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Edward L. Kaplan and the Kaplan—Meier
Survival Curve

LukAs J A STALPERS
University of Amsterdam, The Netherlands

EpwarD L KAPLAN
University of Minnesota Medical School, USA

In June 1958, Edward L Kaplan (1920-2006) and Paul Meier (1924-2011) published an
innovative statistical method to estimate survival curves when including incomplete
observations. The Kaplan—Meier (KM) method became the standard way of reporting patient
survival in medical research. For example, the KM method is used in more than 70% of
clinical oncology papers. With 44,319 Web of Science® citations as of November 2017, the
report has become the most-cited statistics publication in the scientific literature. Part I of this
report describes the KM method, its strengths and limitations, and the history and evolution
of the method. In Part II we recount the biography of the remarkable mathematician Edward
L Kaplan, PhD, and his unique contributions during the formulation of the KM method, as
well as his contributions to science during his unique and productive career.

Introduction

n the June 1958 issue of the Journal of the American Statistical Association
I (JASA) Edward L Kaplan and Paul Meier published a manuscript describing an

innovative statistical method to estimate survival rates when there are incom-
plete survival observations included in the data base (Kaplan and Meier 1958). With
44,319 Web of Science® citations as of November 2017, the paper is the eleventh
most cited scientific paper of the modern era: the second most cited paper in mathe-
matics, ranking just below a bio-informatics paper by Thompson et al (1994),
and the most cited statistical paper (Garfield 1983; Ryan and Woodall 2005; van
Noorden et al. 2014). Moreover, the Kaplan—Meier method has become the standard
way to report patient survival in medical and epidemiological studies, particularly in
cancer research (Cox 1972; Peto 1976; van Noorden et al. 2015).

Edward Lynn Kaplan (1920-2006) and Paul Meier (1924-2011) were graduate
students in mathematics at Princeton University, and had the same PhD mentor,
Professor John Tukey (1915-2000). Paul Meier’s contribution to this important
work was frequently acknowledged during his lifetime; he occupied key academic
positions in medical statistics, and was a board member of many important statistical
and public health organizations. Paul Meier received several distinguished awards
for his contribution (Marks 2004). At the time of his death, his life was commemo-
rated in obituaries in major national newspapers and scientific journals.

What about the first author? Edward Lynn Kaplan, by contrast, has largely been
overlooked in academic accounts of modern mathematics and statistics and the pro-
found influence of his contribution—including providing a basis for modern medical
advances—has seldom been recognized. We asked: why?
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Survival analysis: life, death and twilight states

‘Patient survival is generally accepted as the principal criterion for measuring
the effectiveness of treatment in cancer’ (Ederer 1961) ... and also in other life-
threatening diseases (Willett and Singer 1991; Cole and Hudgens 2010; Stel ez al.
2011; May and McKnight 2017). Cancer treatment results are typically reported
as survival rates after 1 year, 5 years or 10 years. For the last four decades, the
survival rate S(r) at time ¢ has been predominately calculated by the Kaplan—
Meier product-limit method, and presented as a Kaplan—Meier ‘staircase’ survival
curve (see example, Figure 1 in next section). Before the KM method was utilized,
the 5-year chance of survival of a group of patients could only be reliably calcu-
lated by following every patient in the cohort for at least the full 5 years, using
life-table methods (Hayward 1899a,b, 1900, 1902a,b; Greenwood 1926; Berkson
and Gage 1950).

However, in a typical survival study, the accrual of a sufficient number of patients
with a specific illness usually takes many years. For example, for a study period of
10 years, many patients can only be followed for less than 5 years, and others may
be lost to follow-up because they cannot be located. These patients, alive or lost to
follow-up, are technically called ‘censored’ or ‘incomplete’ observations. These cen-
sored observations must be included in estimating the survival rate S(z). This
problem with incomplete observations in survival studies had already been rec-
ognized in the nineteenth century (Hayward 1899a,b, 1900; Greenwood 1926).
Greenwood (1926) already remarked that if living patients with a shorter obser-
vation time than the duration of the study were removed from the cohort
(that is, ‘censored’ in the grammatical and legal sense), then the survival
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Figure 1. Re-analysis of the survival of the first fifty breast cancer patients operated upon by William
S Halsted between 1889 and 1894 using the Kaplan-Meier method (solid line; source data in Halsted
1894). For comparison, we added the relative survival curve of US breast cancer patients in 2009 (dotted
line; source: SEER 1975-2014 data by Howlader ez al. 2017)



Volume 33 (2018) 111

estimate would be too low (Greenwood 1926). On the other hand, if these living
patients with an observation time shorter than the duration of the study were
assumed to remain alive until the end of the study, the survival estimate would
be too high.

Kaplan and Meier offered a solution for this significant problem. In the early
1950s, when both were graduate students in the Department of Mathematics at
Princeton University, each separately worked on the problem of survival analysis
under the supervision of their graduate advisor, Professor John Tukey. Heeding the
advice of the then Editor of the JASA, the original two separate manuscripts
were merged and published as ‘Nonparametric estimation of survival from incom-
plete observations’ (Kaplan and Meier 1958). In that seminal paper, they addressed
the problem of censored patients by dividing the survival curve into discrete time
intervals defined by the time of every subsequent patient death (‘event’). Next, the
mortality risk within each interval was calculated as the proportion of the number(s)
of deaths in that interval divided by the number of living patients at the beginning
of the interval. Finally, a chain of survival rates was calculated by linking the
subsequent mortality risks by a ‘product-limit estimator’. (See S1: Supplementary
Mathematical Details.)

