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INTRODUCTION
The King Faisal Foundation continues the traditions of Arabic and
Islamic philanthropy, as they were revitalized in modern times by King
Faisal. The life and work of the late King Faisal bin Abd Al-Aziz, son of
Saudi Arabia’s founder and the Kingdom’s third monarch, were
commemorated by his sons and daughters through the establishment of
the Foundation in 1976, the year following his death. Of the many
philanthropic activities of the Foundation, the inception of King Faisal
International Prizes for Medicine in 1981 and for Science in 1982 will be
of particular interest to the reader of this book. These prizes were
modeled on prizes for Service to Islam, Islamic Studies and Arabic
Literature which were established in 1977. At present, the Prize in each
of the five categories consists of a certificate summarizing the laureate’s
work that is hand-written in Diwani calligraphy; a commemorative 24carat, 200 gram gold medal, uniquely cast for each Prize and bearing the
likeness of the late King Faisal; and a cash endowment of SR750,000
(US$200,000). Co-winners in any category share the monetary award.
The Prizes are awarded during a ceremony in Riyadh, Saudi Arabia,
under the auspices of the Custodian of the Two Holy Mosques, the King
of Saudi Arabia or his representative.
Nominations for the Prizes are accepted from academic institutions,
research centers, professional organizations and other learned circles
worldwide, as well as from previous laureatues. After preselection by
expert reviewers, the short-listed works are submitted for further,
detailed evaluation by carefully selected international referees.
Autonomous, international specialist selection committees are then
convened at the headquarters of the King Faisal Foundation in Riyadh
each year in January to make the final decisions. The selections are based
solely on merit, earning the King Faisal International Prize the
distinction of being among the most prestigious of international awards
to physicians and scientists who have made exceptionally outstanding
advances which benefit all of humanity.

WINNERS OF THE 2014
KING FAISAL INTERNATIONAL PRIZE
FOR MEDICINE

The King Faisal International Prize for Medicine for this year 2014G
(1435H), Topic: Non-Invasive Diagnosis of Fetal Diseases, has been
awarded to: Professor Yuk Ming Dennis Lo (China/UK);
Director, Li Ka Shing Institute for Health Sciences and Li Ka Shing
Professor of Medicine, Chairman and Chief of Service, Department of
Chemical Pathology, Faculty of Medicine, Chinese University of Hong
Kong, and Prince of Wales Hospital.
Professor Yuk Ming Dennis Lo has transformed the field of prenatal
genetic diagnosis through his discovery of cell free fetal nucleic acids in
the maternal blood and the identification of their placental source. He
built upon this pivotal discovery to develop and translate techniques for
risk free determination of fetal aneuploidy and monogenic disease, and
ultimately the sequencing of the full fetal genome from cell free DNA.
Because of his pioneering role in the field of non-invasive diagnosis of
fetal disease he has been awarded the King Faisal International Prize in
Medicine for the year 2014.

Non-invasive prenatal diagnosis: from dream to reality
Professor Y. M. Dennis Lo
Director, Li Ka Shing Institute of Health Sciences
Li Ka Shing Professor of Medicine and Professor of Chemical Pathology
The Chinese University of Hong Kong
Prince of Wales Hospital, Shatin, New Territories, Hong Kong SAR,
China
Tel: +852 3763 6001
Fax: +852 2636 5090
E-mail: loym@cuhk.edu.hk
I became interested in the area of prenatal diagnosis when I was a
medical student in Oxford. I had been following the impressive advances
that had occurred in the prenatal diagnosis of the hemoglobinopathies
(i.e., inherited disorders causing anemia prevalent in many parts of the
world) through the pioneering work of Prof. Yuet Wai Kan at the
University of California San Francisco (1) and Prof. David Weatherall at
Oxford (2). I also had the good fortune of getting first-hand experience in
a research laboratory by working under a pathologist, Dr. Kenneth
Fleming, in the afterhours of the medical school curriculum. One day, I
heard a lecture from Prof. John Bell, currently Regius Professor of
Medicine at Oxford, who at that time had just returned to Oxford from
Stanford. Prof. Bell talked about a then-new method of polymerase chain
reaction (PCR) that had captured my attention. After his lecture, I was
able to persuade Prof. Bell to teach me the method. I was soon able to
appreciate the versatility (3), as well as the potential shortcoming (e.g. its
susceptibility to contamination) (4) of this powerful method.
I soon developed an interest in ways to further improve methods for
prenatal diagnosis. One important disadvantage of the methods for DNAbased prenatal diagnosis was that invasive sampling of fetal tissues, e.g.

