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The second group of 100 most-cited papers in the 1945-1988 Science Citation Index” (SW’ ) is pre-

sented. Nineteen Nobel laureates are listed among the 201 authors in this essay, and they account

for 15 papsrs. This brings the numbers of Nobel authors and papers to 32 and 28, respectively, through
the SCI Top 200. The Journal of Biological Chemistry again is the leader with 14 papers here and

31 overall.

Introduction

A few months ago, we identified the 100
most-cited papers in the 1945-1988 Science
Citation Index@ (SCJ@). I That essay was
the first of a series that is planned to cover
the top 1,000-1,500 papers. The complete
list will effectively represent the highest im-
pact articles of modem science, a‘ ‘citation
elite” drawn from about 175 million cited
references in some 15 million source items
published over the past 44 years. The top
1,000-1,500 will represent just 0.004 per-
cent of the approximately 33 million unique

publications that were cited from 1945 to
1988.

Books are not included in this series but
will be discussed separately in tisture essays.
Citations to bcmks are less standardized than
article citations and require time-consuming
editing and verification. Also, books often

appear in several editions and languages,
and each edition may be cited differently.
It takes considerable effort to unify all of

the possible citation variants and identifiable
errors. In a future essay, we’ll review the
subjeet of citation errors that escape the jour-

nal editor’s attention and cannot easily be
“corrected” by lS1°’s quality control
algorithms.

The Second 100 Most-Cited Papers Ever
Table 1 presents the second group of 100

most-cited papers in alphabetic order by first

---

author’s name. Column A gives the num-
ber of citations in the 1945-1988 SCI for
each paper. Its rank among the top 200 fol-
lows in column B. Column C lists the aver-

age amual citations per paper-that is, to-
tal citations divided by the paper’s age. For
papers published prior to 1945, the amual
average is calculated over the 44-year cita-
tion period covered by the 1945-1988 SCI.
Column D gives 1988 citations, which can
indicate whether a paper’s current impact
is rising or falling against its lifetime
average.

Full bibliographic references for each

paper follow the tabular information, An as-
terisk indicates that the paper was discussed
in a Citation Classicm commentary. The
issue, year, and edition of Current Con-
tents~ (CCQ ) in which the cmrtmentary was

published appear in parentheses following
the reference. To date, half of the 200 most-
cited papers have been discussed by the au-
thors themselves in Citation Clussic com-
mentaries-50 on papers listed in this study
and 51 from Part 1.1

Tortoises and Harea

The oldest paper its Table 1 was published

in 1924 in the Jourrtal of Biological Chem-
isoy. 2 Authored by Donald D. Vats Slyke
and James Maffett Neill, The Rockefeller
Institute for Medical Research, New York,
it describes a method for extracting and mea-
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‘f’able 1: Bibliography of the sscond 100 moskited papers from the SCF, W45-198f3. Papers are arranged
alphabetically. A = 1945-1988 citations. B = 1945-1988 rank. C =average number of annual citations. D = 1988
citations. An asterisk (*) indicates that the paper was the subject of a Citation C’ksficm commentary. The issue,
year, and edition of the cnmrnentary follow the bibliographic reference.

ABC

2,887 119 78

2,393 177 58

3,148 102 131

2,493 167 86

2,264 198 75

3,076 106 %

2,776 132 121

2,282 196 761

2,970 113 248

2,499 166 500

2,549 157 [27

2,7’64 135 67

3,134 104 261

2,447 172 91

2,981 112 68

2,737 136 342

2,264 198 69

2,871 122 65

2,377 181 91

2,775 133 116

2,691 141 142

2,657 144 70

3,055 109 133

2,353 185 56
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727
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128 77

116 112
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2,367

187 80
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2,790 129 164

2,737

2,851

136 62

126 124

146 1472,642

2.587 153 216

2,736 138 137

3,180

2,291

101 45

193 207

2,413

2,569

2,599

2,788

174 101

156 61

152 137

131 139

2,539

3,054

158 106

I1O 69

2,518

2,946

2,640

163 114

115 113

148 330

2.517 164 87

2,424 173 173

2,602

2,951

151 108

114 105
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ABC

2,914 117 81

2,769 134 107

2,479 169 56

2,529 160 79

2,822 127 235

2,790 129 116

2,345 186 73

3,051 111 96

2,584 154 81

2,287 195 163

2,379 179 103

2,860 124 143

2,658 142 60

2,525 161 421
2,312 190 210

2,324 188 106

2,868 123 110

2,259 200 73

2,404 175 69

2,365 183 58

2,363 184 91

2,573 155 76

2,642 146 120

2,877 120 80

3,140 103 628

3,057 108 99

D

10

86

58

50

104

263

92

84

285

98

57

214

15

766
264

59

100

31

48

25

86

104

58

168

817

88
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2,308

3,104

2,723
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2,464
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2,291
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2,500
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1% 114

