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Park et al. [1] reported a decline in the disruptiveness of scientific and technological
knowledge over time. Their main finding is based on the computation of CD indices,
a measure of disruption in citation networks [2], across almost 45 million papers and
3.9 million patents. Due to a factual plotting mistake, database entries with zero ref-
erences were omitted in the CD index distributions, hiding a large number of outliers
with a maximum CD index of one, while keeping them in the analysis [1]. Our reanal-
ysis shows that the reported decline in disruptiveness can be attributed to a relative
decline of these database entries with zero references. Notably, this was not caught by
the robustness checks included in the manuscript. The regression adjustment fails to
control for the hidden outliers as they correspond to a discontinuity in the CD index.
Proper evaluation of the Monte-Carlo simulations reveals that, because of the preser-
vation of the hidden outliers, even random citation behaviour replicates the observed
decline in disruptiveness. Finally, while these papers and patents with supposedly
zero references are the hidden drivers of the reported decline, their source documents
predominantly do make references, exposing them as pure dataset artefacts.



Fig. 1a,d reproduces the CDj5 index distributions for papers and patents as pre-
sented in Park et al. [1] (Extended Data Fig. la,c in [1]). A bug in the seaborn 0.11.2
plotting software [3], used by Park et al. [1], silently drops the largest data points in
the histograms. Therefore, these histograms do not show the papers and patents with
CDs5 = 1. Using correct plot settings, Fig. 1b,e reveals the additional 972,161 papers
and 142, 362 patents, with CD5 = 1. However, these hidden outliers were included in
the main analysis in [1]: the evaluation of the disruption versus time. Fig. 1c,f shows
that the decline in the disruptiveness of scientific (resp. technological) knowledge over
time is negated (resp. substantially reduced) when these outliers are excluded.

The origin of these data points, and our reason for calling them outliers, can be
found in their metadata. For patents, these are publicly available in the PatentsView
data source. As an open source alternative for Web of Science, we use SciSciNet [4],
an equivalent citation network with 39,888,199 papers, for which we could replicate
the above observation that CD5 = 1 papers are responsible for the temporal decline
in disruption (Extended Data Fig. Al). Extended Data Fig. A2a,d shows the number
of references made in each of those papers or patents according to the data source.
For SciSciNet and PatentsView, we find that 97% and 78% of the CDs = 1 papers
and patents make zero references, respectively. Extended Data Fig. A2b,e shows that
within the CD5 = 1 category, the proportion of patents and papers that makes zero
references is stable over time. Importantly, Extended Data Fig. A2c,f reveals that the
relative frequency of patents and papers with zero references and CDs = 1 decreases
over time, mirroring the decline in disruptiveness reported in [1]. A second proof con-
firming the above mechanism is found by removing papers (Extended Data Fig. Alc)
and patents (Fig. 1f) with CDs = 1 and zero references, which has a similar effect on
the reported decline compared to removing all hidden CD5 = 1 outliers, making the
decline of disruptive science (technology) disappear (decrease).

One could argue that the consequences of the plotting mistake should have been
caught by the robustness checks aimed at controlling for changing citation patterns
over time [1]. We show below why both the regression adjustment and the Monte-Carlo
simulations failed to do so.

First, Park et al. [1] proposed a linear regression to estimate an adjusted CDs
(models 4 and 8 in Supplementary Table 1 and Extended Data Fig. 8b,e in [1]). The
regression aims to predict the marginal effect of time by controlling for the number of
references on the paper/patent level, together with fixed effects and additional control
variables at the (sub-)field and year level. Notably, in the case of zero references to prior
work, the CD index either equals the maximum value of one (when there is at least one
citation) or remains undefined (when there are no citations). Fig. 2a,b shows that the
linear regression model [1] fails to control for this discontinuous effect of zero references.
Fig. 2c,d confirms that the regression errors (RMSE) peak at zero references. To
control for the discontinuity, we extend the regression model from Park et al. [1] by
including a dummy variable for zero references (Supplementary Table S1). This results
in an improved model fit, quantified by an adjusted explained variance (R?) increasing
from 0.10 to 0.52 for patents and from 0.15 to 0.95 for papers. This improvement is
not matched by the inclusion of a dummy variable for any other number of references
(insets in Fig. 2¢,d). Supplementary Fig. S1 shows that by explicitly controlling for



the discontinuous effect of zero references, the decline in the disruptiveness of scientific
(technological) knowledge is negated (reduced).

Second, Park et al. [1] conducted Monte Carlo simulations to control for the part
of the observed decline caused by the general structure of the citation networks. They
used a random rewiring algorithm [5], which preserves the publication years of the
involved papers and patents and their number of forward citations and references,
but randomly rearranges the citations between them. Based on an average z score
(Extended Data Fig. 8c,f in [1]; see Supplementary Equation S5 for more details),
Park et al. [1] state that “the observed CDj5 values are lower than those from the sim-
ulated networks [...] and the gap is widening.” However, the temporal evolution of
the CD index for the randomly rewired networks in Fig. 2e,f instead shows a decline
in disruption that almost perfectly mirrors the observed decline from the unaltered
databases (Supplementary Fig. S2, S3, S5). Moreover, the gap between the observed
CDj values and those from the simulated networks narrows over time. The fact that
the decline in disruption is present even in the randomly rewired networks can be
explained by the degree-preserving nature of the rewiring algorithm, which induces a
one-to-one correspondence between zero reference papers/patents in the original and
rewired network, thus driving the decline in both networks. Consequently, random
citation behaviour provides yet another proof that the relative decrease of zero refer-
ence patents and papers with CDs = 1 per year (Extended Data Fig. A2c,f) drives
the reported decline in disruption.

