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Abstract Analysis of the content of medical journals enables us to frame the shifting scientific,
material, ethical, and epistemic underpinnings of medicine over time, including today. Leveraging a
dataset comprised of nearly half-a-million articles published in the Journal of the American Medical
Association (JAMA) and the New England Journal of Medicine (NEJM) over the past 200 years,

we (a) highlight the evolution of medical language, and its manifestations in shifts of usage and
meaning, (b) examine traces of the medical profession’s changing self-identity over time, reflected
in its shifting ethical and epistemic underpinnings, (c) analyze medicine’s material underpinnings
and how we describe where medicine is practiced, (d) demonstrate how the occurrence of specific
disease terms within the journals reflects the changing burden of disease itself over time and the
interests and perspectives of authors and editors, and (e) showcase how this dataset can allow us
to explore the evolution of modern medical ideas and further our understanding of how modern
disease concepts came to be, and of the retained legacies of prior embedded values.

Editor's evaluation

This work analyzed more than half a million peer-reviewed articles published in two high-impact
medical journals. It provides insights into the evolution of medical practice, language, and values
over the past two centuries. Thus, it helps us contextualize our understanding of change in medicine
and medical beliefs over time.

Introduction

Medicine and medical language evolve over time, and this evolution can manifest in thematic expan-
sion and contraction of vocabulary, lexical, and semantic changes, and cultural shifts of usage and
meaning. The Journal of the American Medical Association (JAMA, founded in 1883) and the New
England Journal of Medicine (NEJM, founded in 1812) have played critical roles in the development
of medical knowledge and practice. They serve as rich data sources for the exploration of such trends.
It is possible to do basic searches through JAMA's and NEJM's search interfaces, but it is difficult to
analyze trends over time or perform more sophisticated analyses. Other online databases, notably
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PubMed and Web of Science, allow slightly more sophisticated searches, but neither realizes the
potential of or even captures the full 137-year history of JAMA and the 209-year history of NEJM.

Over the past decade, progress in digital history, scientometrics, and computational linguistics
has led to new approaches and techniques for the analysis of the 'big data’ of medical publications
(Boyack et al., 2005; Bérner, 2010; Jones et al., 2011; Weisz et al., 2017, Thompson et al., 2016;
Westergaard et al., 2018). In this manuscript, leveraging a dataset of nearly half-a-million articles
published in JAMA and NEJM over the past 200 years, we demonstrate the kinds of analyses that are
now possible and that can provide valuable insight into the history of medical knowledge, practice,
values, and institutions.

Results and discussion
Constructing the dataset

To enable this computational analysis, we constructed a database of nearly all articles ever published
in JAMA and NEJM. In this study, an article is defined as any document with a digital object identifier
(DOI), a system that assigns a unique identifier to academic publications. Our JAMA database captured
278,461 articles published from 1883 to 2018, representing >91% of all articles ever published there.
Similarly, NEJM DOls and associated authorship metadata were downloaded from Crossref on May
1, 2020. Based on DOI counts, our NEJM database captured 182,675 articles published from 1812 to
2020, which represents >99.5% of all articles ever published in NEJM. The total dataset analyzed in
this study was comprised of 461,136 unique articles. For article PDFs that have not been digitized to
machine-encoded text, we performed optical character recognition (OCR) using Tesseract v4.1.1, an
open-source OCR engine using both legacy and LSTM engines and default automatic page segmen-
tation. No pre-processing was performed prior to OCR. Data curation and methodology is described
in further detail in Materials and methods.
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Figure 1. Time series analyses for the word ‘the’.