191 56

105 239

139 227

192 100

176 80

149 97

121 115

150 65

168 166

170 77

142 148

162 126
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179 61

145 204

189 96

193 88

159 58

170 257

140 269

125 102

165 139
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9
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46
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7
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7
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suring gases in blood and other solutions.

Citations to the paper increased steadily
from 28 in 1945. They peaked at 126 in
1%2. Since then they have decfined to seven
in 1988.

Another article of this decade was pub-
lished in 1928 in Annales de Chimie.3
“Formation and stability of inorganic com-
plexes in solution” by P. Job, University
of Lyon, France, was cited 2,479 times. In
contrast to the Van Slyke paper, its citation
pattern indicates continuing use over time.
Cited an average of about 56 times per year
since 1945, the paper peaked as late as 1975
(106 citations) and remained highly cited in
1988 (58 citations). Figure 1 is a graph of
amuaf citations to these papers.

Six papers were published in the 1980s
and are easily identified in Table 1 by scan-
ning column C—they are the only ones with
more than 300 citations per year: Johannes
G. Bednorz and Karl A. Miiller, IBM Re-
search Laboratories, Zurich, Switzerland

(1986);4 Michael J. Berridge, University of
Cambridge, UK, and Robin F. Irvine, Agri-
cultural and Food Research Council, Cam-
bridge, UK (1984);5 W. Neal Bumette,
Fred Hutchinson Cancer Research Center,

Seattle, Washington (198 1);6 Su-Ming Hsu
and colleagues, Brown University, Provi-
dence, Rhode Island (198 1);7 Joach]m
Messing, University of California, Davis

( 1983);8 and Yasutomi
University School of
(1984).9

Nishizuka, Kobe
Medicine, Japan

Figure 2 shows a graph of the annuaf ci-
tations to these papers. All were hot papers,
that is, fast starters that accumulated at least
1(XJcitations in the first two years. But the
Bednorz/Miiller paper on high-temperature
superconductivity rises to phenomena
heights—almost 2,300 citations through
1988—in the 28-month period since it was
published in September 1986 in Zeitschrrfi
fiir Physik B–C’ondensed Matter. Itwas
cited 922 times in 1989 and 149 times in the
first three months of 1990. The team won
the 1987 Nobel Prize in physics. 10

The two papers with the next steepest ci-
tation slopes are both on cell signaf trans-
duction and were published in 1984 in
Nature. These and other high impact articles
on this subject were highhghted in our study
of the most-cited 1984 life-sciences arti-
cles. 1I Nishizuka and Berridge shared the
1989 Lasker Award for basic research with
Alfred G. Gilman, University of Texas
Southwestern Medical Center, Dallas, in
recognition of their landmark work on cel-
lular communication. Edwin G. Krebs,
Howard Hughes Medicaf Institute and the
University of Washington School of Medi-
cine, Seattle, also shared the prize for his
work on cellular metabolism.

Figure 1: Annuat distribution of citations by year, 1945-19SS SCP, to the two papers published in the 1920s
in thii study. ~ bibliography for full references.
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Figure 2 Annual distribution of citations by age of publication, 194S-19S$ SCI@, for the six papers published
in Ure 19S0s irrtfds study. Year zero represents the year each psper wss Wblisbed, snd citation growb is measured
year-by-year through 19g8. See bibliography for full references.
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Table 2 provides details on the chrono-
logical distribution of the papers in this
essay, showing number of papers by decade,
total citations, average citations per year,
and average 1988 citations. The data in pa-
rentheses are cumulated for the SCI Top 200
and will be updated with each successive
essay in the series.

Where Are They Now?