by amniocentesis, was necessary to obtain fetal cells for further analysis.
Such invasive sampling carries a small, but definite, risk to the fetus. To
avoid such risks, many scientists had for many years dreamt about the
possibility of performing non-invasive prenatal diagnosis. Towards this
goal, there had been attempts in the isolation of fetal nucleated cells that
had entered into the maternal circulation since the late 1960s. However,
such early attempts were based on conventional cytogenetics (5) or
relatively non-specific staining (e.g. quinacrine staining for male cells)
methods (6, 7). I thought that one might be able to utilize the sensitivity
of the PCR to detect such fetal cells that have entered into the maternal
circulation. I further postulated that to maximize the chance of success,
one could couple two sequential PCRs together. I referred to this as a
dual amplification system, which is now more commonly known as
‘nested’ PCR. Using such a system, I was indeed able to demonstrate the
detection of fetal DNA amongst maternal blood cells (8). Other workers
soon also reported detecting circulating fetal cells using PCR (9, 10) and
molecular cytogenetic methods (11), in combination with various fetal
cell enrichment techniques. However, all of these efforts, including my
own, were hampered by problems such as false-positivity and falsenegativity. The main reason for such difficulties is the extreme rarity of
fetal nucleated cells in the maternal blood (12). Another reason is the
persistence of certain fetal cell populations from one pregnancy into the
next one (13). Indeed, I would spend the next 8 years working in this
area without significant success. By 2002, it had become clear that the
rarity of fetal nucleated cells in the maternal blood would make it very
difficult to develop practical and robust methods for non-invasive
prenatal testing using this approach (14). Hence, interest in such cellbased approaches has waned.
1997 was a very special year for Hong Kong, a city where I was born. It
was the year when Hong Kong would return to Chinese rule after being a
British colony since 1841. While many had left Hong Kong before 1997
because of the uncertain future, my wife and I had decided that it would
be a good time to return home. Knowing that I would need to build a new
career after I had moved back to Hong Kong, I thought that this would be
a good time to try something new and even potentially risky. In
September 1996, just 4 months before I would return to Hong Kong, two
papers were published in Nature Medicine regarding the presence of
tumor DNA in the cell-free fraction of blood obtained from cancer
patients (15, 16). I thought that a cancer growing inside a cancer patient
was somewhat analogous to a fetus developing inside its mother’s womb.
In my clinical practice, I had yet to see a cancer that was as big as an 8pound baby. Hence, I thought that one should be able to detect fetal

DNA in the cell-free portion, i.e., plasma or serum, of the mother’s
blood. In collaboration with Prof. James Wainscoat, a hematologist in
Oxford, we were able to show that fetal DNA was indeed present in
maternal plasma and serum (17). The fact that we were able to obtain a
robust fetal Y chromosome signal in most cases carrying male fetuses
concentration of cell-free fetal DNA in such samples should be very
high.
Eager to find out what were the concentrations at which fetal DNA could
be found in maternal plasma and serum, I looked into methods for the
quantitative analysis of DNA. At the end of 1996, a method called realtime PCR, in which one would monitor the progress of a DNA
amplification reaction and hence would arrive at an accurate
measurement of the input DNA concentration had just been published
(18). However, to perform such a technique, one would require an
expensive piece of instrument that was essentially a combined PCR
thermal cycler and a fluorescence camera. On the Boxing Day of 1996, I
was invited to the house, near London, of my future head of department
in Hong Kong, Prof. Magnus Hjelm. I decided to ask him to install a
real-time PCR machine in my new laboratory in Hong Kong. Rather
surprisingly and almost immediately, Prof. Hjelm had agreed to my
request and with it I had received the biggest Christmas present in my
life!
I started working in Hong Kong in January 1997 and began the project
for measuring the concentrations of fetal DNA in maternal plasma and
serum. The fractional fetal DNA concentrations in maternal plasma were
remarkably high, having a mean of some 3% in early pregnancy and 6%
in late pregnancy (19). These concentrations were much higher than the
corresponding figures for fetal nucleated cells that were present in
maternal blood which were typically at a level of one fetal cell per 105 or
106 maternal cells, or lower. Furthermore, serial analysis on a cohort of
pregnant women sampled at multiple times during pregnancy indicated
that fetal DNA was present in maternal serum as early as the 7th week of
gestation. All in all, these data indicated that fetal DNA in maternal
plasma would be a valuable material for non-invasive prenatal diagnosis.
Its very high concentrations would indicate that prenatal testing using
this material would potentially be much more robust than that using fetal
cells in maternal blood. Furthermore, the ranges of fetal DNA
concentration at different gestational ages would become the foundation
on which one could build diagnostic platforms based on this material.

As mentioned above, the use of fetal cells in maternal blood for noninvasive prenatal diagnosis is complicated by the persistence of certain
fetal cell populations from one pregnancy to the next (13). I would like to
see if such a phenomenon would also complicate the diagnostic use of
cell-free fetal DNA in maternal plasma. Hence, I recruited a number of
women undergoing cesarean section and sampled their blood at multiple
time points following delivery. The results showed that fetal DNA was
cleared very rapidly from maternal plasma following delivery, with a
half-life of some 16 minutes (20). These data thus showed that unlike
fetal cells in maternal blood, the use of cell-free fetal DNA in maternal
plasma for prenatal diagnosis would not be complicated with persistence
from a pregnancy.
Thus, with the above-mentioned three studies laying the fundamental
biological parameters of the phenomenon (17, 19, 20), I decided to apply
cell-free fetal DNA testing to the non-invasive prenatal diagnosis of fetal
rhesus D blood group status in cases where the mothers were rhesus Dnegative. This application is clinically useful because rhesus D-negative
mothers might be immunologically sensitized if their fetuses were rhesus
D-positive and might produce antibodies to attack the fetal red blood
cells in subsequent pregnancies involving rhesus D-positive fetuses.
Hence, it would be useful to be able to identify which rhesus D-negative
pregnant women were at risk and who were not. I was able to
demonstrate that one could determine the fetal rhesus D blood group
status with high accuracy using maternal plasma and real-time PCR (21).
This test has now been available in Europe for clinical testing since
around 2001 and in the U.S.A. a few years later, and represents the first
clinical application of DNA-based non-invasive prenatal diagnosis.
The prenatal diagnosis of fetal chromosomal aneuploidies such as Down
syndrome represents one of the most common reasons why pregnant
women go for prenatal testing. I have shown that the concentrations of
cell-free fetal DNA in the plasma of pregnant women carrying Down
syndrome fetuses are higher than those carrying chromosomally normal
fetuses (22). Hence, maternal plasma DNA analysis can be used as a
screening test for fetal Down syndrome. The challenge is that there is
some overlap in the concentration ranges between the Down syndrome
group and the normal group and thus the diagnostic sensitivity and
specificity of the test would need to be improved before it would become
a valuable testing tool. I then spent the next 10 years exploring various
approaches through which such testing can be enhanced.