To mathematicians, the Kaplan—-Meier method is relatively simple. Furthermore,
today every physician or basic scientist can calculate Kaplan—Meier survival curves
using one of many statistical software packages (for example, SAS, SPSS, Stata,
GraphPad Prism or R). Most of the work for the clinical researcher lies in collecting
three pieces of information for each patient: (1) The first date of observation (in
patient studies typically the date of disease diagnosis or treatment); (2) the last date
of observation (typically the date of death or the last date that a patient was seen
alive); and (3) the vital status on that last date, whether that is an ‘event’ (typically
death) or a ‘censored observation’ (in patient studies typically ‘alive’ or ‘lost to
follow-up’).

Despite the mathematical simplicity of the product-limit estimator, it took
Kaplan and Meier several years to fine-tune their manuscript. In a later interview
with Eugene Garfield for Current Contents in 1983, Kaplan recounted the history of
the manuscript (Garfield 1983):

This paper began in 1952 when Paul Meier at Johns Hopkins University ...
encountered Greenwood’s paper on the duration of cancer. A year later at Bell
Telephone Laboratories, I became interested in the lifetimes of vacuum tubes in
the repeaters in telephone cables buried in the ocean. When I showed my manu-
script to John W Tukey, he informed me of Meier’s work, which already was cir-
culating among some of our colleagues. Both manuscripts were submitted to the
Journal of the American Statistical Association, which recommended a
joint paper. Much correspondence over four years was required to reconcile our
differing approaches, and we were concerned that meanwhile someone else might
publish the idea.

The latter was not an unjustified concern. Joseph Berkson and Robert P Gage
from the Mayo Clinic in Rochester, Minnesota were working on the same topic.
They were very much aware of the shortcomings of their attempts to give actuarial
survival estimates, and were thinking of a solution (Berkson and Gage 1950, 1952;
Berkson 1954). Moreover, later (August of the same year that Kaplan and Meier
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published their paper in JASA), Sidney Cutler and Fred Ederer from the National
Cancer Institute in Bethesda, MD, published an alternative method for calculating
actuarial or life-table survival curves (Cutler and Ederer 1958; Garfield 1979; Green
1997).

According to Paul Meier, in an interview with Harry Marks in 2004, both he and
Kaplan were working independently on the same topic, and Kaplan was first to sub-
mit his manuscript to J4SA. Meier stated that Kaplan had attributed some part of
the combined work ‘on the bias of estimates’ to Meier (Marks 2004). Still in 2004,
Meier had difficulty in fully acknowledging Kaplan’s contribution to the collabora-
tive effort which resulted in the final merged manuscript:

Well, I got pretty mad and I called John (Tukey). Ultimately, I wrote to the editor
of JASA about the situation; by that time, I had estimated the means and stuff
like that and not just Kaplan—Meier alone, and I offered JASA this as a second
paper. The editor wrote back that ‘our readers wouldn’t like it if you separate
this into two papers. I’d rather you both got together and wrote one paper.” I
swallowed hard, and I guess Kaplan swallowed hard as well. So, we worked quite
hard and at one place he solved a problem that I couldn’t solve; other cases I
solved problems he couldn’t.

(Marks 2004)

Despite a concerted effort, we have not been successful in locating the two origi-
nal separate manuscripts or in more specifically defining the contribution of each
manuscript to the final merged and published version of 1958.

The Kaplan—Maeier test applied to William Halsted’s mastectomy patients

An example of how important the resulting KM method is can be shown by a reanal-
ysis of the original survival data in the seminal paper of the renowned surgeon,
William S Halsted (1852-1922), about radical mastectomy for women with breast
cancer (Halsted 1894). The so-called Halsted procedure was the standard for breast
cancer surgery for almost 80 years, and many thousands of women around the world
had this very extensive surgical procedure in an attempt to save their lives. Would
the procedure have been so widely used if Halsted could have presented his data
using a Kaplan—Meier curve?

In 1894, Halsted published the original fifty case-histories of women with
breast cancer operated on by him between 14 June 1889 and 2 February 1894,
followed until early March 1894 (Halsted 1894). Halsted reported—for those
days—a spectacularly low local recurrence rate of ‘6 Per Cent’ (three cases), and
only eight cases (16%) with a ‘Regionary Recurrence’. According to that original
report, only nineteen patients had died, which gives a 62% crude survival rate.
Since a surgeon with Halsted’s stature did not require peer review, the manu-
script was immediately accepted and published. Critical remarks about biased
results due to the short and incomplete follow-up appeared only much later
(Korteweg 1903; Keynes 1929).

Figure 1 shows the survival curve of these same patients estimated by the
Kaplan—Meier method, which corrects for incomplete observations due to short fol-
low-up. For comparison we added the most recent survival curve for breast cancer
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patients from the US SEER-database (Howlader et al. 2017). Here it becomes clear
that only 41% of Halsted’s patients survived more than 3 years, and that few, if any,
would have survived more than 5 years. The main contribution by Halsted was not
that he cured more patients than others, but that more patients left the hospital alive
thanks to fewer post-surgical deaths from infections: the nurses and doctors in
Halsted’s clinic were first to use rubber gloves in the operation room, starting with
his nurse who had developed contact dermatitis from the disinfectant chemicals
(Lathan 2010). It was serendipity that rubber gloves also prevented the usually fatal
wound infections.

The acceptance of the Kaplan—Meier method by the scientific community

In a 1990 overview by Garfield of the hundred most-cited science papers between
1945 and 1988, the Kaplan—-Meier paper was at rank number 55: already the most
cited statistical paper. A 2005 analysis of “The most cited statistical papers’ by Ryan
and Woodall (2005) showed that the number of citations of the 1958 paper since
1990 indicated that its ranking had further increased (Ryan and Woodall 2005, 2011;
see S3). In 2014, the Kaplan—Meier paper’s citations further increased (38,600
citations), bringing it to eleventh position among the most cited papers in the Web
of Science® “Top 100 papers’ (van Noorden et al. 2014). Figure 2 presents a Web of
Science® analysis of the citation curve for the Kaplan—Meier paper, which reached a
peak of 1790 citations during the year 1997.