Itis interesting to note that all of the 1980s
papershave been identified in previous stud-
ies of hot articles. This may seem to be an
obvious and expected result. But it is not
likely to hoId as we move fiul.her down the
list of all-time Citation Classics.

For example, of the 1031977 life-sciences
papers most cited in 1977 and 1978,1236
still rank among the top 100 cited from 1977

through 1988. The others were displaced by
papers that started out slower but built up
enough citation momentum to overtake
them. These fluctuations are simply are&c-
tion of the complex dynamics of research-
front movements. As the series continues

and the sample of papers increases, we ’11
look back at annual hot article surveys of
the 1980s and 1970s and keep track of where
the papers now rank.

Physics Weighs In

Onlyone physics journal, Physical Revt”ew
Letters, appeared in Part 1, and it published
the only physics paper ranked among the
SCI Top 100. Four more physics journals
are represented in the bibliography, and they
published seven papers: Physical Review

with three, Reviews of Modem Physics with
two, and the Journal of the Physical Soci-
ety of Japan and Zeitschriji jiW Physik B—
Condensed Matter with one each.

As we’ve often explained, citation patterns
vary between and within fields. This is il-
lustrated in Table 3, which shows the field

distribution of 1984 papers in the SC1 and
citation data over the five-year period from
1984 to 1988. The life-sciences journal
literature is the largest with about 385,000
articles (56 percent of all SC1 articles). Its
total five-year impact of 4.45 is intermediate
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Table2: Chronolngicat distribution of the second 100 most-cited papers front the SC1@, 1945-1988. Data in
parentheses are cumulated through the top 200 most-cited papers identified to date.

Average Average
Number of Total Citationa 1988

Decade Papera Cites Per Year Citea

1920s 2 (3) 5,012 (22,259)
1930s

57 (157) 33 (1s4)
3 (7) 8,693 (33,857) 103 (110) 77 (87)

1940s 8 (17) 20,360 (80,606) 123 (142) 44 (146)
1950s 23 (47) 60,314 (397,966) 86 (245) 89 (183)
1960s 39 (73) 103,228 (325,753) 108 (186) 111 (171)
1970s 19 (45) 50,364 (278,793) 194 (427)
1980s

236 (721)
6 (8) 15,823 (29,868) 471 (559) 853 (965)

TOTAL 100 (zCO) 263,794 (1,169,102) 152 (254) 2(X (351)

between that of physics (5.06), which in-
cludes astronomy and astrophysics, and
chemistry (4.07). Although the engineering

literature ranks second in number of articles
(approximately 80,000, or 12 percent of
1984 SCI articles), the average paper re-
ceived just 1.08 citations from 1984 to 1988,
the lowest impact of SCI fields.

The size of the literature, average number
of references cited per article, time lag be-
tween manuscript submission and publica-
tion, median age of cited items, and many
other factors shape these differences be-
tween fields. The life sciences typically

dominate lists of highly cited articles. Chem-
istry, physics, the geosciences, and other

disciplines with comparatively lower cita-
tions for superstar papers begin to appear
in the lower rankings. As this series pro-
gresses, the fields represented by the all-time
Citation Classics will include more papers
from these and other disciplines,

“Late Bloomers”

In Part 1 we suggested that 1S1’s file of
about 500,000 papers and books cited at
least 50 times from 1945 to 1988 would be
fertile ground for uncovering possible ex-
amples of’ ‘delayed recognition’ ‘—high im-
pact papers that were initially overlooked
and ordy later appreciated. Stephen G.
Brush, Institute for Physical Science and
Technology, University of Maryland, Col-
lege Park, recently reviewed the most-cited
physicrd-sciences papers in the newly pub-

lished 1945-1954 SCl cumulation. 13 He
described similar examples of what he called
“late bloomers, ” such as a 1943 Reviews
of Modem Physics paper on stochastic prob-
lems in astrophysics by 1983 Nobel physics
laureate Subrahmanyan Chandrasekhar,
University of Chicago, Illinois. 14

Figure 3 is a graph of annual citations to
this paper and four others whose citation pat-
terns might also qualify them as examples
of delayed recognition or “late bloomers”:
Raymond P. Ahlquist, Medical College of
Georgia, Augusta (1948); 15 0. Arun-
kskshana and H.O. Schild, University Col-
lege, London, UK (1959); lb Nathan Mantel

and William Haenszel, National Cancer In-
stitute, Bethesda, Maryland (1959); 17 and
T. Nash, Public Health Laboratory Service,
London (1953). 18

In a 1978 Ci/arion Classic commentary,
Ahlquist acknowledged that his paper was

Table 3: Field distribution of anurce items Srtdemd
in the 1984 ISle datafmaes, ond citationa, 19S4-
1988.