Down syndrome is caused by an increased dosage of genetic material on
chromosome 21, most commonly caused by the presence of an extra
copy of the chromosome. Hence, a key to the non-invasive prenatal
testing of Down syndrome is the development of methods that would
allow one to accurately measure such a chromosome dosage increase. As
fetal DNA is normally present as a minor fraction of the total DNA that
is found in maternal plasma (19), one approach that one could enhance
the performance of such chromosome dosage measurement is by
targeting a subset of DNA molecules in maternal plasma that is specific
to the fetus. I reasoned that DNA molecules from different tissues might
have different biochemical modifications to their DNA and thus it might
be possible to find modifications that would allow one to distinguish
fetal from maternal DNA in plasma. Such modifications are generally
referred to as epigenetic changes. The most studied type of epigenetic
changes is DNA methylation. In 2002, I described a method that was
based on DNA methylation and demonstrated its use for detecting fetal
DNA in maternal plasma (23). Subsequent experiments showed that this
approach could indeed be used for detecting Down syndrome (24) and
another chromosomal disorder called Edwards syndrome (25).
At the same time when I was exploring the use of DNA methylation, I
also worked on another method in parallel. I thought that amongst cells
in different tissues, the genes that would be switched on would be
different. Hence, genes that were preferentially switched on in the fetal
tissues, but switched off in the maternal tissues, would represent another
class of fetal-specific markers that one could use for detection in
maternal blood. I then turned to the detection of a product of gene
expression, namely messenger RNA (mRNA) and showed in 2000 that
fetal mRNA was indeed present in maternal plasma (26). The detection
of fetal mRNA in maternal plasma was somewhat surprising as the
general belief at that time was that mRNA was so fragile that it would be
highly unlikely to survive in plasma where various nucleases are present.
Subsequent research has shown that such circulating mRNA molecules
are protected by particles (Fig. 1) (27, 28). Further work has shown that
plasma mRNA analysis can be used for the non-invasive prenatal testing
of Down syndrome (29).
While approaches based on DNA methylation and mRNA analysis
represent feasible methods for detecting fetal chromosomal disorders,
good markers based on such approaches require significant optimization
efforts and in many cases require the concomitant analysis of markers of
DNA variations (such as single nucleotide polymorphisms) that may not
work for all fetus-mother pairs. Hence, I had decided to explore an

approach that did not have such a limitation. One way is to develop
extremely precise methods of quantitation that would allow one to
measure a fetal chromosome dosage change (e.g. an increase in the case
of Down syndrome), even when such a change is partially ‘masked’ by
the background of maternal DNA in maternal plasma.
I thought that one way whereby this could be achieved was to count
DNA molecules in maternal plasma one at a time. Using this strategy,
one could potentially reach any degree of precision simply by increasing
the number of molecules that one would count. In collaboration with
Rossa Chiu and Allen Chan from my department at The Chinese
University of Hong Kong, we reported in 2007 that this approach could
indeed be done using single molecule PCR (or more commonly known
as digital PCR) (30). We then showed in 2008 that massively parallel
sequencing (also known as next-generation sequencing) offered
significant advantages over digital PCR for implementing such a
counting approach and would allow the detection of fetal Down
syndrome using maternal plasma with very high sensitivity and
specificity (Fig. 2) (31). We then initiated a large-scale, multi-center
validation study of this technology and achieved a diagnostic sensitivity
of 100% and a specificity of 98% (32). The results of this study have
since been replicated by many other groups (33, 34). This technology
had been introduced into clinical service in the latter half of 2011 and in
the subsequent two years had been performed on over 500,000 maternal
plasma samples in over 15 countries. This development represents one of
the most rapidly adopted genomic tests.
Since the achievement of the robust non-invasive prenatal detection of
Down syndrome, I would like to explore how far one could push this
technology. Hence, in 2010, my research team had successfully
developed an approach for sequencing the entire fetal genome from
maternal plasma (35). This method is based on the performance of very
deep sequencing of maternal plasma, covering the human genome
several tens of times. This is then followed by deduction of the fetal
genome from the sequencing data while taking reference to the genomic
sequences of the father and mother of the fetus. This approach has now
been confirmed by other workers (36, 37). Moving beyond the genome,
in 2013, my group had further shown that one could determine a fetal
epigenome from maternal plasma (38). This approach would be a
potentially valuable tool for exploring the intricate relationship between
biochemical modifications of the fetal genome and physiological or
pathological development.