The citation history in Figure 2 shows another remarkable feature: although the
Kaplan—Meier paper was published in 1958, it went largely unnoticed until 1969. We
reviewed the first one hundred papers that cited the Kaplan—Meier paper. This
revealed that until 1969, the paper was cited on average only once a year.
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Figure 2. Web of Science® citation history of the Kaplan-Meier publication since 1958 as of November
2017, totalling 44,319 citations
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The first three of those one hundred papers are worth mentioning in more detail,
since all three authors later became leading figures in biostatistics. Peter Armitage
(born 1924) was the first who cited Kaplan and Meier in a paper on “The Comparison
of Survival Curves’ (Armitage 1959), followed in the same year by a paper by (later
Sir) David R Cox (born 1924) describing the first step towards what would be pub-
lished fourteen years later as the proportional hazards model, for which the Kaplan—
Meier curve became the underlying survival model (Cox 1959, 1972). Next, in 1961
Fred Ederer (born 1926) cited the Kaplan and Meier 1958 publication in a paper in
which he proposed a simplified version of the Greenwood standard error for survival
curves (Ederer 1961a). As previously mentioned, Cutler and Ederer in 1958 pub-
lished a different actuarial or life-table method to calculate survival considering
incomplete data (Cutler and Ederer 1958). Of lasting importance is Ederer’s contri-
bution to the calculation of relative survival; particularly the method by Ederer and
Heise from 1958 (also known as Ederer II) (Ederer and Heise 1959; Cho et al. 2011).
Ederer II is used by both the main American and European cancer registries to report
internationally comparable 5-year relative survival rates, although the available soft-
ware packages use the Kaplan—-Meier curve as the underlying model, and not the
life-table method by Cutler and Ederer (Ederer and Heise 1959; Ederer et al. 1961b;
Dickman and Coviello 2015; Pohar and Stare 2006; Cho et al. 2011).

As Julian Peto (1984) remarked, the life-table method by Cutler and Ederer
(1958) was actually slightly more accurate than the Kaplan—Meier method (1958) for
estimating survival with incomplete observations compared to survival with com-
plete observations (Peto 1984). In due course, many more statisticians proposed
improvements to both the KM product-limit estimator and the Greenwood confi-
dence interval for the KM survival curve (see S2: Limitations of the Kaplan—Meier
method).

The breakthrough in citations of the Kaplan—Meier paper started in 1969 with a
publication by Edmund A Gehan, the chief of biostatistics at MD Anderson Cancer
Center in Houston, TX (Gehan 1969). Gehan is particularly known for his contribu-
tion of the general Wilcoxon test for comparing survival curves (Gehan 1965). His
1969 paper was an important methodological contribution on survival statistics, in
which Gehan introduced the KM product-limit estimator arguing that the then cur-
rent ‘life table method is nearly equivalent to this in large samples’ (Gehan 1969).
Small sample size is particularly a problem in clinical studies, and therefore in 1971,
the MD Anderson group applied the Kaplan—-Meier method to the then available
cancer survival data in at least four papers (Bodey et al. 1971; Coltman et al. 1971,
Fuller et al. 1971; Luce et al. 1971). In the first of those four clinical papers, a study
by Coltman et al. (1971) on the results of chemotherapy for solid tumors, we also
found the initial graphic representation of the Kaplan—-Meier survival estimates by
the typical staircase curves (Figure 3).

Although Kaplan had originally developed his part of the KM method explicitly
for non-biological purposes (for example, the survival of vacuum tubes at Bell Labo-
ratories) the noteworthy 1969 contribution of Gehan, using the KM method to
describe the survival of patients with cancer, represented its introduction into the
medical literature (see Figure 3) and was the beginning of its exponential rise in liter-
ature citations.

A second major impetus for the increasing utilization of the Kaplan—Meier
method was the seminal paper of Sir David R Cox (1972) on ‘Regression models and
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Figure 3. Survival after chemotherapy for solid tumours stratified by tumour response. This graph taken
from the paper by Coltman et al. (1971) from MD Anderson Cancer Center, with Edward Gehan as the
biostatistician, is probably the first typical ‘staircase’ medical survival representation of Kaplan—Meier sur-
vival curves. (Reproduced with permission from Elsevier®)

life tables’. After the Kaplan—Meier paper, the Cox paper ranks as the second most
cited statistics paper (van Noorden et al. 2014). Cox was clear about the importance
of the Kaplan—Meier paper (Cox 1972):

Life tables are one of the oldest statistical techniques and are extensively used by
medical statisticians and by actuaries. Yet relatively little has been written about
their more formal statistical theory. Kaplan and Meier (1958) gave a comprehen-
sive review of earlier work and many new results. ... The present paper is largely
concerned with the extension of the results of Kaplan and Meier to the compari-
son of life tables and more generally to the incorporation of regression-like argu-
ments into life-table analysis.

Both the Kaplan—Meier method and the Cox method were further boosted by
two tutorial papers by the distinguished physician Sir Richard Peto et al (1976,
1977) on the ‘Design and analysis of randomized clinical trials requiring prolonged
observation of each patient’.

In hindsight it is remarkable that Cox, a prominent British statistician
from Imperial College London, who had close connections with statisticians Cutler,
Mantel, Haenszel, and Ederer from the National Cancer Institute, did not select
the smooth ‘monotonic’ life-table method by Cutler and Ederer (1958) from the
National Cancer Institute, but instead chose the stepwise Kaplan—Meier curve. The
explanation probably can be found on page 190 of Cox’s paper:
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Alternatively we may restrict Ay(¢) qualitatively, for example by assuming it to be
monotonic or to be a step function (a suggestion of Professor J W Tukey)....