Finally, we elucidate the source of this large quantity of papers and patents with-
out references by inspecting 100 randomly extracted patents and papers with zero
references and CD5 = 1. We find that 98% of the patent sample and 93% of the paper
sample do make references in their original PDF, indicating that most of the CD5 =1
patents and papers with zero references should be treated as artefacts of the respective
data sources rather than meaningful indicators of disruptive science and technology
(Supplementary Tables S2-S4). While database errors in general do not only affect
papers and patents with zero recorded references, they are especially problematic for
these data entries, as having zero references causes a discontinuity in the CD index
(Fig. 2a,b). Therefore, it is best practice to exclude zero reference papers and patents
prior to further analysis. Indeed, many recent Science of Science publications [4, 7, 8]
set the CD indices of papers that make zero references to non-defined.

We verified that our observations do not depend on the specific data source, the
category within the respective data source, the choice of forward citation window, or
the normalized CD indices (Extended Data Fig. A3, Supplementary Figs. S4-S8).

In summary, we revealed in three different ways that the decline in disruption,
presented in Park et al. [1], is driven by papers and patents with zero references and
CDs5 = 1. They remained hidden in the histograms, which the robustness checks failed
to catch. Most of these papers and patents correspond to erroneous database entries.
The curves showing how average CD indices have evolved, plotted in Park et al. [1],
therefore, do not track declining disruption of scientific and technological work, but
rather trace how metadata quality has increased over time.



E 0.25

3

<]

53

&

a

< 0.20 1

o
g
o 015 Original Park et al. decline
%ﬂ = Papers with CD5 = 1 removed
£
< 0.10 4

Paper count

0.00 - —\’ﬁ-—\—-—

T T T T T T T
1950 1960 1970 1980 1990 2000 2010

Year
0.40 4
f
8 0.35
S
<]
52
& 0.30
£
)
[
» 0.25
a
o Original Park et al. decline
% 0.20 - = Patents with CDs = 1 removed
:§ = Patents with CD5 = 1 and zero references removed
<
0.15 4
-
g
3
8
+© 0.10 1
&
3
b
= 0.05
0.00 T T T T
1980 1990 2000 2010
Year

Fig. 1 | Distribution of the CDs index with vs without the hidden outliers and its
impact on the apparent decline of disruptive science and technology. This figure shows
that CDs = 1 papers and patents are driving the reported decline in the disruptiveness of scientific
and technological knowledge over time for the Web of Science data source (with 22,479,429 papers)
and the PatentsView data source (with 2,926,923 patents). For PatentsView, we also have access to
sufficient metadata to exclude patents that make zero references, similarly impacting the decline. a,
The distribution of the CD5 index for papers in Web of Science as presented in Park et al. [1], created
using the binwidth parameter in seaborn 0.11.2. This version of the library contains a bug regarding
silently dropping the largest data points (1 in this case) when specifying the binwidth parameter [3].
b, The correct histogram for papers when using the bins parameter in seaborn 0.11.2. A peak at
CDs =1 is revealed with 972,161 additional papers. ¢, The time evolution of the average CDjs index
for papers. When dropping the hidden outliers with CDs = 1, the decline in disruptiveness almost
completely disappears. The shaded bands correspond to 95% confidence intervals. Finally, note that
the curve without CD5s = 1 papers corresponds to (a), the histogram presented in Park et al. [1]. d—
f, The equivalent plots for PatentsView revealing 142,362 additional patents with CDs = 1. When
dropping the outliers with CD5 = 1, the decline in disruptiveness reduces substantially. Unlike Web
of Science, the PatentsView data source provided sufficient metadata to exclude patents with zero
references, similarly impacting the data as removing outliers with CDs = 1 (Fig. 2 and Extended
Data Fig. A2). Finally, note again that the curve without CDs = 1 patents corresponds to (d), the
histogram presented in Park et al. [1].
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Fig. 2 | The reason why the robustness checks in Park et al. [1] failed to detect the
consequences of the hidden outliers. This figure displays how the Park et al. [1] regression
adjustment (models 4 and 8 in Supplementary Table 1 in [1]) fails to control for the discontinuous
effect of zero references and that randomly rewired citation networks exhibit a similar temporal decline
of CDs. Results are shown for PatentsView (a, c, e; n = 2,926,923 patents) using the original Park
et al. [1] data and SciSciNet [4] (b, d, f; n = 39,888,199 papers), replicating their Web of Science
analysis. Shaded bands correspond to 95% confidence intervals. a, The distribution of the CDg per
number of references is shown via letter-value plots which first identify the median, then extend boxes
outward, each covering half of the remaining data [6]. Notably, in the case of zero references, the CD
index is either one or remains undefined, causing a discontinuity. The marginal effect of references on
CDs5 shows that the regression adjustment of Park et al. [1] fails to account for this discontinuity. c,
The root mean squared errors (RMSE) show a pattern between the Park et al. [1] regression residuals
and the number of references, showing that the model does not properly control for the discontinuous
effect of zero references. Adding a dummy variable for zero references substantially improves the
model fit as depicted by the adjusted R2, while a similar effect is not found for other reference dummy
variables. e, The average CD5 of the rewired patent networks (mean over ten runs) mirrors the decline
of the observed network over time. This close similarity is the result of the one-to-one correspondence
between zero reference patents within the observed and simulated networks, as evidenced by the
peak at one in the histogram of the rewired CD5 shown in the inset plot. Finally, note that the gap
between the observed CDj5 values and those from the simulated networks is becoming smaller over
time, which implies that the decline in the z score found by Park et al. [1] and shown in the inset is
the result of a decreasing standard deviation. b, d, f, The analogous, replicated plots for SciSciNet.
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Fig. Al | Distribution of the CDs5 index with vs without the hidden outliers and its
impact on the disruptiveness for the SciSciNet data source. This figure replicates the obser-
vation that papers with CDs = 1 are driving the decline in disruptive science for the SciSciNet data
source [4] (with 39,888,199 papers between 1944 and 2011), which originated from the Microsoft
Academic Graph. a, The distribution of the CDs index for SciSciNet, created using the binwidth
parameter in seaborn 0.11.2. Here again, the largest data points are hidden. b, The correct histogram
of the underlying dataset. A peak at CDs = 1 is revealed, corresponding to 8,861,343 additional
papers. ¢, The time evolution of the average CDs index. When dropping the outliers with CDs = 1,
the decline in disruptiveness is negated. Excluding papers with zero references impacts the data
similarly (Fig. 2 and Extended Data Fig. A2). The shaded bands correspond to 95% confidence
intervals. Moreover, the curve with papers with CDs = 1 omitted is the curve corresponding to the
histogram (a).



