sen, M.S.
Singapore Northeastern University

Cyclodextrins are commonly used as carrier
molecules to enhance the solubility of poorly-soluble
drugs. In this study, the influence of β-cyclodextrin
on the dissolution kinetics of Naproxen, an anti-
inflammatory drug, in simulated gastric and intesti-
nal fluid, will be investigated. This study aims to
validate the Neutral Compound Physical Mixture
(NCPM) Model through phase-solubility and disso-
lution rate studies. The NCPM Model was developed
to predict the influence of β-cyclodextrin on the neu-
tral form of drugs when they are dosed as a physical
mixture. Experimental results show that simulations
carried out using the NCPM Model achieve an accu-
racy of more than 95%, proving the NCPM Model to
be highly reliable and useful at predicting the effect
of β-cyclodextrin on drug solubility and dissolution
kinetics.

Sticky Tumors: The effects of N-glycosylation
on E-cadherin tumor-suppressive function

and implications for metastasis

Hann-Shuin Yew Under the direction of
The Harker School Dr. Aneta Liwosz

San Jose, CA Boston University Medical Center

N-glycosylation is a significant posttranslational
modification in proteins that is critical to many
aspects of development. It affects E-cadherin, an
epithelial cell adhesion mediator that may play a key
role in tumor and invasion suppression. In this paper
we demonstrate that N-glycosylation has a significant
effect upon E-cadherin function in Madin Darby ca-
nine kidney (MDCK) cells. We also determined that
exogenous E-cadherin can compete with endogenous
E-cadherin in these cells, providing a tool for fur-
ther investigations of the effects of E-cadherin upon
metastasis.
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Investigation of cd-68 as a Marker for
Metastasis in Mice

Livia Zarnescu Under the direction of
Pope HS Dr. Thomas Seyfried

Atlanta, GA Boston College

In this paper, we will be examining the effectiveness
of cd-68 as a gene marker for metastasis. It was
hypothesized that since its expression in all the mouse
tumors that have been tested thus far was been much
higher than in normal cells, then its expression would
also be higher in regions of the brain to which cancer
cells had metastasized. However, this was not the
case, and expression was actually considerably lower.
This brings about questions of how this is possible,
and further experiments will probably lead to a
better understanding of how cancer interacts with
the immune system.

Mass Enrichment Probabilities of the Human
Plasma Proteome

Luyi Zhao Under the direction of
Parkway South HS Dr. Marco Ramoni

St. Louis, MO Children’s Hospital Boston

Human proteins are enriched for certain biological
functions and location depending on their masses.
These enrichment probabilities have been compiled
by the Human Massome Project. However, the rela-
tionships have yet to be compared with the results
of an actual human sample though. In this work, the
mass enrichment probabilities of the human plasma
proteome are analyzed and compared with the Hu-
man Massome Project. The human plasma proteome
was binned by masses and enrichment probabili-
ties were calculated through an automated program
making use of the National Institute of allergy and
Infectious Disease’s Database for Annotation, Visu-
alization and Integrated Discovery.