(Cox 1972)

Cox accepted Tukey’s suggestion and adopted the Kaplan—Meier step function,
and probably did so as early as 1959 (Cox 1959). As mentioned earlier, John Tukey
was at Princeton University and was the PhD mentor of both Kaplan and Meier. He
also had a collegial relationship with Cox:

John Tukey was the first person I met the first time I visited the US. He met my
family and me at the dock side in 1955 when we arrived by ship as one did in
those days. I had possibly hundreds of conversations with him in the subsequent
years. ...(O)ne of his many strengths was the ability to comment searchingly on
many things.

(Cox, personal communication, August 2016)

Moreover, Gehan visited Cox during the period when the latter was working on
the proportional hazards method, providing the opportunity to discuss the principles
contained in the KM method:

Gehan I knew when he was a doctoral student in North Carolina and he spent a
year in London with me in about 1970.

(Cox, personal communication, August 2016)

Has there been a true decline in the use of the Kaplan—-Meier method?

The number of KM citations peaked in 1997. Figure 2 shows a gradual decline in the
number of yearly citations to 935 in 2016. This is still a very respectable number, that
has resulted in an increase in the Web of Science® citation ranking of the paper from
the 55th position in 1983 to the eleventh position in 2014, as well as becoming the
most cited statistical paper in 2016. But does the decreasing citation number indicate
a declining impact of the KM method?

We reviewed all 47 ‘Clinical Investigations® (complete papers) published during
the first three issues of 2017 (January, February and March 2017) of The Interna-
tional Journal of Radiation Oncology, Biology and Physics (IJROBP), a leading jour-
nal in radiation oncology. Survival was an explicit end-point in 34 papers (72%). The
KM method was used to estimate survival in all of them, but it was only mentioned
in the Methods section in 23 (67%) papers. The paper from 1958 was cited in only 5
out of 34 papers (15%). Four other papers cited the Cox model or an adaptation of it
(Cox 1972; Lin and Wei 1989; Fine and Gray 1999). If the I/ROBP, a journal with
high standards regarding the correct use of methodology, is taken as representative
for all medical journals, the Web of Science® citation rate of the KM paper for 2017
may be as much as a seven-fold underestimation of the actual frequency with which
the method is used in published medical studies.

We do not wish to advocate that the KM method should be cited in every paper
in which the method is used. We simply wish to demonstrate that the current citation
rate of the KM paper is likely an incomplete representation of the continuing
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popularity of the method among medical scientists and clinicians. Indeed, this evi-
dence confirms that the Kaplan—Meier method has become a ‘household’ statistical
method.

Edward L Kaplan’s life and achievements

Above, we described the development of the KM method. Next we review the biogra-
phy of Edward L Kaplan and his essential contributions to the KM method. We
describe the previously unrecognized life and fate of this exceptionally prodigious
and sensitive mathematician, who drastically broke with research and has therefore
been overlooked by scientific history. He was not only the co-discoverer of the
Kaplan—Meier method, but our recent research has revealed his significant—and
acknowledged by colleagues—contributions while at the US Navy Ordnance Labo-
ratory during World War 11, and later at the Bell Laboratories in New Jersey and the
Lawrence Livermore Laboratories in Berkeley, California. A majority of his almost
sixty scientific manuscripts relating to the war effort have not been previously recog-
nized because they were classified during and immediately after the war and therefore
could not be submitted for publication. After developing personal concerns regard-
ing nuclear research in 1961, and then a divorce, Kaplan became a less productive
contributor to academic mathematics. His important contributions to mathematics
deserve wider public and academic acknowledgment.

Academic biography'

Edward Lynn Kaplan (born Philadelphia, Pennsylvania, 11 May 1920; died Corval-
lis, Oregon, 26 September 2006) graduated from Swissvale High School in Swissvale,
Pennsylvania in 1937. His parents were Eugene V Kaplan (1887-1977) and Frances
Rhodes Kaplan (1891-1978). Edward Kaplan attended the Carnegie Institute of
Technology (CIT) from 1937 to 1941 and graduated with a Bachelor’s degree in
mathematics in 1941. He received ‘Second honors in a class of 200’ (citation from US
National Archives 2016). During his college years, he was president of the mathemat-
ics club and sang in the men’s glee club. An extraordinary three times—in 1939, 1940
and 1941—he was one of the five honorees in the prestigious nationwide William
Lowell Putnam Mathematical Competition (American Mathematical Association
2016a) (Figure 4). Through being elected a Putnam Fellow, he also was offered a
Westinghouse scholarship to Harvard University which he declined:

I was awarded the Putnam Prize Scholarship in mathematics at Harvard; the war
prevented my accepting.

(Kaplan 1999; US National Archives 2016)

Edward Kaplan was elected as a member of three scholastic societies: Phi Kappa
Phi (recognition and encouragement of superior scholarship), Sigma Xi (scientific
researchers), and Tau Beta Phi (engineering students).

From June 1941 to August 1948, Kaplan worked at the United States Naval
Ordinance Laboratory, Whiteoak, Maryland. After the war, in 1948, he went to

'See also: S6: Chronology of the Life of Edward Lynn Kaplan.
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Figure 4. Edward L Kaplan as a sophomore at Carnegie Institute of Technology at age 19 years. The
photograph was taken on the occasion of the presentation of the Putnam prize to Kaplan in 1939 (see text)
(Source with permission: Kaplan family archive)

Princeton University as a PhD student in the department of mathematics. This was
the same year and the same department as John Nash, Jr (Nobel laureate in 1994;
also a Carnegie Institute of Technology graduate). Their mathematics tutor
at Carnegie, Professor Joseph B Rosenbach, wrote in The Carnegie Tartan (the
university student newspaper) of 20 April 1948:

John Nash and Edward L Kaplan, a graduate from the department of mathemat-
ics in 1941, are the two best students I have ever had in the past 30 years of college
teaching. They have the quickness of understanding, the originality, and the
capacity for seeing the inter-meaning of argument that are unrivalled in my
experience.