a
~ 100000 - g
I I 0.8 <
- dn o, 0.3 49
8 3 3
o < 0.6 A 3
£ 60000 j & 24
B 0.4 i
@ ~= 0. J
2 ]
g ! £ 0.1
=3 0 - -1
@ A 024 5
£ 20000 g8 :“3
0.0 =7 T T T 0.0 =7 T T T
o 1 2 3 4 5 1980 1990 2000 2010 1980 1990 2000 2010
d L e f
1.0 0.5
»
8 Mio — 5
-
- 2
f IL 0.8 £ 0.4+
a -
a O 3
¢ < 0.6 < 0.3 4
r i &=
£ J <
S 4 Mio ) 3
4 ~= 0.4 4 0.2 4
g [ £
0 =
K 8 0.2 4 § 0.1 4
%
0 0.0 T T T T 0.0 T T T T
o 1 2 3 4 5 1950 1970 1990 2010 1950 1970 1990 2010
Reference count Year Year

Fig. A2 | Papers and patents with CDs = 1 predominantly make zero references. This
figure displays that most papers in the SciSciNet data source [4] (n = 39,888,199) and most patents
in the PatentsView data source (n = 2,926,923) with CDs = 1 have zero references. a, Our analysis
shows that PatentsView contains 142,362 patents with CDs = 1 between 1980 and 2010, of which
78 % appear in the database with zero references. b, Within the category of patents with CDs = 1,
the relative frequency of patents with zero references is stable between 1980 and 2010. ¢, The relative
frequency of patents with CD5 index exactly equal to one and zero references is decreasing over time.
Therefore, a substantial part of the reported decline in the disruptiveness of technological knowledge
over time can be attributed to a relatively increasing metadata quality over time. It is also intriguing
to note how well the shape of this curve resembles the shape of the top curve shown in Fig. 1f. d,
SciSciNet [4] shows a similar behaviour with 8,861,343 papers having CDs = 1 between 1944 and
2011, of which 97 % appear in the database with zero references. e, Within the category of papers
with CDs = 1, the relative frequency of papers with zero references is stable between 1944 and
2011. f, The relative frequency of papers with CDs index exactly equal to one and zero references
is decreasing over time. Therefore, a substantial part of the observed decline in the disruptiveness
of scientific knowledge over time can be attributed to a relatively increasing metadata quality over
time. It is also intriguing to note how well the shape of this curve resembles the shape of the top
curve shown in Extended Data Fig. Alc.
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Fig. A3 | Across various data sources and within different categories, papers and patents
with CDs = 1 are driving the decline in the disruptiveness in scientific and technological
knowledge over time. This figure displays the average CD5 index over time for six data sources
and five different patent categories. The data sources are JSTOR (1,588,088 papers), the American
Physical Society corpus (461, 359 papers), Microsoft Academic Graph (random sample of 1,000,000
papers), and PubMed (1,563,211 papers). For reference, the Web of Science (22,479,429 papers) and
PatentsView (2,926,923 patents) data sources are also included. The patent categories are Chemical
(517,964 patents), Computers and communications (748,849 patents), Drugs and medical (321,449
patents), Electrical and electronic (734, 769 patents) and Mechanical (603, 892 patents). Shaded bands
correspond to 95% confidence intervals. a, The temporal evolution of the average CDs index for
different data sources as presented in Park et al. [1] (Extended Data Fig. 6 in [1]). b, The time
evolution of the average CD5 index for different data sources after removing the outliers with CDs = 1
from the data sources. For all mentioned data sources that encompass papers, the decline in the
disruptiveness almost completely disappears. For the PatentsView data source, the decline in the
disruptiveness also reduces notably. ¢, The time evolution of the average CDs5 index for different patent
categories as presented in Park et al. [1] (Fig. 2b in [1]). d, The time evolution of the average CDs
index for different patent categories after removing the outliers with CDs = 1 from the categories.
We see that the decline in disruptiveness reduces similarly across all five categories.



SI GGuide for “Dataset Artefacts are
the Hidden Drivers of the Declining
Disruptiveness in Science”

Vincent Holst, Data Analytics Laboratory, Vrije Universiteit Brussel

Andres Algaba, Data Analytics Laboratory, Vrije Universiteit Brussel

Floriano Tori, Data Analytics Laboratory, Vrije Universiteit Brussel

Sylvia Wenmackers, Centre for Logic and Philosophy of Science (CLPS), KU Leuven

Vincent Ginis, Data Analytics Laboratory, Vrije Universiteit Brussel & School of
Engineering and Applied Sciences, Harvard University

Supplementary Methods

Here, we provide additional mathematical justifications, supplementary tables and
supplementary figures for our reanalysis of Park et al. [1].