(a) Frequency of the word ‘the’ in Journal of the American Medical Association (JAMA), with annual total raw counts (top panel), scaled by article counts
(middle panel), and scaled by total number of words (bottom panel). (b) Frequency of the word ‘the’ in New England Journal of Medicine (NEJM), with
annual total raw counts (top panel), scaled by article counts (middle panel), and scaled by total number of words (bottom panel).
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Perhaps the most elemental form of data-mining of publication datasets is the time series analysis of
the changing prevalence of a term. Researchers often show a plot of increasing occurrences of a term
over time to buttress arguments about the changing importance of a topic in the literature (Tribble
and Jones, 1997, Baron et al., 2009; Podolsky, 2015, Mane and Bérner, 2004). This can be done
with the raw count of word usage, for instance in a dataset like PubMed. But there is a basic flaw
to that methodology: the medical journal corpus has continuously expanded, such that the count
of many words in that dataset will increase over time. This can be seen, for example, with a plot of
occurrences of ‘the’ over time. An absolute time series within NEJM shows an increase over time,
correlating with expansions in size of the journal (this is less apparent in JAMA). However, the new
dataset allows calculation of a proper frequency analysis (occurrences of the target word in a given
year divided by the total number of words published that year; Figure 1). This shows a marked decline
in the use of ‘the’ over the 20th century in both journals, a phenomenon in the general literature well
known to computational linguists (Liberman, 2016). This technique can then be used to look at words
of greater medical meaning.

Some of the results confirm or lend nuance to our expectations. The occurrence of specific disease
terms within JAMA and NEJM (Figure 2a and b) reflects the changing burden of disease itself over
time — at least within the United States — and reflecting the interests and perspectives of authors and
editors. Witness the 20th-century rise of ‘cancer’ or ‘cardiac’, or the 21st-century surge of ‘corona-
virus'. Tuberculosis and AIDS offer perhaps more instructive examples, showing a marked rise and fall
over decades that reflects both their impact within the United States and the attention of researchers.
However, this is also indicative of the relative invisibility of these two conditions, as they persist on a
global scale long after the development of ‘magic bullets’ that promised to control both infections
(McMillen, 2015; HIV/AIDS JUNPo, 2018, Keshavjee and Farmer, 2012).

We can similarly examine traces of the medical profession’s changing self-identity over time,
reflected in its shifting ethical and epistemic underpinnings. The emergence of concerns about ethics
(and the rise of the field of bioethics) can be seen in the rise of words like ‘ethical’, ‘autonomy’, or
‘consent’ (Figure 2; Rothman, 1991; Truog, 2012). Concern with ‘ethical’, however, has diminished
markedly since 1995, a signal worth further investigation. Even more strikingly, we see (Figure 2e
and f) the rise of the clinical trial infrastructure and the epistemic grounding of medical science within
such trials (Bothwell et al., 2016), reflected in the rise of ‘controlled’ and ‘randomized’, and still more
dramatically, of ‘trial’ itself (with a corresponding decline in ‘experiment’).

When we turn to medicine’s material underpinnings, an unexpected signal has emerged (Figure 2g
and h). No historian of American medicine would be surprised by the increasing focus on the hospital
— as site of care, education, and research — between 1850 and 1950 (Rosenberg, 1987, Stevens,
1989). But the dramatic decline in usage of the term, post-1950, is a surprising finding, given the
presumably persisting centrality of the hospital in each of these domains. What accounts for this?
Did the passage of the Hill-Burton Act in 1946, which led to the establishment of some 6800 new
hospitals (Health Resources and Services Administration, 1992), establish the role of hospitals in
health care such that they no longer needed to be discussed and debated? Or, conversely, does the
decline reflect a shift in focus of medical care and education to the outpatient setting (Figure 2g and
h)? The term ‘clinic’, however, nearly matches the rise and fall of hospital, with its peak in the 1940s.
We welcome other hypotheses from readers.

Countless searches can be done for other terms believed to be of significance, and many of these
will reveal unexpected signals that demand analysis and require more thorough historical investigation.

Time series for bigrams and trigrams (sequential pairs and triplets of
words)

Analogous searches can be conducted for bigrams, compared to the denominator of all bigrams within
a particular corpus (and they can be similarly conducted for still longer combinations of words). For
example, this sentence contains six bigrams. As with single words, some of these examples confirm
or lend nuance to expectations, methodologically or conceptually. Methodologically, it may be noted
that one of us had previously manually traced the rise and fall of the term ‘personal equation’ in the
medical literature from 1850 to 1950 as a complex, multi-faceted term at times signifying individual
patient or clinician variability, at other times signifying observer bias. The rise and fall of ‘personal
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Figure 2. Time series plots for selected words, with frequency per 100,000 words as a function of year.