19fM 1984-1988 Five-Year
Field Artiilea Citations Jmpaet

Life Sciences 384,781 1,712,378 4.45
Engineering S0,093 86,7% 1.08
Physics 72,742 368,171 5.06
Chemistry 68,216 277,308 4.07
Geosciences 29,462 104,995 3.56
Multidisciplinary 23,128 197,736 8.55
Mathematics 17,993 26,209 1.46
Technology 15,519 33,2% 2.15

TOTAL 691,934 2,806,889 4.06

234



Figure 3: Ammsd distribution of citations by age of publication, 194S-19SS SCl~, for so-rafled late bloomer
articles. Year zero represents the vear each mmer was uublished. and citation erowth is measured vear-bv-vear
through 19gg. See bi~liography fir tidl ref;r~nces. ‘

. .

1,000-

8oo-

.g

~ 600-
G
=

g 4oo-
Z

2oo-

0-

—.

— Nash,1953
. . . . . . . Chandrmkhw,1943
— Mantel&Haeftazal,1959
––– Ahlquiat,1946

... ... . ...
.. . ..

\
\

\\

o 5 10 15 20 25 30 35 40 45
Age InYeafa

initially resisted and ignored because the
concept of alpha and beta receptors it dis-
cussed “did not fit with ideas developed
since 1890 on the actions of epineph-
rine. ”lg Mantel explained in his 1981 com-
mentary that the increased citation of his
paper was the consequence of the prolifera-
tion of observational studies and clinical
trials as well as “growing awareness of the
statistical community” of the paper .20 Nash
did not specifically discuss citation trends
in his 1981 commentary,21 while Chan-
drasekhar stated generally that’ ‘it’s very dif-
ficult to describe my work . . . . Usually [it]
has become appreciated only after some
length of time.’ ‘2’2

Nobel Laureate Author’s of the
All-Time Citation Ckmsics

Including Bednorz, Chandrasekhar, and
Muller, there are 19 Nobel laureates listed
on 15 papers in Table 1. The physics prize-
wimers are John Bardeen, University of 11-
Iinois, Urbana; Leon N. Cooper, Brown
University; John Robert Schrieffer, Uni-
versity of Crdifornia. Santa Barbara; and

Nicolaas Bloembergen and Edward M, Pur-

cell, Harvard University, Cambridge,
Massachusetts.

The Nobel chemists listed are Roald Hoff-
mann, Cornell University, Ithaca, New
York; Stanford Moore and William H,
Stein, The Rockefeller Institute; and Robert
S. Mulliken, University of Chicago. Prize-
wimers in medicine are David H. Hubel,
Harvard, and Torsten N. Wiesel, The
Rockefeller University, New York;
Fran~ois Jacob and Jacques L. Monod,
Pasteur Institute, Paris, France; Niels Kaj
Jerne, University of Pittsburgh Medicrd
School, Pennsylvania; Rodney R. Porter,
NationaI Institute for Medical Research,
London; and Bengt 1. Satrtuelsson, Karolirt-
ska Institute, Stockholm, Sweden.

Table 4 lists the Nobelists who have ap-
peared on the SCI Top 200 papers, show-
ing the year and field of the prize, and num-
ber of papers in the present and cumulated
list, This information will be updated and
cumulated in future essays in this series.