Table of Contents

S1. The CD index 11
S2. Regression adjustment 12
S3. Monte Carlo simulations 15
S4. DBLP citation network 18
S5. Different forward citation windows 21
S6. Normalized CDj5 indices 24
S7. Random paper and patent samples 26

10



Supplementary Information
S1. The CD index

Let G = (V, E) be a directed citation network. The set V' corresponds to the papers
in A and E corresponds to the citations between the papers. The adjacency matrix
A = (a;5) of G = (V, E) is given by a;; = 1 if and only if paper i cites paper j, and
a;; = 0 otherwise. Every paper ¢ € V is assigned a publication date d;, usually given
in datetime format. The directed citation network G possesses a temporal structure:
if paper 7 cites paper j, we have d; > d;, i.e. paper ¢ was published after paper j.

Let ¢ € V be a focal paper with publication date d; and ¢t € Nt = {1,2,3,...} a
forward citation window. Let U C V be the papers published between (d;, d; +t years],
e.g., if d; is equal to 1984-01-01, then U encompasses all papers published after d;
until 1989-01-01. We consider the following sets:

:={j € U] j cites the focal paper i but none of its references},
B := {j € U] j cites both the focal paper ¢ and at least one of its references}, (S1)
R :={j € U] j does not cite the focal paper ¢ but at least one of its references}.

Let Np = |F|, Ng = |B| and Nr = |R|. Then the CD; index [2] of paper i is given by:

Np — Np

Chy= ——"——""—.
*~ Np+Np+ Ng

(52)

If paper i has zero references to prior work, the sets B and R are empty by default
and it is easy to see that CD; = (Ngp — Np)/(Nr + Np + Ng) = Nr/Np is either
exactly equal to one (if F is not empty, i.e. if i receives at least one forward citation
within ¢ years after publication) or remains undefined (if F' is empty, i.e. if ¢ receives
no forward citation within ¢ years after publication).

The DBLP-Citation-network V1 [9] provides the publication date only in YYYY
format. If the focal paper i is published in a given year d;, we considered the subsets
U C V of papers published between [d; + 1,d; + 5] and W C V of papers published
between [d;, d; + 5] as follows in the calculation of the CDjy index:

F :={j € W|j cites the focal paper i but none of its references},
B :={j € W] cites both the focal paper ¢ and at least one of its references}, (S3)
R :={j € U] j does not cite the focal paper ¢ but at least one of its references}.
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S2. Regression adjustment

Park et al. [1] use a linear regression to control for potential changes in citation pat-
terns by including the number of references on the paper/patent level, together with
fixed effects and additional control variables at the (sub-)field and year level. We also
include a zero references dummy variable, which is equal to one if the paper/patent
has zero references and zero else, to explicitly control for the discontinuous effect of
zero references (Fig. 2a,b). The regression looks as follows:

T-1 K-1

CDs, iy = @+ E 0 year,; + E Ok (sub-)ﬁeldk(i) + B1 #references;
— — —
= k=1 paper/patent
i level control
time -)fiel
fixed effects ﬁ(igé) (szsc(‘js

+ M #patents/paperst(i)}k(i) + 72 #freferences, ;) ;) + 73 #authors/inventorst(i)’k(i)

(sub-)field and year
level controls

+ ( zero references; + ¢, (S4)

zero references
dummy variable

where 7, t, and k denote the paper/patent, the publication/grant year, and (sub-)field,
respectively. Moreover, ¢(i) and k(i) indicate that the publication/grant year ¢ and
(sub-)field k& depend on the paper/patent i, # denotes “the number of,” and Z is the
average of a variable z. The time and (sub-)field fixed effects can be estimated by
including dummy variables for the publication/grant years and (sub-)fields, which are
equal to one if the year or field is equal to the year or field of the current paper/patent
and zero else, with the exclusion of a reference category (i.e., T'— 1 and K — 1). Note
that we include the zero references dummy variable to explicitly control for the dis-
continuous effect and to show the consequences for the main findings of Park et al. [1]
by displaying the regression adjusted CDj5 (Supplementary Fig. S1 and Supplemen-
tary Table S1). Since we only want to show that the regression model of Park et al. [1]
does not control for the discontinuity of zero references, we do not make any further
changes to the regression model, despite other potential improvements, such as taking
the natural logarithm of the number of references as a control variable [10].
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Fig. S1 | Inclusion of the zero references dummy variable to properly control for the
corresponding discontinuity in the CDs largely negates the decline of disruptive sci-
ence. This figure displays that the inclusion of the zero references dummy variable to account for
the corresponding discontinuity in the CDs (Fig. 2a,b) in the regression adjustment substantially
reduces the decline for the PatentsView data source (with 2,926,923 patents, models (3) and (4)
in Supplementary Table S1) and largely negates the decline for the SciSciNet data source [4] (with
39, 888,199 papers, models (1) and (2) in Supplementary Table S1). a, As displayed in Fig. 2a,c, the
linear regression conducted by Park et al. [1] for PatentsView (model 8 from Supplementary Table
1 in [1]) fails to control for the discontinuous effect of zero references. This is shown by including
a dummy variable explicitly controlling for zero references, resulting in a substantial increase in the
adjusted R?, an effect not observed for any other number of references. Here, we show that explicitly
controlling for the discontinuous effect of zero references substantially reduces the temporal decline
of the regression adjusted CDs5. b, The analogous analysis for SciSciNet. Here, we replicate the Park
et al. [1] regression model conducted for Web of Science (model 4 from Supplementary Table 1 in
[1]). Notably, explicitly controlling for the discontinuous effect of zero references largely negates the
temporal decline of the regression adjusted CDs.

13



Table S1 Regression models for adjusting CDs.