Following graduation from Carnegie, Kaplan worked at the Naval Ordnance
Laboratory where his department chief was Dr John V Atanosoff (1903-95),
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renowned as the inventor of the first electronic computer. In the margins of a ques-
tionnaire from 1948 in support of Kaplan’s application for a promotion at the Naval
Ordnance Laboratory, Atanosoff attested:

This man is the best B.S. level mathematician I have ever seen. His ability far
excels that of many men with the PhD degree.

(US National Archives 2016)

In the summer of 1949, Kaplan briefly worked for the United States Air Force.
He finished his PhD thesis in November 1950, on ‘Infinite permutations of stationary
random sequences’ (Kaplan 1950b, 1955a). His mentors at Princeton were Professors
John W Tukey (1915-2000), and Samuel S Wilks (1906-64) (Mosteller 1964; Schultz
and Eisenberg 2000).

After graduation from Princeton, Kaplan began working as a member of the staff
of Bell Telephone Laboratories in Murray Hill, NJ, where he remained until 1957.
From there he moved to the Computation Division of the University of California at
Berkeley, Lawrence Radiation Laboratory, Livermore, CA, directed by Dr Sidney
Fernbach. At Livermore he worked on Monte Carlo simulations required for the
development of the hydrogen bomb. However, on 25 July 1961 he applied to the Ore-
gon State University, and moved to Corvallis, Oregon to become a professor of
mathematics there. Edward Kaplan retired in 1980; he died in Corvallis, Oregon on
26 September 2006 at the age of 86 after a prolonged debilitating illness (Kaplan
1961a,b, 1999; Smythe 2006).

Accomplishments of Edward L Kaplan

As discussed in detail above, Kaplan is specifically recognized for his 1958 publica-
tion with Paul Meier (1924-2011) on what became known as the KM survival curve
(Kaplan and Meier 1958). The Web of Science database lists only this paper as his
published output.

However, in his 1961 application letter to Oregon State University, he also
included the titles of six peer reviewed papers (Gilfillan and Kaplan 1941; Kaplan
1946a, 1948a, 1950a, 1952a,b) and his PhD thesis (Kaplan 1950b, 1955a), and men-
tioned ‘several reports’ that were unpublished because they were categorized as
‘classified’ by the United States Government.

During our research, it became clear that here Kaplan was modestly referring to
another fifty classified (at that time) reports that he authored based on his work for
the Department of the US Navy (Naval Ordnance Laboratories near Washington,
DC), the Bell Labs, and the Livermore Laboratories at the University of California
at Berkeley, which were the main sponsors of his research projects between 1941 and
1961 (Kaplan 1942a,b,c, 1943a—k, 1944a—c, 1945a—f, 1946b, 1947a—f, 1948a—g, 1953,
1955b,c, 1956, 1958a,b, 1961a,b; Kaplan and Mooney 1943; Kaplan and Slawsky
1947; Kaplan and Yost 1948; Kaplan and Terry 1954). Our supplementary file S5
presents a list of his sixty-one publications, reports and manuscripts published
between 1941 and 1999 (United States National Archives 2016) .

In his first paper, in 1941, he was the co-author with Gilfillan on a manuscript
discussing mechanical problems in induction motors (Gilfillan and Kaplan 1941).
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The next three publications about elliptic integrals resulted from Kaplan’s classi-
fied research during World War II for the United States Navy (Kaplan 1946a,
1948a, 1950a). Elliptic integrals are complex mathematical functions, which can-
not be expressed in terms of elementary functions. Initially developed as an
abstract mathematical exercise, elliptic integrals became practically relevant in the
description and prediction of complex movements: such as determining the posi-
tion of a moving ship on the sea using radar, and guiding a torpedo to it. Nowa-
days, these complex mathematical problems can be easily solved by computer
software, but in the 1940s the Navy used tables such as those compiled by
Kaplan.

The solutions of elliptic integrals remained an important element in Kaplan’s
later work, including his Princeton PhD thesis on ‘Infinite permutations of station-
ary random sequences’ (Kaplan 1950b, 1953). However, influenced by the work of
statistician Joseph L Doob (1910-2004), he sought solutions for complex opera-
tional processes more in terms of random processes and probabilistic transitions
(Doob 1948, 1953; Kaplan 1950b, 1953, 1955a). From references in his PhD thesis,
it is clear that Kaplan was in close contact with Doob, and that Kaplan had access
to the manuscript of Doob’s Stochastic processes, that would be published in 1953
and became a classic in probability theory (Doob 1948, 1953). In fact, the seminal
1958 Kaplan—Meier paper can be seen as studying a simple stationary random
sequence, reduced to three states: alive, dead, and ‘lost to follow-up’. The first
design for such a reduced three-state model can be found in an internal report at
the Bell Labs (Kaplan 1953).

We identified this report on ‘The reduction of incomplete life test data’ as
the early manuscript that Kaplan might have shown to Tukey in 1953 (Kaplan 1953;
Garfield 1983; Marks 2004). The two striking differences compared with the final
paper—presumably indicating contributions made by Meier—were the focus on the
life-span of vacuum tubes rather than survival-time of cancer patients, and the
absence of the Greenwood standard error for the survival rate.

Although the original manuscript by Paul Meier appears to be lost, there
are several reasons to think that Meier’s main contribution to the KM paper
was the use of Greenwood’s (1926) calculation of the standard error. First,
Meier’s PhD thesis was largely concerned with variance and standard errors of
the mean (Meier 1951, 1953). Next, in a 1983 interview, Kaplan identified
Greenwood’s publication as Meier’s inspiration for (his contribution to) the KM

paper:

This paper began in 1952 when Paul Meier at Johns Hopkins University ...
encountered Greenwood’s paper on the duration of cancer

(Kaplan, quoted in Garfield 1983).