Time series plots, with frequency per 100,000 words as a function of year for: the words 'AIDS’, ‘cancer’, ‘cardiac’,
‘coronavirus’, and ‘tuberculosis’ in the (a) Journal of the American Medical Association (JAMA) corpus (1883-2018)
and (b) New England Journal of Medicine (NEJM) corpus (1812-2020); the words ‘autonomy’, ‘consent’, ‘ethical’,

Figure 2 continued on next page
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Figure 2 continued

‘ethics’, ‘moral’, ‘professionalism’, and ‘respect’ in (¢) JAMA and (d) NEJM; for the words ‘controlled’, ‘experiment’,
'randomized’, and ‘trial’ in (e) JAMA and (f) NEJM; and for the words ‘clinic’, 'hospital’, ‘inpatient’, 'laboratory’,
‘outpatient’, and ‘telephone’ in (g) JAMA and (h) NEJM.

equation’ through the present bigram computation (Figure 3a) conforms well to the NEJM analysis
conducted previously through examination of each instance of the term recognized by the NEJM's
own full-text search tool (Brinkmann et al., 2019).

Turning to novel searches, we see that ‘antibiotic resistance’ rises with the widespread recogni-
tion of resistant bacteria in the 1950s and of their horizontal transmission of resistance in the 1960s
(Figure 3b and c). It appears to drop off in salience by the early 1980s, before a second wave of
attention from the late 1980s onward as it became linked to emerging infections more broadly, and
concerns about the capacity of the pharmaceutical industry to keep up with such newly resistant
bacteria in particular (Podolsky, 2015; Neu, 1992; Overton et al., 2021). The late 20th-century rise
of ‘informed consent’ (apparently comprising half of the uses of ‘consent’; Figure 3d and e), fall of
‘mental retardation’, (Figure 3f and g), and swift rise and fall of ‘'managed care’ (while ‘health policy’
rose and remained high; Figure 3h and i) again point to the ethical, semantic/conceptual, and mate-
rial/infrastructural underpinnings of organized medicine.

Yet, there are again perhaps more instructive signals. Both ‘breast cancer’ and ‘lung cancer’ rise
throughout the latter half of the 20th century (Figure 3j and k). However, despite the predominance
in recent decades of lung cancer mortality over breast cancer mortality, ‘breast cancer’ is consistently
mentioned at a higher rate (roughly twice the rate) than is ‘lung cancer’. This parallels discrepancies
seen in the ratio of National Institutes of Health funding to the burden of disease contributed by these
two forms of cancer (Gross et al., 1999). Does this represent differential stigmatization of lung cancer
versus breast cancer patients? The mobilization of attention, advocacy, and funding around one versus
the other condition? Again, such signals warrant additional investigation.

‘Myocardial infarction’, like cancer, rises dramatically over the 20th century (Figure 3| and m). But
here the trajectories in the two journals are distinct. While the plot of NEJM data shows a steadly rise
to its peak in 2000, the plot of JAMA data shows a bimodal distribution with one peak in the 1970s,
followed by a notable dip, and then a rise to a second peak in the early 2000s. Similar trajectories
are seen with ‘heart attack’ in the two journals (though at much lower prevalence). It is hard to guess
what might have led to the decrease in prevalence of myocardial infarction in JAMA at a time when
it remained the leading cause of death. Did this reflect a shift in editorial policy? Was a different term
briefly favored? Again, further investigation would be required.

To enable further research to distill these trends (both single-word frequencies and higher-order
ngrams), as well as to support other interrogations for unexpected signals and stories, we provide an
ngram site to enable users to visualize and model longitudinal trends in NEJM and JAMA (Figure 4)
at: https://countway.harvard.edu/center-history-medicine/center-services/looking-glass.

Word meanings

One challenge of the time series analyses is that the meaning and usage of a specific term can change
over time. Consider the case of ‘patent’, which shows two peaks, one in the 1840s and another in
the early 2000s (Figure 5). The new dataset can be analyzed to explore this. The technique of vector
representations (referred to as ‘word embeddings’ among computational linguists) can be used to
identify the other words most closely associated with the target term in a specific time period. Funda-
mentally, these techniques seek to define a numerical address (a vector) for every word based on the
company it keeps: more co-occurrences translate to two words inhabiting a similar neighborhood in
an abstract n-dimensional space. The numerical addresses for most words (e.g., ‘the’) are fixed and
do not change, while others vary and evolve over time (see Materials and methods). Such an analysis
answers the puzzle for ‘patent’ (Tables 1 and 2; Supplementary files 1 and 2): the two peaks of
occurrences reflect distinct sets of meaning, with patent medicines explaining the first peak (e.g.,
‘patent’ occurs in association with nostrum, proprietary, fakish, secret, exploiter, evil, dopers, and
quackery) (Gabriel, 2014; Young, 1987), while a mix of inventor’s patents (e.g., inventors, coinven-
tors, device) and congenital heart disease (patent foramen ovale, patent ductus arteriosus) explains
the second peak.
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Figure 3. Time series plots for selected bigrams, with frequency per 100,000 bigrams as a function of year.