SciSciNet PatentsView
Variables (1) (2) (3) (4)
Year=1945 0.04%** 0.00
Year=1946 0.08%** 0.00
Year=1947 0.07 %" 0.00
Yoar=1948 0.067** 0.00
Year=1949 0.0 0.00
Year=1950 0.05*** —0.00"
Year=1951 0.04*** —0.01***
Year=1952 0.03*** —0.01*"*
Year=1953 0.01*** —0.00**
Year=1954 0.02*** —0.01***
Year=1955 0.01*** —0.01***
Year=1956 0.01** —0.01***
Year=1957 0.01 —0.01***
Year=1958 —0.01*** —0.01***
Year=1959 —0.00 —0.01***
Year=1960 —0.02*** —0.01***
Year=1961 —0.02*** —0.02***
Year=1962 —0.03*** —0.02***
Year=1963 —0.03*** —0.02***
Year=1964 —0.03*** —0.02%**
Year=1965 —0.04*** —0.02***
Year=1966 —0.05""* —0.02***
Year=1967 —0.06™** —0.02***
Year=1968 —0.06*** —0.02***
Year=1969 —0.05""* —0.02***
Year=1970 —0.06™*" —0.02***
Year=1971 —0.07*** —0.02***
Year=1972 —0.08"** —0.02***
Year=1973 —0.09*** —0.02***
Year=1974 —0.08*** —0.02***
Year=1975 —0.08*** —0.02%**
Year=1976 —0.09*** —0.02***
Year=1977 —0.09***" —0.02***
Year=1978 —0.09%** —0.02***
Year=1979 —0.09*** —0.03***
Year=1980 —0.10*** —0.03***
Year=1981 —0.10™** —0.03™** —0.05*** 0.00
Year=1982 —0.10*** —0.03*** —0.09*** —0.01***
Year=1983 —0.11***" —0.03*** —0.13*** —0.02***
Year=1984 —0.11*** —0.03*** —0.14*** —0.02%**
Year=1985 —0.10*** —0.03*** —0.16™** —0.03***
Year=1986 —0.10™** —0.03*** —0.18*** —0.03***"
Year=1987 —0.10*** —0.03*** —0.20*** —0.04***
Year=1988 —0.11*** —0.03*** —0.22*** —0.05***
Year=1989 —0.11*** —0.03*** —0.24*** —0.06™*"
Year=1990 —0.10*** —0.03*** —0.25*** —0.07***
Year=1991 —0.11*** —0.03*** —0.26*** —0.07***
Year=1992 —0.11%** —0.03*** —0.28%** —0.08***
Year=1993 —0.09*** —0.03*** —0.29*** —0.09***
Year=1994 —0.08*** —0.03***" —0.30**" —0.10***
Year=1995 —0.09"** —0.03*** —0.30"** —0.10***
Year=1996 —0.11*** —0.03*** —0.31*** —0.11***
Year=1997 —0.13*** —0.03*** —0.32***" —0.11%**
Year=1998 —0.13*** —0.03™** —0.32%** —0.12***
Year=1999 —0.15*** —0.03*** —0.33*** —0.12***
Year=2000 —0.16™** —0.03*** —0.34**" —0.12***
Year=2001 —0.16™** —0.04*** —0.35%** —0.13***
Year=2002 —0.17*** —0.04*** —0.36™** —0.14***
Year=2003 —0.17%** —0.04™** —0.37*** —0.15***
Year=2004 —0.17*** —0.04*** —0.37*** —0.15%**
Year=2005 —0.18*** —0.04*** —0.37***" —0.15***
Year=2006 —0.17%** —0.04™** —0.38%** —0.16™**
Year=2007 —0.17*** —0.04*** —0.38*** —0.16***
Year=2008 —0.17*** —0.04*** —0.37***" —0.16™*"
Year=2009 —0.16™** —0.04™** —0.37*** —0.16™**
Year=2010 —0.16*** —0.04*** —0.37*** —0.16***
Year=2011 —0.16™"* —0.04™"*
B —4.73e—3*** —2.73e—4*** —1.11e—3*** —6.46e—4"""
o] —3.20e—T7""" 1.23e—8""" 3.17e—6*** 5.67e—T**"
Y2 5.94e—4*** 1.03e—4*"" 9.6le—4**" 7.78e—4***
Y3 1.23e—2"** 3.93e—3*** 2.64e—2%** 1.77e—2"**
¢ 0.98™** 0.90***
a 0.43*** 0.03*** 0.32%** 0.13***
(Sub-)field fixed effects yes yes yes yes
N 39, 888, 199 39, 888, 199 2,926,923 2,926,923
Adjusted R? 0.15 0.95 0.10 0.52

Note: Model 3 is Model 8 from [1] (Suppl. Table 1). Model 1 replicates Model 4 from [1] (Suppl. Table
1) on SciSciNet instead of WoS. Models 2 and 4 control for zero references by including a dummy
variable. Estimates are from an OLS-regression (Eq. S4) and significance levels are for a two-sided
t-test with a Hg of the regression coefficient being equal to zero (***p < 0.01, **p < 0.05, *p < 0.1).
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S3. Monte Carlo simulations

In their original manuscript, Park et al. [1] conducted Monte Carlo simulations to check
if the observed decline of CDj is caused by changes in the citation networks’ general
topology instead of societal processes. Therefore, Park et al. [1] used a random rewiring
algorithm [5] that preserves the topological structure, i.e. the in- and outdegree (resp.
number of forward citations and references) of the involved papers and patents, and
the age structure, i.e. the publications years of the involved papers and patents, but
randomly rewires the citations between the involved papers and patents.

Park et al. [1] described the rewiring algorithm as follows: if paper A cites paper
B and paper C cites paper D, then the switch to paper A cites paper D and paper C
cites paper B is retained if and only if (1) paper A and paper C (resp. paper B and
paper D) have the same number of forward citations (resp. references) after the switch
and (2) paper A and paper C (resp. paper B and paper D) were published in the same
year. The random rewiring is repeated until 100 - #edges switches are retained.