Finally: Meier himself confided during an interview in 2004 that he considered
estimation of variance or what he then called ‘bias’ the most essential part of the KM

paper:

Berkson from the Mayo Clinic had written a paper about it [survival analysis],
but he hadn’t estimated the variance. Somebody asked me how to do it, and I
said, ‘Oh, that’s very hard: you have to do this and that and ... . Then one of my
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colleagues showed me a Major Greenwood paper on it that opened my eyes quite
abit ....

and:

I didn’t know Kaplan, but I wrote to him about my ideas, including the notion
that if you only have two instead of five years observations on some patients, the
estimates may be quite biased. Kaplan had thought the estimates were unbiased.
He wrote back and said that he had credited the idea of biased estimates to Meier,
and sent his paper off to JASA

(Meier, quoted in Marks 2004, 132, 133).

The Greenwood confidence interval has been replaced since by more accurate
ones (as described in S2: ‘Limitations of the Kaplan-Meier method’) (Rothman
1978; Borkowf 2005; Miettinen 2008). But Kaplan’s product-limit estimator still
stands.

The problem of dealing with incomplete data kept Kaplan busy for the next few
years at Bell Laboratories, and resulted in at least three unpublished internal reports
(Kaplan 1954, 1955a, 1956). His work on Monte Carlo simulations for the hydrogen
bomb at Livermore was written up in at least three internal reports and a conference
paper, but these, too, were never published in scientific journals (Kaplan 1958a,b,
1961a,b). There is no evidence that he submitted any of these manuscripts for
publication.

Moreover, during his tenure at the Oregon State University Department of
Mathematics (1961-80), Kaplan never published in scientific journals. After many
years of silence, in 1982 he published his tutorial book on Mathematical Program-
ming and Games.

In a sense, the product-limit estimator of the Kaplan—Meier survival curve was a
simple version of more complex models for state transitions, as he had already dis-
cussed in his doctoral thesis of 1950 (Kaplan 1950b, 1953, 1955a). In the 1982 book
he took analyses of conditional processes to a mathematically higher level. John
Nash, whose works and mathematical solutions are amply cited in Kaplan’s book,
commented:

The book is of the type of books on Game Theory that emphasize very much the
connections of ‘Game Theory’ and ‘Linear Programming’. These books are, of
course, good for you to have if you are interested in those two theoretical topics
and their interrelations

(J R Nash, Jr, personal communication to Janos Kollar, 30 June 2014).
In relation to game theory, the main topic of Nash’s own research, Nash added:

... but otherwise if you are more broadly interested in Game Theory then you find
that the coverage of games for themselves is not so broad.

During our research after Kaplan’s death, we also discovered a full manu-
script describing a new notation system for musical chords (Kaplan 1998).
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Kaplan had tried in vain to get the paper published; it was rejected by both
musicology journals and by mathematical journals. Despite the several versions
of the manuscript which we discovered together with manuscript submission let-
ters, we did not find a complete response from an editor, nor did we locate a
referee’s report.

The fate of the other inventors

The 1958 Kaplan and Meier paper greatly facilitated survival analysis: both in
medicine and for industrial applications. In fact, Kaplan had originally devel-
oped the mathematical method to estimate the mean lifetime of light bulbs when
working at Bell Laboratories (Kaplan 1955a; Garfield 1983). Many extensions
and refinements have since made survival analysis a powerful tool; the Kaplan—
Meier method is still the mathematical basis for all these methods. The distin-
guished British epidemiologist Sir Richard Peto said ‘I and hundreds of others
use his methods every week in our work’ (Washington Post, quoted in Brown
2011).

Princeton Professor Samuel S Wilks died suddenly at the age of 57, in 1964. He
was remembered as ‘The Statesman of Statistics’, for his outstanding work in multi-
variate analysis, as an inspiring educator and promotor, and as an advisor to govern-
ment agencies and other research organizations. The American Statistical
Association (ASA) named its most prestigious annual award after him ‘recognizing
outstanding contributions to statistics that carry on in the spirit of his work’ (Mostel-
ler 1964; Schultz and Eisenberg 2000; ASA 2004).

At Princeton, Wilks had delegated the daily PhD supervision of both Kaplan and
Meier to the youthful professor John W Tukey (1915-2000). In 1965, with James
Cooley, Tukey had introduced an analytical tool known as fast Fourier transform,
which remains a ubiquitous technique for understanding waveforms in fields from
astrophysics to electrical engineering (Schultz and Eisenberg 2000; Brillinger 2002).
Among many honours and awards, Tukey received the National Medal of Science in
1973 and an honorary doctorate from Princeton in 1998, and was a member of the
National Academy of Sciences and the Royal Society. In 1965, he received the second
Samuel S Wilks award of the ASA. The biography of Tukey published in the same
year mentions Paul Meier—but not Kaplan—in his list of fifty-five PhD students
(Dressel et al. 1965; Brillinger 2002). Paul Meier is also listed by the American Math-
ematical Society as one of Tukey’s PhD students in the mathematics genealogy proj-
ect (AMS 2016b); again, Kaplan is not listed. Kaplan’s absence from these lists
remains a mystery.

Paul Meier (1924-2011) published his Princeton PhD thesis in 1951. Next, he
taught biostatistics at John Hopkins University, and in 1957 joined the Statistics
Department at the University of Chicago. He remained there until 1992, and spent
the last years of his career at Columbia University (Marks 2004). Amongst many
awards, in 2004 he received the 41st Samuel S Wilks award of the ASA, for his
important work ‘including the Kaplan—Meier estimator for survival analysis’ (ASA
2004). Edward Kaplan did not share in the award, was not invited to the ceremony
and was not notified about it.
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The eclipse of Edward Kaplan

Meier held several prestigious advisory positions, and his death at age 87 was memo-
rialized in international journals and newspapers, including obituaries in the New
York Times, the Chicago Tribune, Washington Post, The Lancet and by the Ameri-
can Mathematical Society (Brown 2011; Hevesi 2011; Pincock 2011; Tobacman
2011).