As my work in plasma DNA was initially inspired by work in the cancer
area (15, 16), I had decided to pursue the use of plasma DNA for cancer
detection in parallel with my fetal work. Thus, I have developed cancer
tests that are analogous to the corresponding fetal DNA test, using realtime PCR (39), DNA methylation markers (40), plasma mRNA markers
(41), etc. Recently, because of the success of plasma DNA sequencing
for the detection of fetal chromosomal abnormalities (31, 42), my group
had also explored an analogous approach in an attempt to develop a
universal test for cancer. Our recent data in this area are very promising
(43, 44), and have shown that this approach can be used to detect
multiple types of cancer using a blood sample. Our results have been
supported by those from other groups (45, 46).
In summary, the past 16 years has been a very exciting time for me to
have demonstrated the presence of fetal DNA in maternal plasma, and to
develop the technologies that would allow us to study it and to use it for
molecular diagnosis. It is also very encouraging to me and my research
team to see that this technology has been adopted on a worldwide scale,
making prenatal testing less stressful for pregnant women and safer for
their babies. It is also an opportune time for us to discuss the various
social, legal and ethical issues related to this new technology (47), and to
explore the best way to integrate it into our healthcare systems.
Acknowledgements
Scientific research is a group endeavor. In this regard, I wish to thank my
research team and collaborators for working with me for the past many
years. I also wish to thank the pregnant mothers who had participated in
this research program. I would also like to thank the University Grants
Committee Areas of Excellence Scheme (AoE/M-04/06), the Hong Kong
Research Grants Council, the Innovation and Technology Fund, the S.K.
Yee Foundation and the Li Ka Shing Foundation for their generous
support.
References
1.
Kan YW, Golbus MS, Dozy AM. Prenatal diagnosis of alphathalassemia. Clinical application of molecular hybridization. N Engl J
Med. 1976;295:1165-7.
2.
Wainscoat JS, Old JM, Thein SL, Weatherall DJ. A new DNA
polymorphism for prenatal diagnosis of beta-thalassaemia in
Mediterranean populations. Lancet. 1984;2:1299-301.
3.
Lo YMD, Mehal WZ, Fleming KA. Rapid production of vectorfree biotinylated probes using the polymerase chain reaction. Nucleic
Acids Res. 1988;16:8719.

4.
Lo YMD, Mehal WZ, Fleming KA. False-positive results and
the polymerase chain reaction. Lancet. 1988;2:679.
5.
Walknowska J, Conte FA, Grumbach MM. Practical and
theoretical implications of fetal-maternal lymphocyte transfer. Lancet.
1969;1:1119-22.
6.
Schroder J, De la Chapelle A. Fetal lymphocytes in the maternal
blood. Blood. 1972;39:153-62.
7.
Herzenberg LA, Bianchi DW, Schroder J, Cann HM, Iverson
GM. Fetal cells in the blood of pregnant women: detection and
enrichment by fluorescence-activated cell sorting. Proc Natl Acad Sci U
S A. 1979;76:1453-5.
8.
Lo YMD, Patel P, Wainscoat JS, Sampietro M, Gillmer MD,
Fleming KA. Prenatal sex determination by DNA amplification from
maternal peripheral blood. Lancet. 1989;2:1363-5.
9.
Bianchi DW, Flint AF, Pizzimenti MF, Knoll JH, Latt SA.
Isolation of fetal DNA from nucleated erythrocytes in maternal blood.
Proc Natl Acad Sci U S A. 1990;87:3279-83.
10.
Wachtel S, Elias S, Price J, Wachtel G, Phillips O, Shulman L, et
al. Fetal cells in the maternal circulation: isolation by multiparameter
flow cytometry and confirmation by polymerase chain reaction. Hum
Reprod. 1991;6:1466-9.
11.
Elias S, Price J, Dockter M, Wachtel S, Tharapel A, Simpson JL,
et al. First trimester prenatal diagnosis of trisomy 21 in fetal cells from
maternal blood. Lancet. 1992;340:1033.
12.
Bianchi DW, Williams JM, Sullivan LM, Hanson FW, Klinger
KW, Shuber AP. PCR quantitation of fetal cells in maternal blood in
normal and aneuploid pregnancies. Am J Hum Genet. 1997;61:822-9.
13.
Bianchi DW, Zickwolf GK, Weil GJ, Sylvester S, DeMaria MA.
Male fetal progenitor cells persist in maternal blood for as long as 27
years postpartum. Proc Natl Acad Sci U S A. 1996;93:705-8.
14.
Johnson KL, Samura O, Nelson JL, McDonnell WM, Bianchi
DW. Significant fetal cell microchimerism in a nontransfused woman
with hepatitis C: Evidence of long-term survival and expansion.
Hepatology. 2002;36:1295-7.
15.
Nawroz H, Koch W, Anker P, Stroun M, Sidransky D.
Microsatellite alterations in serum DNA of head and neck cancer
patients. Nat Med. 1996;2:1035-7.
16.
Chen XQ, Stroun M, Magnenat JL, Nicod LP, Kurt AM,
Lyautey J, et al. Microsatellite alterations in plasma DNA of small cell
lung cancer patients. Nat Med. 1996;2:1033-5.
17.
Lo YMD, Corbetta N, Chamberlain PF, Rai V, Sargent IL,
Redman CW, et al. Presence of fetal DNA in maternal plasma and
serum. Lancet. 1997;350:485-7.