To evaluate the Monte Carlo simulations, Park et al. [1] calculated an average z
score among papers or patents published in each year. For an individual paper or
patent, the z score is given by:

CDobserved — Mrewired (85)

Orewired

Here, CDgpgerveqd denotes the observed CDj5 index in the unaltered data source, firewired
denotes the average CDs index of the same paper or patent calculated across ten
randomly rewired citation networks and oyewireq denotes the corresponding standard
deviation. Based on the temporal decline of the average z score (Extended Data Fig.
8c,f in [1]) the authors concluded “We find that on average, papers and patents
tend to be less disruptive than would be expected by chance, and moreover, the gap
between the observed CD index values and those from the randomly rewired networks
is increasing over time, which is consistent with our findings of a decline in disrup-
tive science and technology.” However, the main findings in Park et al. [1] are based
on the decline of the average CDjs over time (Fig. 2 in [1]). To test the robustness
of these results against random rewiring, it is therefore logical to also evaluate the
rewired CDj5 against time (Fig. 2e,f, Supplementary Fig. S2, S3, S5). These plots
unambiguously show that the aforementioned gap is, in fact, narrowing over time. The
temporal decrease of the average z score can therefore be attributed to the following
phenomenon: the gap between the rewired and observed CD indices shown in Fig.
2e,f corresponds to the (averaged) numerator of the above equation, which indicates
that the (averaged) denominator of the above equation, the variance/standard devia-
tion within the ten randomly rewired citation networks, decreases over time (with the
caveat that the mean of 7 is of course not exactly equal to the mean of a divided by
the mean of b).
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Fig. S2 | The temporal decline of the CDs index for patents is mirrored by random
citation behaviour supporting that the hidden outliers are driving the decline. This figure
displays the distribution (panels a, c, e, g, i, k, m, o, q, s) and time average (panels b, d, f, h, j, 1,
n, p, r, t) of the CD5 index for the ten randomly rewired PatentsView data sources (with 2,926,923
patents) from [1]. Here, the random rewiring algorithm [5] used by Park et al. [1] preserves the in-
and outdegree (resp. forward citations and references) and publication year of the involved patents.
In particular, this induces a one-to-one correspondence between the zero reference patents in the
rewired and original network. The shaded bands in the plots correspond to 95 % confidence intervals.
a, The distribution of the rewired CDs5 for the first of the ten randomly rewired patent networks
shows that the algorithm used by Park et al. [1] boosts CD index values. This is unsurprising, as the
CD index measures triadic closure and randomly rewiring a sparse citation network naturally reduces
the number of triangles. Also, note that the histogram still shows the peak at one, confirming the
aforementioned one-to-one correspondence. b, For the first of the ten rewired patent networks, the
temporal decline of the rewired CDs mirrors the decline of the original patent network. Since the
zero reference patents are preserved by the rewiring algorithm and the majority of the hidden outliers
make zero references (Extended Data Fig. A2a), this observation provides yet another proof that the
hidden outliers are driving the decline. In other words, even upon random citation behaviour, having
a certain relative number of zero reference patents with CDs = 1 per year induces a decline nearly
identical to the one reported in the original manuscript of Park et al. [1] (Extended Data Fig. A2c).
c—t, The equivalent plots for the remaining nine rewiring runs show similar results.
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Fig. S3 | The temporal decline of the CD5 index for the SciSciNet data source is mir-
rored by random citation behaviour supporting that the hidden outliers are driving the
decline. This figure displays the distribution (panels a, c, e, g, i, k, m, o, q, s) and time average
(panels b, d, f, h, j, I, n, p, r, t) of the CD5 index for ten randomly rewired SciSciNet data sources
[4] (with 39,888,199 papers), replicating the findings of Supplementary Fig. S2. We use the same
random rewiring algorithm [5] as Park et al. [1]. The shaded bands in the plots correspond to 95 %
confidence intervals. a, The distribution of the rewired CDj for the first of the ten randomly rewired
paper networks shows that the algorithm used by Park et al. [1] boosts CD index values. The peak
at one indicates that random rewiring preserves the zero reference papers. b, For the first of the ten
rewired papers networks, the temporal decline of the rewired CDs mirrors the decline of the origi-
nal papers network. Since the zero reference papers are preserved by the rewiring algorithm and the
majority of the hidden outliers make zero references (Extended Data Fig. A2d), this observation pro-
vides yet another proof that the hidden outliers are driving the decline. c—t, The equivalent plots for
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S4. DBLP citation network

In this section, we replicate the same analysis for another independent paper dataset,
the DBLP-Citation-network V14 [9]. This data source contains 1,683,086 papers
published between 1970 and 2010 in the field of Computer Science.

® Fig. S4 shows analogous observations for the DBLP-Citation-network V14 datasets
as Fig. 1 by replicating the CDs with and without outliers. Since the DBLP-
Citation-network V14 only contains the publication dates of the papers in YYYY
format, the CDj5 index is calculated as described in Supplementary Equation S3.