Time series plots, with frequency per 100,000 bigrams as a function of year, for: the bigram ‘personal equation’ in the (a) New England Journal of
Medicine (NEJM) corpus; the bigram ‘antibiotic resistance’ in the (b) Journal of the American Medical Association (JAMA) corpus (1883-2018), and (c)
NEJM corpus (1812-2020); the bigram ‘informed consent’ in (d) JAMA and (e) NEJM; the bigram ‘'mental retardation” in (f) JAMA and (g) NEJM; the
bigrams 'health policy’ and ‘managed care’ in (h) JAMA and (i) NEJM; the bigrams ‘breast cancer’ and ‘lung cancer’ in (j) JAMA and (k) NEJM; and the
bigrams ‘myocardial infarction’ and 'heart attack’ in (I) JAMA and (m) NEJM.
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Many words are still more informative. We next focus on four charged ones: abortion, bias, defec-
tive, and race.

Abortion (Tables 1 and 2; Supplementary files 3 and 4) has been an enduring problem for
the medical profession in the United States, with the procedure widely tolerated in the early 19th
century, criminalized in the late 19th century, decriminalized in the 1970s, and contested ever since
(Mohr, 1979; Reagan, 1997; De Ville, 1992). Early associations include causes (e.g., smallpox) and
related processes (e.g., miscarriage, pregnancy, menorrhagia, labor). ‘Criminal’ first appears in NEJM
in the 1850s, corresponding with the medical campaign to ban the procedure, and remains atop
the list through the early 1900s. Contraception first appears in the 1930s, but does not become a
strong association until the 1950s in JAMA and the 1960s in NEJM. Legalization first appears in the
1970s and becomes more prominent by the 1990s. Specific articles would need to be examined to
determine whether this reflects an emerging argument that abortion could be justified in the case of
contraceptive failure, or (in the 1960s) part of a broader conversation about the emerging ‘right to
privacy’ that was the key to the Supreme Court decisions that legalized first contraception (Griswold
v. Connecticut) and then abortion (Roe v. Wade) (Mohr, 1979; Reagan, 1997; Ziegler, 2020). In
NEJM, religion and religious also first appear in the 1970s, and only break into the top 10 (religious)
in the 2010s, reflecting an important observation made by historians that the abortion debate in the
United States was not couched in religious terms until quite recently. However, both religion and
religious are strikingly less prominent among JAMA's nearest terms — neither word falls within the
top 30 associations at any point. This is a notable finding, possibly reflecting editorial differences and
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Figure 5. Time series plot, with frequency per 100,000 words as a function of year, for the word ‘patent’ in the (a) Journal of the American Medical
Association (JAMA) corpus and the (b) New England Journal of Medicine (NEJM) corpus.

suggests that there may be dissimilarities in the academic discussion regarding abortion between
the two journals.

Bias rose precipitously in usage, in both JAMA and NEJM, in the latter half of the 20th century
(though falling, unexpectedly, in the 21st century in NEJM,; Figure 6). As of the 1920s, its top 20
associations are moral and vernacular (Tables 1 and 2; Supplementary files 5 and 6). In JAMA,
bias is associated with words such as prejudice, insincerity, deluding, untruthfulness, and wrongness.
Similarly, in NEJM, the top 20 most-related terms for bias include deception, guilt, insincerity, malev-
olence, sinfulness, disgust, and pettiness. But we already see hints of later, less-conscious mispercep-
tion, with misjudgment, denial, and subconscious included (as was ‘sham’) in the 1920s; and by the
1950s, ‘uncertainty’ is the #3 related term in JAMA and ‘subjectivity’ has become the #4 related term
in NEJM. To understand the meaning of these moral meanings of bias from the 1920s to 1960s, it
would be necessary to examine specific articles in detail. Is bias a problem in physicians or patients?
In clinicians or researchers? Tools like ours can suggest puzzling findings, but traditional modes of
historical analysis are required to understand them. By the 1970s, bias has largely become a statistical
clinical trial term — with misclassification, selection, retrospective, errors, confounding, and validity all
in the top 20 — but its moral associations are still apparent in such associations further down the list
as unverifiable, blatantly, recalcitrance, and antisocial, demonstrating medicine’s linked moral and
epistemic commitments.