By contrast, the death of Edward Kaplan in 2006 was announced in an obituary
in the local newspaper in Corvallis, Oregon and also in the newsletter of the Institute
for Mathematical Statistics (Anonymous 2006; Smythe 2006). The American Mathe-
matical Society included a death notice of two and a half lines in a list of forty
recently deceased AMS members: ‘Edward L. Kaplan, from Corvallis, OR, died on
September 26, 2006. Born on May 11, 1920, he was a member of the Society for 59
years’ (AMS 2007).

Thus, although Kaplan was a longstanding member of the major US mathemati-
cal and statistical societies, the death of their most cited member went virtually unno-
ticed. Kaplan never received a medal or award. Neither his name nor his portrait can
be found in the annals or Hall of Fame at Carnegie Mellon, Princeton, Bell Labs,
Berkeley or Corvallis. There is no Edward L Kaplan library, lecturer, fellowship,
concert hall, university building nor coffee corner. In short, despite his unquestion-
able role in the 1958 paper, he was given little or no credit nationally or internation-
ally. There is even some evidence to suggest that his colleagues at Oregon State
University were not aware of his role in the formulation of the KM methodology.

What happened to Edward L Kaplan and why was he seemingly not recognized?
Was he simply overlooked, or were there other reasons?

His detailed handwritten journals, which he kept from the age of eleven, indicate
that he excelled academically from early childhood through his high school gradua-
tion (as valedictorian) in 1937. His social life was centred around his family: espe-
cially his brother, Don, and his parents in Pennsylvania. As a student in Pittsburgh,
as we have seen, his scholastic accomplishments were consistent, and consistently
recognized in the Putnam Awards; and he spent the next twenty years in esteemed
academic institutes. His output included about sixty mostly classified scientific manu-
scripts, his 1950 PhD thesis and of course the paper of 1958. Such a combination of
intelligence, commitment and opportunity were later described by the highly
respected mathematician and computer scientist, Richard Hamming (1915-98), as a
major ingredient for success in science (Hamming 1986). During Kaplan’s years at
Bell Labs, Richard Hamming was his friend and best man at his wedding to Frances
Berting in 1958. Hamming mentioned another ingredient of success which he consid-
ered ‘very distasteful’ but indispensable:

it is not sufficient to do a job, you have to sell it. Selling to a scientist is an awk-
ward thing to do. It’s very ugly; you shouldn’t have to do it. The world is sup-
posed to be waiting, and when you do something great, they should rush out and
welcome it

(Hamming 1986).
From our intensive investigation of several sources including colleagues at work

and his family, and his students, it seems that Kaplan did not ‘sell’ himself or his
work during his training and subsequent career. On the contrary, he left research for
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a teaching position in the Department of Mathematics at Oregon State University:
both geographically and intellectually, he distanced himself from the network of
researchers and friends who knew the value of his work and could promote his scien-
tific accomplishments. It was also very clear that, for whatever reason, he did not
wish to be remembered for his previous work. He never cited his own papers, and
neither did his PhD students and master’s students in their theses; there is thus some
doubt whether they were aware of his previous papers. From his personal notebooks
and from our interviews with his students, former colleagues and family, it is also
clear that over the years he increasingly distanced himself from his mathematics col-
leagues both academically and socially.

The roots of this behaviour are perhaps to be sought in a series of personal crises
beginning with the loss of his brother.

My only sibling Donald Eugene Kaplan was born May 20, 1923, after our
parents moved from the Philadelphia area to Swissvale, PA. My first firm mem-
ory is his being nursed, and my being given a taste. He was three years younger
than I, and four years behind me in school; thus we both graduated (from high
school and Carnegie Tech) in June 1941. Physically and socially Don was my
equal or superior; thus we were rivals to some extent, but became very close when
we last met before he became a wartime casualty in France on November 18, 1944

(Kaplan 1999, 2-3) (see Figure 5).
Edward Kaplan himself did not join the army, since his parents wanted, so to

speak, ‘to save the brains of the family’. In 1941, he verbalized his engagement with
war and peace in a manuscript ‘“The Attainment of International Peace and Justice’,

Figure 5. Donald and Edward Kaplan on horseback, 1940 (Source with permission: Kaplan family
archive)
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a manuscript that is unfortunately lost (Kaplan 1999). In his last letter to Edward,
Donald wrote that he realized his odds of returning alive from war-ravaged Europe
were only 2 in 10. Donald was said to have been killed while leaving his shelter to
save a wounded fellow soldier.

The death of his brother haunted Edward Kaplan for the rest of his life. After the
war, he appeared to change from an extroverted young man to an increasingly reclu-
sive person. There were periods of anxiety accompanied by tension problems.
Kaplan respected the symbolic funeral of Donald at Arlington National Cemetery in
1948, but realized that there were no remains under the cross at the burial site, and
that his brother was definitively lost to follow-up. ‘The world was so wicked’, he
wrote in his diary and he decided never to have children.

In a later collection of his own poems entitled ‘Invitation to Mortality’, Edward
Kaplan (1985) wrote:

My God, why do I still linger?
How many times can one spirit
Die and yet rise again?

Kaplan’s textbook on Mathematical Programming and Games explains some of
the mathematical ways in which he tried to deal with the psychological turmoil of
this period (Kaplan 1982). On page 166, Kaplan took up the Prisoner’s Dilemma,
for which John Nash formulated a mathematical solution, the so-called Nash equi-
librium (Nash 1951, 1953). The original dilemma comes from game theory: two pris-
oners each have to choose between being ‘altruistic’ and ‘egoistic’; the penalty
depends on the other prisoner’s choice. Kaplan developed the problem in a chapter
called ‘The Prisoner’s Trilemma’, identifying three possible choices: altruistic, prag-
matic or psychopathic.