® Fig. S5 performs the rewiring analysis for the DBLP-Citation-network V14.
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Fig. S4 | Distribution of the CDs index with vs without the hidden outliers and its
impact on the disruptiveness for the DBLP-Citation-network V14. This figure replicates
the observation that papers with CDs = 1 are driving the decline in disruptive science the DBLP-
Citation-network V14 [9]. a, The distribution of the CD5 index, created using the binwidth parameter
in seaborn 0.11.2. Here again, the largest data points are hidden. b, The correct histogram of the
underlying dataset. A peak at CDs = 1 is revealed, corresponding to 182,398 additional papers.
¢, The time evolution of the average CDs index. When dropping the outliers with CDs = 1, the
decline in disruptiveness is negated. Removing papers with zero references impacts the decline sim-
ilarly. Moreover, the curve with papers with CDs = 1 omitted is the curve corresponding to the
histogram (a). The shaded bands correspond to 95% confidence intervals. d, The distribution of the
CDs per number of references is shown via letter-value plots which first identify the median, then
extend boxes outward, each covering half of the remaining data [6]. The univariate regression line
shows that an ordinary least squared regression fails to capture the discontinuous effect of zero ref-
erences (Fig. 2 a,b). e, The DBLP-Citation-network V1j contains 182,398 papers with CDs = 1
between 1970 and 2010, of which 85 % appear in the database with zero references. f, Within the cat-
egory of papers with CD5 = 1, the relative frequency of papers with zero references is stable between
1970 and 2010. g, The relative frequency of papers with CDj5 index exactly equal to one and zero
references is decreasing over time, resembling the shape of the top curve shown in panel (c).
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Fig. S5 | The temporal decline of the CDs5 index for the DBLP-Citation-network V14 is
mirrored by random citation behaviour supporting that the hidden outliers are driving
the decline. This figure displays the distribution (panels a, ¢, e, g, i, k, m, o, q, s) and time average
(panels b, d, f, h, j, 1, n, p, r, t) of the CDs index for ten randomly rewired DBLP-Citation-network
V14 data sources, replicating Supplementary Fig. S2 and S3. We use the same random rewiring
algorithm [5] as Park et al. [1]. The shaded bands in the plots correspond to 95% confidence intervals.
a, The distribution of the rewired CDs5 for the first of the ten randomly rewired paper networks
shows that the algorithm used by Park et al. [1] boosts CD index values. The peak at one indicates
that random rewiring preserves the zero reference papers. b, For the first of the ten rewired papers
networks, the temporal decline of the rewired CD5 mirrors the decline of the original network. Since
the zero reference papers are preserved by the rewiring algorithm and the majority of the hidden
outliers make zero references (Supplementary Fig. S4e), this observation provides yet another proof
that the hidden outliers are driving the decline. c—t, The equivalent plots for the remaining nine
rewiring runs show similar results.
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S5. Different forward citation windows

In this section, we analyse the role of the outliers in the decline for CD indices with
different forward citation windows. We do this for both the SciSciNet [4] and the
PatentsView data source.

® Fig. S6 shows the same analysis as Fig. 1 with the CDyy index for both SciSciNet
and PatentsView. Contrary to the CD5 index, the CDyg index considers forward
citations published within 10 years after the publication of the focal paper.

® Fig. S7 shows the same analysis as Fig. 1 with the CDy,.x index for both SciSciNet
and PatentsView. Contrary to the CDj5 index, the CDy,.x index considers all for-
ward citations of a focal paper or patent. For SciSciNet, we used the precomputed
disruption indices provided by [4] for papers with at least one forward citation and
one reference. To allow comparison with the Park et al. [1] method, we imputed
the values with at least one forward citation and zero references to one and the
values with zero forward citations and at least one reference to zero.
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Fig. S6 | Distribution of the CDjp index with vs without the hidden outliers and its
impact on the disruptiveness for the SciSciNet and the PatentsView data source. This
figure displays the distribution and time average of the CD1g index (computed over a forward citation
window of ten years) for the SciSciNet [4] data source (with 30,982,865 papers until 2006) and the
PatentsView data source (with 2,645,344 patents until 2008). Importantly, analogously to the CDs
index, the CD1g index of papers and patents with zero references is either exactly equal to one (if
they receive at least one citation within ten years after publication), or remains undefined. a, The
distribution of the CDi¢ index for SciSciNet, created using the binwidth parameter in seaborn 0.11.2.
Here again, the largest data points are hidden. b, The correct histogram of the underlying dataset. A
peak at CD1g = 1 is revealed, corresponding to 9, 187,034 additional papers. ¢, The time evolution of
the average CD1o index. When dropping the outliers with CD1g = 1, the decline in disruptiveness is
negated. We find that 98% of the CD19 = 1 papers make zero references, consequently their exclusion
impacts the data similarly. Therefore, our claim that papers with a CD index equal to one and zero
references are driving the decline in the disruptiveness of scientific knowledge over time is unlikely to
be dependent on the size of the forward citation window, which is used to calculate the respective
CD index. The shaded bands correspond to 95 % confidence intervals. d—f, The equivalent plots for
PatentsView revealing 153,027 patents with CD19 = 1. When dropping the outliers with CD19 = 1,
the decline in disruptiveness reduces substantially. We find that 87 % of the CD19 = 1 patents make
zero references, consequently their exclusion impacts the decline similarly.
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Fig. S7 | Distribution of the CDmax index with vs without the hidden outliers and
its impact on the disruptiveness for the SciSciNet and the PatentsView data source.
This figure displays the distribution and time average of the CDmax index (computed over a max-
imum forward citation window) for the SciSciNet [4] data source (with 45,564,829 papers) and
the PatentsView data source (with 3,011, 723 patents). In the notation of Park et al. [1], we have
CDmax = CDa2022y for papers and CDmax = CDa2p17y for patents. Importantly, the CDmax index of
papers and patents with zero references is still either exactly equal to one (if they receive at least
one citation), or remains undefined. a, The distribution of the CDmax index for SciSciNet, created
using the binwidth parameter in seaborn 0.11.2. Here again, the largest data points are hidden. b,
The correct histogram of the underlying dataset. A peak at CDmax = 1 is revealed, corresponding to
13,864, 845 additional papers. ¢, The time evolution of the average CDmax index. When dropping the
outliers with CDmax = 1, the decline in disruptiveness is negated. We find that all of the CDpax = 1
papers make zero references, consequently their exclusion is not shown separately. The shaded bands
correspond to 95% confidence intervals. d—f, The equivalent plots for PatentsView revealing 175,190
patents with CD2g17y = 1. When dropping the outliers with CD2g17y = 1, the decline in disrup-
tiveness reduces substantially. We find that 94 % of the CD2g17, = 1 patents make zero references,
consequently their exclusion impacts the decline similarly.
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S6. Normalized CDj5 indices