Defective (Tables 1 and 2; Supplementary files 7 and 8), a word with strong moral valences, has
diffuse (and hard to interpret) associations in the 19th century. A new set of associations rises to prom-
inence in the early 20th century (present in both JAMA and NEJM) - impaired, congenitally, feeble-
minded, mentally, delinquents, retarded, idiot, and others - a reflection of the rise of the eugenics
movement in the United States and its concern with supposedly defective people (Kevles, 1995;
Paul, 1998). While eugenics has faded from medical discourse, ‘defective’ persists, now almost exclu-
sively in association with genes (tlr1, cftr, nlrp3, dysregulated, dock2, repression, etc.). This reflects the
emergence of modern genetics, a very different science of inter-individual variability than that which
eugenics had promised. But genetics still encodes a language of value judgments, sharing eugenics’
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Figure 6. Time series plot, with frequency per 100,000 words as a function of year, for the word 'bias’ in the (a) Journal of the American Medical
Association (JAMA) corpus and the (b) New England Journal of Medicine (NEJM) corpus.

concerns with ‘defective’. It might seem more benign to talk about defective genes than defective
intellects and mental retardation, but the basic judgment remains: there is a normal standard against
which variants are judged, and typically found to be inadequate, or ‘defective’. This will inevitably
contribute to the stigmatization of genetic variations associated with diseases or other undesirable
traits. This is an interesting finding in the setting of the longstanding debate about whether the field
of medical genetics is still colored by its eugenic prehistory (Cowan, 2008; Comfort, 2012).

Race has an even more striking history (Tables 1 and 2; Supplementary files 9 and 10). Its early
occurrences in the 19th century cover enormous ground: sexual, debauched, monkey, peasanty,
degradation, Jewish, anglosaxon, uncivilized, and many others. This should be no surprise. The racist
aspects of medical theory and practice, from the 19th century through the 20th and into the 21st,
have been well documented by historians (Roberts, 2011; Wailoo, 2011, Braun, 2014, Vyas et al.,
2020). 'Jew’ and ‘Negro’ are especially prominent in the eugenic decades of the early 20th century.
A marked change occurs in the 1940s, when sex (and then ethnic/ethnicity) become race's closest
associations, presumably a reflection of a shift in medical publication that linked sex and race in
reporting the demographic characteristics of patients in clinical research trials (Epstein, 2008). This is
not to say that racist bias had disappeared from medical theory. It is simply to note that a new use of
race had emerged, a more administrative and bureaucratic one (e.g., the expectation that race, like
age and gender, was a defining feature of patients that needed to be tracked in medical research and
practice); as this usage became ubiquitous, it drowned out other uses and meanings of the word. By
the 21st century, race had lost (at least in these word frequency associations) its early eccentric and
eugenic associations and become an administrative category (ethnic, sex, Hispanic, Asian, female,
marital, etc.). This routinization has many effects. It makes a normative judgment: doctors should
think race — as a biological category - is relevant. And it obscures the ways in which race actually
remained a contested category within medicine (Tishkoff and Kidd, 2004, Pollock, 2012; Jones,
2021). One clue concerning this discomfort is reflected by the emergence of ‘self-identified’ in JAMA
after the 1990s: unsure of what race really is, doctors increasingly defaulted to putting responsibility
on patients to ‘self-identify’ their race, as if that made the label somehow true or safe. However, as
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many clinicians and researchers know, patients often struggle to shoehorn their complex identities
into the limited options given to them (e.g., black versus nonblack, or the five races and two ethnic
categories used widely in American health care). Once again, such a signal can lead to further exam-
ination through close textual analysis.