The pragmatist expects the other player to be like himself, willing to accept a
small loss rather than slaughter the other player, but also willing to take what he
can on a one-for-one basis. (“Your loss is no more than my gain’) A sadistic or
nihilistic strategy with nonpositive payoffs could be added to complete the psy-
chological spectrum

(Kaplan 1982, 166).

Perhaps we should read ‘soldier’ for ‘prisoner’. Kaplan’s papers, textbooks and
poems are full of such allusive passages, dealing with lost loved ones, unattainable
loves, and reconciliation with mortality and survival (Kaplan 1985, 1999).

A second crisis, closer in time to the period of Kaplan’s crucial failure to ‘sell’
himself as a mathematician, was his 1961 divorce. During his time at the Bell Labora-
tories, the period when he started working on what was to become the Kaplan—Meier
survival curve and many other projects, he met Frances Berting, a materials engineer.
They were married in 1957 and moved to California, but the marriage ended only
four years later. Dr Berting recalled that Kaplan had never told her anything about
his work with Paul Meier. Similarly at Livermore, since his work was classified, he
never told her what he precisely was working on. She could confirm the family gossip
that during that time ‘he was surrounded by the grey suits’, indicating that he was
frequently accompanied by FBI agents which he found more annoying than
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threatening: ‘O yes, those days at Livermore, it was not unusual to be surrounded by
security guys. Most of the work was classified work for the war machinery’.

Dr Berting has further confirmed the reports of Kaplan’s own personal notes that
during that period, and maybe before, he had periods of seemingly mentally paralys-
ing anxiety, and took extended sick leaves from Bell Labs and Berkeley Livermore.
Discontent about his work for the development of the hydrogen bomb made for a
third source of personal crisis.

My stint of teaching in 1960 was enjoyable, but the talk of hydrogen bombs was
disconcerting. Hence in 1961 I resolved to look for a teaching position not within
a metropolitan area

(Kaplan 1999).

Kaplan quit his job at the Lawrence Livermore Lab and, without saying farewell or
even leaving a forwarding address, moved alone to Corvallis, Oregon, to teach math-
ematics at Oregon State University as a professor of mathematics. By this decision,
his career turned from research to an emphasis on teaching mathematics. From that
time on, his mathematical interests were almost solely devoted to teaching and his
academic mathematical output decreased, although at the same time he remained
actively involved with music and with literature.

Teaching under less strenuous conditions did indeed give him more balance in
life, but he became increasingly shy. Those who knew him personally remember him
as a gifted educator: smart, with some dry wit. His graduate student, Wally Reed,
remembered that he gave the most lucid lectures on the most complex mathematical
problems, yet:

All the notes he used for a lecture were written on the inside of a paper match
folder

(Wally Reed, personal communication, 2015).
His PhD student Dr Donald Cresswell remembers:

He had a brilliant mind, but at first encounter quite intimidating. He was not
really sociable with the other professors, but one-on-one he was a kind and gener-
ous person. He had a huge grand-piano in his apartment, and had several lady-
friends with whom he enjoyed dancing. One might say he lived a solitary life. I
corresponded with him every Christmas, and only got notice of his death when
my last Christmas card was returned to sender.

(Donald Cresswell, personal communication, 2015)

After the death of his parents in 1978, Edward Kaplan seemingly felt increasingly
uncomfortable even in teaching. He retired early in 1980 (see Figure 6).

In later life Kaplan considered the family of his cousin Vernon and his wife
Eunice, in Owatonna, Minnesota, a second home. His Minnesota family recalled
that he maintained his interests, including music; a cousin, Jeanette (Meixner) Fran-
zel, remembers:



Volume 33 (2018) 127

Figure 6. Edward L Kaplan in 1981. (Source with permission: Oregon State University)

I will never forget when he came the year the Rubic’s Cube puzzle was popular,
he sat in my dad’s reading chair in our ‘oak room’ and just stared at the toy and
working to solve it mathematically without making any moves

(Jeanette Franzel, personal communication, 2015).

In 1994 Kaplan met Mae Nichol, who became his second wife, and to whom he
transferred his love for music, opera and theatre, and who cared for him in his later
days when he was medically frail. She related that:

He was such a nice and refreshing person. So humble. Edward never bragged
about his famous work, and he showed no resentment for the lack of praise. Very
few probably knew that he did ground breaking work. He was shy in public, but
he was very sociable amongst friends and family. A listener more than a talker.
He played the piano very well, he wrote poems and composed and recorded some
beautiful music

(Mae Nichol-Kaplan, personal communication, 2015).

During the latter years of his life these interests and activities declined due to his
deteriorating medical condition. In 1999, long after his retirement, he was diagnosed
with normal pressure hydrocephalus, a debilitating neurological disease which—with
hindsight—may have been affecting his mental abilities and movement for many
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years previously. A neurosurgical intervention that year did not result in significant
relief (according to him, and also confirmed to us by his physician). After a long and
debilitating illness, Edward Kaplan died on 26 September 2006 as a result of super-
imposed pneumonia.

His obituary in the Corvallis Gazette-Times, Oregon mentioned that ‘by request
of Edward, there will be no services, but his memory will live on’ (Anonymous 2006).
His ashes are buried next to his parents in Owatonna, Minnesota, in the National
Bohemian Cemetery, not far from the farm of his grandfather, Joseph, who emi-
grated in the mid-nineteenth century from Bohemia to the United States.

The Kaplan—Meier method deals with life, death and those ‘lost to follow-up’.
For too long, Edward L Kaplan has been undeservingly lost to follow-up.
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