In this section, we analyse the distribution of the normalized CDj5 indices and the
impact of the hidden outliers on the perceived temporal decline. We do this for four
data sources: Web of Science, PatentsView, SciSciNet [4] and the DBLP-Citation-
network V14 [9]. The two normalized CD index variants are the ones used by Park et
al. [1] (Extended Data Fig. 8a,d in [1]). Both variants adjust the term Ng (resp. Ni in
the notation of Park et al. [1]) in the definition of the CD index, i.e. they modify the
part of the definition that refers to follow-up work that does not cite the focal paper
or patent itself but at least one of its references (Supplementary Equation S1 and S2).

® Paper (resp. patent) normalized CD index: replace Ng with max(Ng — #ref, 0).

¢ Field x year normalized CD index: replace Ni with max(Ng — #ref(field, year), 0).

Here, #ref denotes the number of references of the focal paper (resp. patent),
#ref(field, year) denotes the average number of references per year and field, and
max(+, ) denotes the maximum between two values. We show our analysis in Fig. S8.
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Fig. S8 | Distribution of normalized CD5 indices and the impact of the hidden outliers
on the perceived temporal decline. This figure shows how the hidden outliers are driving the
decline for two normalized CD index variants used by Park et al. [1] (Extended Data Fig. 8a,d in
[1]) across four different data sources: Web of Science: 19,927,359 (resp. 19, 743,919) papers (a, b,
¢, d), PatentsView: 3,396,624 (resp. 3,270,187) patents, (e, f, g, h), SciSciNet: 39,473,940 (resp.
38,793,453) papers, (i, j, k, 1) and the DBLP-Citation-network V14: 1,651,398 (resp. 1,623,775)
papers, (m, n, o, p). Counts differ between the two normalized CD indices since they can be undefined
for different papers and patents. The normalized variants adjust the term Ng (resp. Ni in the notation
of Park et al. [1]; see also Supplementary equation S2) in the definition of the CD index, i.e. they
modify the part of the definition that refers to follow-up work that does not cite the focal paper or
patent itself but at least one of its references. A detailed definition of both variants can be found in
the introduction of the present section. It is worth noting that for both normalized variants, papers
and patents that make zero references have a value that either is exactly equal to one (if they are cited
at least once) or remains undefined. Panels a, e, i, m reveal a peak at one for the paper (resp. patent)
normalized CD index across all aforementioned data sources. Panels b, f, j, n show the time evolution
of the average paper (resp. patent) normalized CDs index for papers. When dropping the hidden
outliers with normalized CD index exactly equal to one, the decline in disruptiveness completely
disappears for the paper datasets and substantially reduces for the patent dataset. For the SciSciNet
data source and the DBLP-Citation-network V14, we had access to sufficient metadata to also exclude
papers that make zero references similarly impacting the decline. Shaded bands correspond to 95%
confidence intervals. The remaining panels show the equivalent plots for the field x year normalized
CD index. Being specific to the field of computer science, we show the year normalized CD index for
DBLP-Citation-network V14.
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S7. Random paper and patent samples

This section contains tables with additional information on the 100 randomly drawn
papers and patents from the sample with zero references and at least one forward
citation within five years after publication, which results in CD5 = 1.

Table S2 Summary statistics of the randomly drawn papers and patents with CDs = 1 and zero
references.

Papers Ref. Zero ref.  Conference  Technical List of News
in PDF in PDF report abstracts
93% % 1% 1% 4% 1%
Patents Ref. Zero ref. US US Al E Foreign = Other

in PDF  in PDF Pre-1976 Post-1976

98% 2% 49% 1% 16% 1% 48% 39%

Note: This table contains the summary statistics of 100 randomly drawn papers and patents from the sample
with zero references and at least one forward citation within five years after publication, which results in
CDjs = 1. For SciSciNet, we draw papers from the pandas DataFrame with zero references and at least one
forward citation using a random seed equal to zero. Since we do not have access to all the PDF files, we have
to draw 238 papers until we obtain 100 accessible PDFs. The random sample for patents is drawn from the
pandas DataFrame provided by Park et al. [1] using a random seed equal to zero. We manually verified the
PDF files (see Supplementary Tables S3, S4) for references and find that 93% of papers and 98% of patents
make at least one reference. For papers, we have a more detailed view on the type of the seven documents
that do not make any references to prior work. We find four papers which are part of a list of abstracts.
Further, there is a conference paper which mentions prior work but does not make explicit references, one
Nature news article, and one technical report in the transportation research record. For patents, we have
a more detailed view on which types of references are missing and report the percentage of patents which
contain at least one reference to a specific category. Note that each patent may contain references to multiple
types of references. We find 49% of patents contain references that are missing due to truncation caused by
pre-processing the data (pre-1976) [11], 16% due to not accounting for patent applications since the passage
of the Inventor Protection Act of 1999 (A1) [11], and 48% and 39% due to not counting foreign patents and
other publications, respectively. Only one patent (id 6552498) contains a reference to a US patent, which
seems to be a bibliometric error, and one patent contains a reference to a reissue patent (E). Finally, we find
that these papers and patents have a median of 17.5 and 5 references which corresponds to the median of 9
and 5 references for the full sample, respectively. We compute the median for papers only for PDF files where
we are able to count the exact number of references, i.e. by excluding the “1+” (see Supplementary Table S3
for details on the occurrences of “14” in the case of only partial accessibility of the PDF file or references in
footnotes).
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