Two papers by Nobelists show a “twin-

peak” citation pattern that may indicate re-
surgent interest in the subjects discussed:
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Table 4 Nobel Priie winners appearinginUse 200 mrrat+itad papem, SCI@. W45-1988. A =name. B= year
and prize. C= number of papers in which the Nohclist appears in the second 100 top-cited papers from the SCP,
1945-1988. D = total number of papers in which the Nobelist appears in the 200 top-cited papers from the SCI,
1945-1988,

A B c D

John Bardeen 1956/Physics 1 1
Johannes G. Bcdnorz 1987/Physics 1 1
Nicolaas Bloemhcrgen 198 1/Physics 1 1
Subrahmanyan Chandrasekhar 1983/Physics 1 1
Leon N. Conper 1972/Physics 1 1
Roald HoffmanD 1981 /chemistly 1 1
David H. Huhel 198 1/Physiology or Medicine 1 1
FranSois Jacob 1965/Physiology or Medicine 1 1
Niels K. lerne 1984/Physiology or Medicine 1 1
Jacques L. Monrd I% S/Physiology or Medcine I 2
Stanford Mnore 1972/Chemistry 5 6
Karl A. Miiller 1987/Physics I 1
Robert S. MuUiken 1966/Chemistry 1 I
Rndney R. Port., 1972/Physiology or Medicine 1 1
Edward M. Purcell 1952/Physics 1 I
Bengt 1, Samuelsson 1982/Physiology or Medicine 1 I
John Robert Schrieffer 1972/Physics 1 I
William H, Siein 1972/Chemistry 4 5
Tnrsten N. Wiesel 198 1/Physiology or Medicine 1 1

.

Bardeen et al.’s 1957 Physical Review paper ing papers. The trend for the Bardeen et al.
on superconductivityzs and Hoffmann’s paper is likely due to the discovery of new
1963 Journal of Chemical Physics paper on high-temperature superconducting materials
an extended Huckel theory for hydrocar- in 1987. These advances dominated our list
bons.zJ Figure 4 is a graph of the annual ci- of the 100 1987 physical-sciences papers
tat ions to these papers. Both papers are ap- most cited in 1987 and 1988.2s
parently reaching a “second wind” in cita- We asked Hoffmann whether he could ex-
tions, but the reasons for this in each case plain the renewed interest in his 1963 paper.
can only be determined by examining the cit- He noted that the extended Hiickel theory

Fkmre 4 Annual distribution of citatirma bv sire of rmbfiition, 1945-19S8 SCF. for two mrtative aecond-
~ind papers. Year zero represents the year hc~ pap& was published, and citation growth is ~casured year-by -
year through 1988. See bibliography for full references.
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Table 5: TheJournatsthat prrbltshed the second lfttl
most-rited SCI@ pnpers. A= title, with first year of
publication in parentheses. B =number of mos(+itcd
articles.

A

J. Biol. Chem, (1905)
Biochem. J. (1906)
J. Chem. Phys. (1931)
Nature (1869)
Pm. Nat. Acad. Sci. USA (1915)
Acts Crystaflogr. (1948)
Amer. J. Clin. PatboL (1931)
Anal. Bicchem. (1960)
J. Clin. Endocrinol. Merab. (1941)
J. Histochem. Cytochem. (1953)
J. Mol. Biol. (1959)
MetJr. Enzymology (1955)
Phys. Rev. (1893)
Arch. Biochem. Biophys. (1942)
J, Amer. Chem. .%c. (1879)
Rev. Mod. Phys. (1930)
Science (1880)
Advan. Enzymol. Relat. Areas Mol. (1967)
Amer. J. Physiol. (1898)
Anal. Chem. (1929)
Am. Chirn,-Paris (1789)
Arch. Gen. Psychiat. (1959)
Arch. Parfrol. (1926)
Bicchem. Biophys. Res. Commmr. (1959)
Brit. J. Cancer (1947)
Brit, J. Pharmacol. (1946)
Chem. Rev. (1924)
Diabetes (1952)
Eur. J. Biorhem. (1%7)
Gene (1977)
HoppeSeylers Z. Physiol. Chem. (1877)
Int. Arch. Aflergy Appl. Jmmunol. (1950)
J. Bacteriol. (1916)
J. Cell Biol. (1%2)
J. EXP. Med. (1896)
J. Immunol. (1916)
J. Lab, Clin. Med. (1915)
J. Nat. Cancer Inst. (1940)
J. Neuruchem. (1956)
J. Org. Chem. (1936)
J. Pharmacol. Exp. Tber. (1909)
J. Phys. sac. Jpn. (1946)
J. Physiol.–l.ondon (1878)
Lancet (1823)
Prog. Allergy (1939)
Radiat. Res. (1954)
Virology (1955)
Z. Phys. B—Condensed Matter