18.
Heid CA, Stevens J, Livak KJ, Williams PM. Real time
quantitative PCR. Genome Res. 1996;6:986-94.
19.
Lo YMD, Tein MS, Lau TK, Haines CJ, Leung TN, Poon PM, et
al. Quantitative analysis of fetal DNA in maternal plasma and serum:
implications for noninvasive prenatal diagnosis. Am J Hum Genet.
1998;62:768-75.
20.
Lo YMD, Zhang J, Leung TN, Lau TK, Chang AM, Hjelm NM.
Rapid clearance of fetal DNA from maternal plasma. Am J Hum Genet.
1999;64:218-24.
21.
Lo YMD, Hjelm NM, Fidler C, Sargent IL, Murphy MF,
Chamberlain PF, et al. Prenatal diagnosis of fetal RhD status by
molecular analysis of maternal plasma. N Engl J Med. 1998;339:1734-8.
22.
Lo YMD, Lau TK, Zhang J, Leung TN, Chang AM, Hjelm NM,
et al. Increased fetal DNA concentrations in the plasma of pregnant
women carrying fetuses with trisomy 21. Clin Chem. 1999;45:1747-51.
23.
Poon LLM, Leung TN, Lau TK, Chow KC, Lo YMD.
Differential DNA methylation between fetus and mother as a strategy for
detecting fetal DNA in maternal plasma. Clin Chem. 2002;48:35-41.
24.
Tong YK, Jin S, Chiu RW, Ding C, Chan KC, Leung TY, et al.
Noninvasive prenatal detection of trisomy 21 by an epigenetic-genetic
chromosome-dosage approach. Clin Chem. 2010;56:90-8.
25.
Tong YK, Ding C, Chiu RWK, Gerovassili A, Chim SSC, Leung
TY, et al. Noninvasive prenatal detection of fetal trisomy 18 by
epigenetic allelic ratio analysis in maternal plasma: theoretical and
empirical considerations. Clin Chem. 2006;52:2194-202.
26.
Poon LLM, Leung TN, Lau TK, Lo YMD. Presence of fetal
RNA in maternal plasma. Clin Chem. 2000;46:1832-4.
27.
Ng EK, Tsui NB, Lam NY, Chiu RW, Yu SC, Wong SC, et al.
Presence of filterable and nonfilterable mRNA in the plasma of cancer
patients and healthy individuals. Clin Chem. 2002;48:1212-7.
28.
Ng EKO, Tsui NBY, Lau TK, Leung TN, Chiu RWK, Panesar
NS, et al. mRNA of placental origin is readily detectable in maternal
plasma. Proc Natl Acad Sci USA. 2003;100:4748-53.
29.
Lo YMD, Tsui NB, Chiu RWK, Lau TK, Leung TN, Heung
MM, et al. Plasma placental RNA allelic ratio permits noninvasive
prenatal chromosomal aneuploidy detection. Nat Med. 2007;13:218-23.
30.
Lo YMD, Lun FMF, Chan KCA, Tsui NBY, Chong KC, Lau
TK, et al. Digital PCR for the molecular detection of fetal chromosomal
aneuploidy. Proc Natl Acad Sci U S A. 2007;104:13116-21.
31.
Chiu RWK, Chan KCA, Gao Y, Lau VYM, Zheng W, Leung
TY, et al. Noninvasive prenatal diagnosis of fetal chromosomal
aneuploidy by massively parallel genomic sequencing of DNA in
maternal plasma. Proc Natl Acad Sci U S A. 2008;105:20458-63.