Higher-level evolution of disease concepts

We can trace these histories in another way. The vector representations (or word addresses), from
the related terms/word meaning analyses, can be clustered to discover higher-order structures (i.e.,
word groupings or neighborhoods). As described above, each word has a vector representation/word
address based on the company it keeps. Two words that co-occur with high frequency will have similar
vectors/addresses. Notably, for most words (e.g., ‘the’), the vector/address is fixed and does not
change with respect to time. This makes intuitive sense: the word ‘the’ has the same meaning in the
1810s as it does in the 2020s. However, for some words, the vector does vary and evolve over time. As
noted in the word meaning analyses, this allows us to discover change in meaning as demonstrated by
changing word contexts. For the word meanings analysis, this was limited to looking at a single word
at any given time point.

Since the vectors/addresses of multiple words change over time, we can also trace the evolution
of groupings or clusters of words; these groupings would represent ‘higher-order’ medical concepts.
In simpler terms, rather than looking for related terms given a word of interest in a particular time
period, we cluster all the words such that all related terms end up in a single group. Using a clustering
technique called ‘affinity propagation’ that does not require us to pre-specify the number or the size
of word neighborhoods/clusters (Frey and Dueck, 2007), we looked back through time (in quarter-
century increments back to 1900) in NEJM to visualize the evolution of modern medical ideas in this
abstract conceptual space (see Materials and methods). The advantage of this unsupervised clustering
approach is that it is unaffected by our own subjectivity and pre-existing historical knowledge; that is,
we do not a priori specify which words we are looking at or which groupings interest us.

The affinity propagation clustering algorithm generates an unspecified number of clusters every
quarter century, starting from 1900. The clusters within each time period represent word groupings/
neighborhoods, or equivalently, the algorithm’s approximation to major conceptual clusters during
that time. This is perhaps akin to how an alien civilization would understand disease concepts if they
were to only read NEJM in that particular time period.

There were many clusters and stories to tell, but here we focus on one: the evolution in NEJM of our
modern medical understanding of dementia (Figure 7). The algorithm identified a word cluster/neigh-
borhood in the post-2000 time period, consisting of 14 terms: alzheimer, amyotrophic, angiopathy,
dementia, frontotemporal, huntington, lewy, lobar, neurodegenerative, neuropathology, parkinson,
pick, senile, and wernicke. These 14 terms had similar vectorrepresentations/word addresses in the
post-2000 period, which we termed the ‘dementia cluster’. In other words, these words tended to
co-occur (i.e., be used) in similar contexts in NEJM articles published after the year 2000. Evidently,
this current post-2000 dementia cluster is a narrow neurological one, which makes intuitive sense.
We can subsequently trace each of these words back in time and explore which groupings each word
previously inhabited (i.e., prior to the year 2000). The size of the connection between clusters denotes
proportionally how many words from that cluster ‘flow’ into the next; the absence of a connection
indicates that two consecutive clusters share no words. Moving backward like this, we can see a
wider range of associations, with these 14 terms falling into different word neighborhoods/concep-
tual groups. This likely reflects several factors: increasing etiological and clinical characterization of
mental disorders, changing burden of disease, changing language (e.g., the disappearance of senile
dementia), and other issues (e.g., the 1950-1974 cluster on crime/law/malpractice has dissipated)
(Ballenger, 2006).

This evolution of word neighborhoods is revealing in many ways. The 1900-1924 grouping of alco-
holism, dementia, and neurosyphilis — as well as its persistence into the 1925-1949 period, reflects
the fact that many of the pathological features associated with dementia were first observed in brains
from individuals afflicted with general paresis (due to CNS syphilitic infection) and in individuals with
chronic alcoholism (Berchtold and Cotman, 1998). In fact, Samuel Wilks first described atrophy (asso-
ciated with decreased brain weight) as being due to chronic alcoholism and CNS syphilis (‘'neurosyph-
ilis"), which was later investigated in relation to other dementias (Berchtold and Cotman, 1998).
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Figure 7. Evolution of the modern concept of ‘dementia’ as reflected in New England Journal of Medicine
(NEJM). Each column denotes a quarter century: 19001924 (yellow), 1925-1949 (green), 1950-1974 (blue-purple),
1975-1999 (pink-violet), and 2000-2020 (red). Clustering using the word addresses/vectors generated during the
2000-2020 groups the following words together: alzheimer, amyotrophic, angiopathy, dementia, frontotemporal,

Figure 7 continued on next page
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Figure 7 continued

huntington, lewy, lobar, neurodegenerative, neuropathology, parkinson, pick, senile, and wernicke (all highlighted
with a red background). We subsequently identify which clusters, historically, each of these 14 terms belonged to.
The size of the connections denotes proportionally how many words from that cluster ‘flowed’ into the next. The
absence of a connection indicates that two consecutive clusters share no words.