B

14
8
6
5
4
3
3
3
3
3
3
3
3
2
2
2
2
I
1
1
1
1
1
1
1
I
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

was initially very useful inorganic chemistry
and, during the mid- 1970s, was also being
applied to inorganic molecules. In addition,
during the early 1980s, the theory found ap-
plication in the subfields of solid-state and
surface chemistry. Hoffmann suggests that
the paper’s citation record might therefore

_—

reflect its exposure to these new groups of
users.zfi

fiOfifiC High hqmwt Authors

Five authors are represented more than

once. Moore is the most prolific with five
papers among the second 100 all-time Ci-
tation Classics. He was first author on four,
three of which were coauthored with Stein,
and one also with Darrel H. Spackman, The
Rockefeller Institute. (The three also coau-

thored one of the SCY Top 100 papers re-
viewed in Part 1.) In addition, Moore and
Stein appear on a paper with A.M. Crest-
field, The Rockefeller Institute, as first
author.

The following authors each have two
papers in Table 1: Mantel; John A. Pople,
Carnegie-Mellon University, Pittsburgh;
and Martin Rodbell, National Institute of
Arthritic and Metabolic Disease, Bethesda.

The authors who have appeared more than
once through the SC[ Top 200 are Moore
(six papers); Stein (five); Don T. Cromer,

University of California, Los Alamos Sci-
entific Laboratory, New Mexico (four); and
Bruce N. Ames, University of California,
Berkeley (three). The following authors had
two papers each: Patrick Andrews, National
Institute for Research in Dairying, Reading,
UK; David R. Cox, Imperial College of Sci-
ence and Technology, London; Vincent P.
Dole, The Rockefeller Institute; Joyce

McCann, University of California, Berke-

Table 6 Journals that published five or more of the
top 21W moat+ited SCF papers, 1945-1988.
A= titfe, with first year of publication in parentheses.
B= number of most-cited papers.

A B

J. Biol. Chem. (1905) 31

Biochem. J. (1906) 12

Nature (1869) 10
Prnc. Nat. Acad. Sci. USA (1915) 10

J. Chem. Phys. (1931) 8

Anal. Biochem. ( 1915Q 7

J, Mol. Biol. (1959) 7

Acra Crystallogr, (1948) 6

J. Cell Biol. (1%2) 5

J. Histochem. Cytnchem. (1953) 5
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ley; Mortod; Walter C. Schneider, National

Institutes of Health, Bethesda; Spackman;

Robert F. Stewart, University of Washing-
ton; and Edith Yamasaki, University of
California, Berkeley.

Journals of the SCI Top 200

The Journal of Biological Chemistq again
leads all others in publishing the most all-

(ime Citation Ctkzssics. Table 5 shows that
it accounts for 14 papers in this study, bring-
ing its total through the SCI Top 200 to 31.
The Biochemistry Journal is second, with
8 articles in this study and 12 total to date.
Table 6 shows all journals that have pub-
lished at least 5 papers ranked among the
SCI Top 200. The Proceedings of the Na-
tional Academy of Sciences of the USA
shares third place with Nature, and they are
followed by the Journal of Chemical
Physics, Analytical Biochemistry, and the

Journal of Molecular Biology.
Editors should note that thk series of

essays can be used to create bibliographies
of the most-cited articles from their own and
other journals. We’ve already covered the
31 most-cited articles from the Journal of
Biological Chemistry, and in this essay
we ‘ve identified the most-cited articles from
29 journals appearing on the list for the first

time. For any jwwrtal or group of journals,
1S1 can identi~ articles that were cited at
least 50 times from 1945 to 1988 and track
each article’s citations on a year-by-year
basis.

The Next 100

In the near future, we will continue this

series of essays by identi&ing another 100
all-time Citation Cfassics-those ranked
number 201-300 in our ffle of papers most
cited from 1945 to 1988. In addition to high-
lighting specific papers and citation patterns
of interest in that group, we will cumulate
alI data through the SC] Top 300 on chrono-
logical distributions, Nobel laureate authors,
and journals.

We welcome comments from CC readers

on the most-cited papers of all time that have
been identified to date. Readers interested
in previewing the upcoming list of the third
100 papers should write to Al Welljams-
Dorof, 1S1’s director of editorial services.

*****

My thanks to Al Welljams-Dorof and C.J.
Fiscus for their help in the preparation of

this essay.
s,$%!,~,
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