32.
Chiu RWK, Akolekar R, Zheng YW, Leung TY, Sun H, Chan
KC, et al. Non-invasive prenatal assessment of trisomy 21 by
multiplexed maternal plasma DNA sequencing: large scale validity
study. BMJ. 2011;342:c7401.
33.
Palomaki GE, Kloza EM, Lambert-Messerlian GM, Haddow JE,
Neveux LM, Ehrich M, et al. DNA sequencing of maternal plasma to
detect Down syndrome: An international clinical validation study. Genet
Med. 2011;13:913-20.
34.
Bianchi DW, Platt LD, Goldberg JD, Abuhamad AZ, Sehnert
AJ, Rava RP, et al. Genome-wide fetal aneuploidy detection by maternal
plasma DNA sequencing. Obstet Gyncecol. 2012;119:890-901.
35.
Lo YMD, Chan KC, Sun H, Chen EZ, Jiang P, Lun FM, et al.
Maternal plasma DNA sequencing reveals the genome-wide genetic and
mutational profile of the fetus. Sci Transl Med. 2010;2:61ra91.
36.
Kitzman JO, Snyder MW, Ventura M, Lewis AP, Qiu R,
Simmons LE, et al. Noninvasive whole-genome sequencing of a human
fetus. Sci Transl Med. 2012;4:137ra76.
37.
Fan HC, Gu W, Wang J, Blumenfeld YJ, El-Sayed YY, Quake
SR. Non-invasive prenatal measurement of the fetal genome. Nature.
2012;487:320-4.
38.
Lun FM, Chiu RW, Sun K, Leung TY, Jiang P, Chan KC, et al.
Noninvasive prenatal methylomic analysis by genomewide bisulfite
sequencing of maternal plasma DNA. Clin Chem. 2013;59:1583-94.
39.
Lo YMD, Chan LY, Lo KW, Leung SF, Zhang J, Chan AT, et al.
Quantitative analysis of cell-free Epstein-Barr virus DNA in plasma of
patients with nasopharyngeal carcinoma. Cancer Res. 1999;59:1188-91.
40.
Wong IH, Lo YMD, Zhang J, Liew CT, Ng MH, Wong N, et al.
Detection of aberrant p16 methylation in the plasma and serum of liver
cancer patients. Cancer Res. 1999;59:71-3.
41.
Lo KW, Lo YMD, Leung SF, Tsang YS, Chan LY, Johnson PJ,
et al. Analysis of cell-free Epstein-Barr virus associated RNA in the
plasma of patients with nasopharyngeal carcinoma. Clin Chem.
1999;45:1292-4.
42.
Chiu RWK, Akolekar R, Zheng YWL, Leung TY, Sun H, Chan
KCA, et al. Non-invasive prenatal assessment of trisomy 21 by
multiplexed maternal plasma DNA sequencing: large scale validity
study. BMJ. 2011;342:c7401.
43.
Chan KCA, Jiang P, Zheng YW, Liao GJ, Sun H, Wong J, et al.
Cancer genome scanning in plasma: detection of tumor-associated copy
number aberrations, single-nucleotide variants, and tumoral
heterogeneity by massively parallel sequencing. Clin Chem.
2013;59:211-24.

44.
Chan KCA, Jiang P, Chan CW, Sun K, Wong J, Hui EP, et al.
Noninvasive
detection
of
cancer-associated
genome-wide
hypomethylation and copy number aberrations by plasma DNA bisulfite
sequencing. Proc Natl Acad Sci U S A. 2013;110:18761-8.
45.
Leary RJ, Sausen M, Kinde I, Papadopoulos N, Carpten JD,
Craig D, et al. Detection of chromosomal alterations in the circulation of
cancer patients with whole-genome sequencing. Sci Transl Med.
2012;4:162ra54.
46.
Heitzer E, Auer M, Hoffmann EM, Pichler M, Gasch C, Ulz P, et
al. Establishment of tumor-specific copy number alterations from plasma
DNA of patients with cancer. Int J Cancer. 2013;133:346-56.
47.
Greely HT. Get ready for the flood of fetal gene screening.
Nature. 2011;469:289-91.

Figure Legends
Figure 1. Illustration showing the release of mRNA from the placenta of
the fetus into the plasma of the pregnant mother. The mRNA molecules
are protected by particulate matter.
Figure 2. Illustration showing the steps for detecting a fetal chromosomal
abnormality (e.g. Down syndrome) through the sequencing of DNA in
maternal plasma. Millions of DNA molecules in maternal plasma are
sequenced using massively parallel sequencing. The sequencing results
are then aligned to the human genome sequence. Sequences originating
from each chromosome are then tallied. The proportions of DNA
sequences for each chromosome are calculated and compared with a
group of pregnant women carrying normal fetuses. A deviation of a test
case from the normal cases as determined by a statistical test, e.g., zscores indicating more than 3 standard deviations, would suggest that the
fetus in the test case may have a chromosomal abnormality. (Figure
reproduced from ref. 31. Copyright (2008) National Academy of
Sciences, USA.)
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WINNERS OF THE 2014
KING FAISAL INTERNATIONAL PRIZE
FOR SCIENCE

The King Faisal International Prize for Science for this year 2014G
(1435H), Topic: Mathematics, has been awarded to: Professor Gerd
Faltings (Germany) Director at the Max-Planck Institute for Mathematics
in Bonn.
Professor Faltings has made groundbreaking contributions to algebraic
geometry and number theory. His work combines ingenuity, vision and
technical power. He has introduced stunning new tools and techniques
which are now constantly used in modern mathematics. His deep insights
into the p-adic cohomology of algebraic varieties have been crucial to
modern developments in number theory. His work on moduli spaces of
abelian varieties has had great influence on arithmetic algebraic
geometry. He has introduced new geometric ideas and techniques in the
theory of Diophantine approximation, leading to his proof of Lang’s
conjecture on rational points of abelian varieties and to a far-reaching
generalization of the subspace theorem. Professor Faltings has also made
important contributions to the theory of vector bundles on algebraic
curves with his proof of the Verlinde formula