We subsequently see the word groupings reflect the increased attention to the newly discovered
pathological features — plaques and tangles — that had been identified in the brains of individuals with
‘senile dementia’.

As with the other analyses, further research is required to distill and solidify our understanding of
the modern conceptualization of dementia and Alzheimer’s disease. Further, countless interrogations
can be performed for the evolution of other modern medical concepts, and many of these will reveal
unexpected signals and stories that demand further investigation.

Conclusion

Tracing this evolution of medical knowledge and values, in the context of broader medical innovation
and historical developments, exposes the shifting scientific, material, ethical, and epistemic frame-
works of medicine over time. The trends and signals we have discovered have likewise impacted the
ways patients and the public engage with medicine. Our analyses have only scratched the surface of
what can be done with this novel methodology and database. Medicine has clearly changed in some
ways that we expected. But there are many surprising things we did not expect (e.g., reduction in
the mention of ‘hospital’ over the late 20th century, editorial differences in discussions surrounding
abortion). While the signals we have uncovered require follow-up research using traditional methods
of historical scholarship, further computational linguistic analyses of the content and language of
publishing offer a treasure trove of insight waiting to be further explored. We invite others to join in
this work.

Materials and methods
Constructing the JAMA and NEJM datasets

To enable this computational analysis, we constructed a database of all articles ever published in
JAMA and NEJM. In this study, an article is defined as any document with a DOI, which is a persistent
handle that can be used to identify academic publications uniquely.

For the JAMA dataset, we collected 304,905 DOls, of which 223,748 had associated authorship
metadata. Our JAMA database captured 278,461 articles published in JAMA from 1883 to 2018
(inclusive), representing >91% of all articles ever published. The missing articles (<9%) have not been
digitized, have erroneous DOI references that could not be corrected, or simply, were not captured
during crowd-sourcing efforts.

Similarly, based on DOI counts, our crowd-sourced NEJM database captured 182,675 articles
published from 1812 to 2020, which represents >99.5% of all articles ever published in NEJM. The
missing articles (estimated to be between 65 and 194 articles) may not have been captured in our
dataset construction for several reasons. Some of these DOIs may be erroneous and/or do not resolve
to a NEJM article (estimated to be 20 articles). Alternatively, the article may have been too recent or
perhaps more simply, was not captured by our volunteers during our crowd-sourcing efforts. However,
given that these articles represent less than 0.05-0.5% of the entire NEJM corpus and were missing at
random, this would have little to no impact on subsequent analyses. For all articles, we curated article
types and topics.

To validate the OCR results compared with the original manuscripts, two individuals manually and
independently transcribed the same 600 lines randomly selected from each semi-century contained
in our dataset (150 consecutive lines [composed of more than 31,000 characters] from each of the
following time intervals: 1850-1899, 1900-1949, 1950-1999, 2000-2020). The two manually tran-
scribed sets of lines were consolidated and manually verified by a third individual, with full access
to the original manuscripts, to establish the gold standard with which we compared the automated
OCR results with standard deviations bootstrapped from the data. We calculated the character error
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rate to be (Figure 8a): 0.26% (+ standard deviation [std] = 0.004%; 1 in 384 characters) for articles
published before 1899, 0.014% (+ std 0.001%; 1 in 7105 characters) for articles published between
1900 and 1949, 0.065% (+ std 0.002%; 1 in 1520 characters) for articles published between 1950 and
1999, and 0.037% (+ std 0.001%,; 1 in 2701 characters) for articles published after 2000. All alphanu-
meric character discrepancies were traced back to typographical errors introduced by poor printing
quality (e.g., e recognized as c when the [horizontal] bar of the letter e is missing; Figure 8b). This is
further validated by the observation that 71% of character errors occurred in digitized manuscripts
published prior to the year 1899, with a cumulative error rate of less than 1 in 2500 in the lines
published after 1900. Notably, the error rate post-1900 was similar to the number of discrepancies
between the two human transcribers. Post-2000, all OCR errors were traced back to difficulty in recog-
nizing punctuation (e.g., long dashes) without a single error in alphanumeric recognition. During the
manual transcription, we also noted the presence of typographical errors by the original authors (e.g.,
‘ecnmmunicated’ [sic] instead of ‘communicated’; Figure 8c) and historical word choices (‘essayed’
[meaning tried], or ‘farther investigation’ [in lieu of ‘further investigation’]; Figure 8d and e). The auto-
mated OCR pipeline preserved these as did our human transcribers, which we believe is appropriate
given the historical nature of the dataset.