Diophantine Equations and Beyond
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1. Introduction
This article gives an overview of my research. The most important results
are io diophantine equations, but they led to other fields and I trie to explain
how this happened.
2. Diophantine equations
Diophantine problems deal with solutions of algebraic equations in rational
num- bers. Recall that the natural numbers {1, 2, 3...} are obtained by
simple counting, and they suffice for some purposes. However for applications
one usually has to con- struct more complicated numbers: First one needs the
zero and negative numbers
{0, −1, ...}, then rational numbers a/b where a and b are integers with b
different from 0. The real numbers R are obtained as limits of rational
numbers, as for
√
example the squareroot 2 or the number π. Finally for complex numbers
C one
has to add a squareroot i of −1, that is they are linear combinations a + bi.
with a and b real numbers. For many purposes the complex numbers suffice.
For example any algebraic equation has a root in C. However sometimes one
has to replace the real numbers by different completions of the rationals.
For any prime p consider two rationals a/b and a0 /b as p-adically close if the
integer a − a0 is divisible by a big power of p. Then adding p-adic limits
extends the rationals Q to the field Qp of p-adic numbers. For example the
series
X
1 + 2 − 2 + 24−, , , = 1 −
(−2)n (1 · 3 · (2n − 1))/(1 · ...n) n≥1

√
has a limit in Q2 which is equal to 5. Qp has some similarity to the reals
R but is also quite different in certain aspects. For example it does not suffice to add one element (like i) to it to
make it
algebraically closed. Instead one has to adjoin infinitely many elements and
add a further completion to extend Qp to a complete algebraically closed
field Cp .
Diophantine geometry deals with solutions of algebraic equations in
integers
or rational numbers.
Examples are Pythagorean triples (solutions in
2
2
2
integers of a + b = c , or in rationals of x2 + y2 = 1), or the Fermat
equation (an + bn = cn , or xn + y n = 1, n ≥ 3). In general an
algebraic variety is the set of common solutions of finitely many
polynomial equations. Examples are x2 − y2 = 1 or x2 + y3 + z 5 = 0,
but not 3x − 2y = 1 (it involves nonalgebraic functions). The algebraic
variety is defined over Q if the polynomials defining it have coefficient in Q.
It then has points (that is common solutions of the equations) in any
overfield of Q, that there are Q-rational, R-rational and C-rational points. For
example the algebraic variety given by x2 + y2 = −1 is defined over Q but has
no rational points over Q or even over R. On the other hand over C it is
isomorphic to x2 + y2 = 1
(multiply x and y by i) and has many C-rational points. This illustrates
that over the complex numbers C many things become simpler. An algebraic
variety is called smooth if the complex points form a manifold. For
example the variety given by x2 + y2 = 1 is smooth while y2 − x3 = 0
defines a nonsmooth variety.
An important invariant of an algebraic variety is its dimension. It roughly
says on how many complex parameters the C-rational points depend.
Varieties of dimension zero are finite sets. In the next case of dimension one
the varieties are called curves. Such a curve has an important invariant, the
genus. Rational points on curves of genus zero can be parametrised. For
example rational solutions to x2 + y2 = 1 are of the form x = (1 − t2 )/(1
+ t2 ), y = 2t/(1 + t2 ). For curves of genus one Mordell showed that
rational points form a finitely generated abelian group. That is they are
much rarer than for genus zero, but there still may be infinitely many of
them. He conjectured that for genus bigger than one the set of rational
points is finite.

Important concepts in the study of diophantine equations are height and
the notion of good reduction. The hight of a rational number a/b is the
maximum of the sizes of the numerator a and the denominator b (assumed
to be coprime). The height of an n-tuple (x1 , ..., xn ) of rational numbers is
the maximum of the height of the coordinates xi . The height is important
for proving finiteness theorems because it suffices to give an upper bound
for the height of solutions. Of course this tends to be difficult for
interesting problems.
Good reduction at a prime p means in the simplest case that for a
rational number a/b p does not divide the denominator. This can fail
only for finitely many primes which are called the primes of bad
reduction. Another example: An equation defines a smooth algebraic
variety if some discriminant is nonzero. If the equation has integers as
coefficients this discriminant is also an integer, and thus only divisible by
finitely many primes. These are the primes of bad reduction for this
property.
In more generality one may enlarge the rationals by adding solutions of
algebraic equations to obtain algebraic numberfields. An example is the
√
√
field Q( 2) which consists of all linear combination s a+b 2 with rationals
√
√
a, b. Note that this field has a symmetry by sending a + b 2 to a − b 2,
quite similar to complex conjugation on C.
So if an equation has
√
coefficients in Q its solutions in Q( 2) admit this
symmetry. A version of it exists for all numberfields and is called the
Galois-group. One of the most powerful tools in diophantine geometry
consists in passing from rational points to representations of the Galoisgroup.
As an example we illustrate this in the case of the Fermat equation an + bn
= cn :
We want to show that it has no nontrivial solutions in integers if n ≥ 3. It
suffices to consider the cases where n = 4 or where n is an odd prime.
Then we consider the auxiliary Frey elliptic curve, that is solutions of the
equation
y2 = x(x − an )(x + bn ).
If we add a point at infinity the (say) complex solution (x, y complex
numbers) form a commutative group, that is we can define an addition of
two such points. The group law is determined by the fact that the three
intersection points of the curve with any straight line (in the (x, y)-plane)
add up to zero. The height of such an elliptic curve is given by the size of

the discriminant which is 4an bn cn , and the primes of bad reduction are
the primes which divide a, b or c. The n-division points (adding the point ntimes to itself gives zero) form a subgroup of order n2 . As the group law is
given by algebraic equation with coefficients in Q these division points
lie in algebraic numberfields and thus admit an action of the Galois-group.
This Galois-action has certain special properties:
Namely at the primes of bad reduction one would expect that the
representation notices them (it ”ramifies”). In our case (the Frey-curve
for a Fermat equation) the primes of bad reduction are those dividing one
of the numbers a, b, c. However because they occur as n-th powers these
primes of bad reduction are not seen by the n-torsion points. In Wiles
solution of the Fermat problem the key step is to show that this implies
that the elliptic curve is ”congruent modulo n” to an elliptic curve with
no primes of bad reduction. Actually one has to work with a
generalisation of elliptic curves (modular forms), but nevertheless one shows
that no such object without primes of bad reduction exists, and thus the
Fermat equation has no nontrivial solution.
For more complicated diophantine equations one sometimes can still
associated to solutions a Frey elliptic curve. However this construction
would help only if one could bound the height of this curve. To achieve
this one has to solve the
”abc-conjecture”, one of the most important open problems in the theory.
For more general diophantine equations we cannot hope for no solutions,
but only for qualitative statements like finiteness of solutions, for special
types of alge- braic varieties. To achieve this for curves (that is to show the
Mordell conjecture) the method of Parshin-Arakelov associated to each
solution a new curve and its Ja- cobian, which is a generalisation of the
elliptic curves which we encountered for the Fermat problem. They and
Szpiro could show the Mordell conjecture over function fields, which are
similar to numberfields but where additional tools are available. Also
Szpiro emphasized the importance of Arakelov theory which allows to
carry over some techniques from function to numberfields. However one
important tool (Kodaira-Spencer classes) was missing.
Quite unexpectedly this difficulty was resolved. namely associated to the
auxil- iary curves are their Jacobians and the Galois action on the torsion
points of the Jacobians. This Galois action again has primes of bad
reduction, and this set of primes is not empty but al least predetermined
by the curve and not by the ratio- nal point on it. By the general theory
(the Weil conjectures) there are only finitely many such representations. If
we show that only finitely many points can give rise to the same
representation we derive finiteness of rational points.

Now if two points give rise to the same representation the corresponding
Jaco- bians are not the same but at least they are similar. The technical
term is that they are isogenous. I could show in 1983 that in a given
isogeny class the height of the Jacobian (a measure for its complexity) is
bounded, and derives that there can be only finitely many Jacobians in this
isogeny class. Thus there are only finitely many rational points.
The proof of the Mordell conjecture led me to further work in two fields
where the necessary results could be obtained in an adhoc manner but
where a fully satisfactory treatment required further work. One was the
need to define heights for abelian varieties. These correspond to rational
points on a certain moduli space, but to get a good theory one has to
compactify that space, that is to add certain degenerate abelian varieties.
Over the complex numbers compactifications had been defined by BailyBorel, Shimura, and Mumford, but they had no arithmetic interpretation,
nor did the construction allow to bound the primes of bad reduction.
However Mumford also had found a construction of degenerate abelian
varieties,
and I could show that Mumford’s construction gives all such
degenerations, and allows to define local coordinates at the boundary
of the compactifications. The resulting arithmetic compactification is
called the toroidal compactificationy. I wrote a book about that in
collaboration with C.L.Chai.
Another development was the local theory of p-adic Galois
representations. What was necessary for Mordell had already been done
by Tate in the one dimensional case. It turned out that his method
generalises to higher dimensions and yields a ”p-adic Hodge
decomposition”.
Moreover the method allowed to attack the
comparison between etale and crystalline cohomology which had been
conjectured by J.M.Fontaine. The whole theory now has been put on
a conceptual basis by P.Scholze.
Another (in fact historically earlier) approach to diophantine equtions
has been via diophantine approximation. We illustrate that for the
example of Roth’s theo- rem: If α is an algebraic number (that is it
satisfies a polynomial equation) then α cannot be too well approximated
by a rational numbers. Namely for any exponent r > 2 there are only
finitely many rationals a/b with
|α − a/b| ≤ 1/br .
For r = 2 the theory of continuous fractions gives (for real irrational
numbers) infinitely many solutions. For the proof of Roth’s theorem
one assumes that the assertion is wrong and derives a contradiction. If

the assertion is wrong there are infinitely many fractions a/b satisfying
the inequality. Among them the denomi- nators b can become
arbitrarily large, so one can find e sequence ai /bi with the bi rapidly
increasing (which can be made precise but this requires some
technicalities). Then one constructs an auxiliary polynomial F in
variables T1 , ..., Ts of multide- gree (d1 , ..., ds ) (with di approximately
proportional to the invers of log(bi )) which vanishes to high order at (α,
..., α). Finally one derives a contradiction if s is big enough (depending
on how close r is to 2) and if the di increase rapidly enough.
Thue was the first to apply this method to diophantine geometry. He
was followed by Siegel. However only Vojta succeeded much later to give a
proof for the Mordell conjecture along these lines. Trying to understand
his proof I developed a geometric approach which allowed to generalise it
to higher dimensional varieties.
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Max-Planck-Institut fü r Mathematik, Vivatsgasse 7,
53111 Bonn, Germany