Shifting word meanings and evolution of disease concepts

As a broad overview, in less technical terms, for each decade (or quarter century), we calculated a
‘vector representation’ for all words in the JAMA and NEJM corpora separately. This ‘vector repre-
sentation’ is the way the computer encodes the meaning of the word — with words that have similar
meaning/used in similar contexts being correlated. As an analogy, we can encode location information
as longitude and latitude coordinates. Places with similar coordinates would have similar climates.
Similarly, words with correlated ‘vectors’ either have similar meanings or are used in similar contexts.
The analysis described here can also be likened to ‘guilty by association’ — words that share similar
company have similar 'vector representations’. For our shifting word meaning analyses, we find the top
200 most correlated words during that decade. Similarly, using these vector representations for each
quarter century, we clustered the words into ‘concepts’, which we then manually traced to understand
the evolution of broader disease and medical concepts (i.e., evolution of disease concept analyses).

Technical details: To analyze the evolution of word meaning, we used the modeling approach of
temporal referencing (TR), detailed in Dubossarsky et al., 2019, which avoids post hoc alignment
when learning individual word representations for different time periods. We performed the analysis
separately for JAMA and NEJM. TR allows us to treat each journal’s corpus as a single unit, rather
than sub-dividing the articles into time-specific corpora. We a priori defined a crowd-sourced list
of 10,497 words that we thought have historical and/or medical relevance (i.e., our target list). We
then replaced each word from our target list with a time-specific token (either using decade intervals
or quarter centuries, depending on the analysis). This allows our model to learn a vector for each
word-time pair in a single space, and thus facilitates comparison without the need for alignment. The
underlying model used to generate the word embeddings was a skim-gram with negative sampling
architecture. For each word in our target list, to assess shifting word meanings, we used the cosine
similarity metric to identify the top 200 most-correlated words for each decade. Sensitivity analyses
were performed using a classical approach: sub-dividing the articles into time-specific corpora and
generating embeddings limited to that time period. This classical approach did not require specifica-
tion of a target list of words and supported the robustness of the TR approach. For the evolution of
disease concepts, we used a longer time period (i.e., quarter century) to generate the word embed-
dings, which we subsequently clustered within each time period using the affinity propagation algo-
rithm. Affinity propagation is a ‘'message-passing’ clustering approach that, unlike k-means, does not
require a priori specification of the number of clusters. To assess the robustness of the clusters and as
further sensitivity analyses, we performed repeated running of affinity propagation (clustering) with
different initialization parameters and seeds to validate the robustness of the clusters.
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Figure 8. Validation and verification of optical character recognition (OCR) processing of the original New England Journal of Medicine (NEJM) and
Journal of the American Medical Association (JAMA) manuscripts. (a) We estimated the character error rate, to be: 0.26% (+ standard deviation [std] =
0.004%; 1 in 384 characters) for articles published before 1899, 0.014% (+std 0.001%; 1 in 7105 characters) for articles published between 1900 and 1949,
0.065% (+std 0.002%; 1 in 1520 characters) for articles published between 1950 and 1999, and 0.037% (+std 0.001%; 1 in 2701 characters) for articles
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Figure 8 continued

published after 2000. (b) All alphanumeric character discrepancies were traced back to typographical errors introduced by poor printing quality (e.g., e
recognized as ¢ when the [horizontal] bar of the letter e is missing). During the manual transcription, we also noted the presence of: (c) typographical
errors by the original authors and (d, e) historical word choices.
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