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Abstract

Background: The wide variety of morphological variants of domain-specific technical
terms contributes to the complexity of performing natural language processing of
the scientific literature related to molecular biology. For morphological analysis of
these texts, lemmatization has been actively applied in the recent biomedical
research.

Results: In this work, we developed a domain-specific lemmatization tool,
BioLemmatizer, for the morphological analysis of biomedical literature. The tool
focuses on the inflectional morphology of English and is based on the general
English lemmatization tool MorphAdorner. The BioLemmatizer is further tailored to
the biological domain through incorporation of several published lexical resources. It
retrieves lemmas based on the use of a word lexicon, and defines a set of rules that
transform a word to a lemma if it is not encountered in the lexicon. An innovative
aspect of the BioLemmatizer is the use of a hierarchical strategy for searching the
lexicon, which enables the discovery of the correct lemma even if the input Part-of-
Speech information is inaccurate. The BioLemmiatizer achieves an accuracy of 97.5%
in lemmatizing an evaluation set prepared from the CRAFT corpus, a collection of
full-text biomedical articles, and an accuracy of 97.6% on the LLLO5 corpus. The
contribution of the BioLemmatizer to accuracy improvement of a practical
information extraction task is further demonstrated when it is used as a component
in a biomedical text mining system.

Conclusions: The BioLemmatizer outperforms other tools when compared with
eight existing lemmatizers. The BioLemmatizer is released as an open source
software and can be downloaded from http.//biolemmatizer.sourceforge.net.

Background

An important fundamental natural language processing (NLP) task is lemmatization.
Lemmatization is a morphological transformation that changes a word as it appears in
running text into the base or dictionary form of the word, which is known as a lemma,
by removing the inflectional ending of the word. The lemma corresponds to the singu-
lar form in the case of a noun, the infinitive form in the case of a verb, and the posi-
tive form in the case of an adjective or adverb. We can think of lemmatization as a
normalization process in which different morphological variants of a word are mapped
into the same underlying lemma so they can be analyzed as a single item (term or con-
cept). By reducing the total number of distinct terms, lemmatization decreases the
complexity of the analyzed text, and therefore brings important benefits to downstream
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text processing components. For instance, when incorporated in an information retrie-
val system, lemmatization can help to improve overall retrieval recall since a query will
be able to match more documents when variants in both query and documents are
morphologically normalized [1]. Similarly, natural language understanding systems are
able to work with linguistically normalized terms, effectively semantic concepts, rather
than having to individually handle all surface variants of a word [2].

Stemming, another word form normalization technique, has also been widely applied
in information retrieval [3]. Stemming normalizes several morphological variants of a
word into the same form, known as a stem, by stripping off the suffix of a word.
Though the goals of stemming are similar to those of lemmatization, an important dis-
tinction is that stemming does not aim to generate a naturally occurring, dictionary
form of a word - for instance, the stem of “regulated” would be “regul” rather than the
base verb form “regulate”. This often results in incorrect conflation of semantically dis-
tinct terms [4]. For instance, the terms “activates”, “activations” and “activities” would
all be (over-) stemmed to “activ” or “act” by most stemming algorithms [5,6], while a
lemmatizer would treat them as having distinct base forms (note that “activates” and
“activation” will be maintained as distinct for a lemmatizer that handles only inflec-
tional morphology since the former is a verb form and the latter a noun). On the
other hand, existing stemming algorithms may not correctly conflate related inflected
forms, such as “actor” and “action” (understemming). Compared to the truncated,
ambiguous stems that stemming often returns, more linguistically-based lemmas have
shown advantages in document clustering and information extraction [7-9].

The scientific literature related to molecular biology contains a huge number of
domain-specific technical terms [10]. In addition to the characteristics of the terms
themselves such as Greek letters, digits and other symbols, the wide variety of ortho-
graphic and morphological variants of these terms also contributes to the complexity
of processing biological literature. For morphological analysis of these texts, lemmatiza-
tion has been actively applied in the recent biomedical research [2,11,12]. In order to
assist in efficient medical text analysis, lemmas rather than full word forms in input
texts are often used as a feature for machine learning methods that detect medical
entities [11]. Methods that take advantage of syntactic dependency paths to detect
mentions of protein-protein interactions in the biomedical scientific literature often
utilize lemmatized tokens rather than inflected forms [2,12].

In the more recent BioNLP’11 shared task on event extraction [13], four out of the
top nine performing systems of the GENIA event task contain a lemmatization compo-
nent [9,14-16]. It is demonstrated that the performance of the event extraction system
is significantly improved by abstracting literal words to their lemmas [9]. However, all
the lemmatization tools used in the shared task, such as morpha [17], and WordNet-
based [18] lemmatizers, were developed and parameterized only for the general English
language, and therefore cannot correctly produce the lemmas for many biomedical
terms [9,19,20]. For instance, the domain-specific terms “phosphorylation” and “methy-
lation” are not recorded in the general English thesaurus WordNet. Therefore, applying
these tools to the biology domain results in some loss in performance.

The lexical programs using the Specialist lexicon® [21], one of the UMLS knowledge
sources at the National Library of Medicine [22], have been used to normalize words in
biological texts to account for spelling variations and also to provide lemmas [12]. The
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Specialist lexicon includes both general English lexical items as well as terms specific to
biomedicine, selected from a variety of sources including MEDLINE citations [23], the
UMLS Metathesaurus [22], and more than eight medical and general English diction-
aries. Although the Specialist lexicon provides a broad coverage of the general biomedi-
cal language, it fails to cover in detail the various subdomains of molecular biology, such
as gene and protein names [10]. Furthermore, the lexical programs are designed to nor-
malize a word into a form that maps to an entry in the UMLS Metathesaurus in order to
facilitate the subsequent semantic analysis. Therefore, in addition to common morpho-
logical processing, the normalization process also involves ignoring punctuation, remov-
ing genitive markers, ignoring word order, etc. [21]. Therefore, the resulting normalized
form may not correspond to the lemma a user expects.

In this work, we developed a domain-specific lemmatization tool, BioLemmatizer, for
the morphological analysis of biomedical literature. The BioLemmatizer is based on
the general English lemmatizer from the MorphAdorner toolkit [24], and is tailored to
the biological domain through integration of several published lexical resources related
to molecular biology. It focuses on the inflectional morphology of English, including
the plural form of nouns, the conjugations of verbs, and the comparative and superla-
tive form of adjectives and adverbs. Given a word and its Part-of-Speech (POS) usage,
the BioLemmatizer retrieves the lemma based on the use of a lexicon that covers an
exhaustive list of inflected word forms and their corresponding lemmas in both general
English and the biomedical domain, as well as a set of rules that generalize morpholo-
gical transformations to heuristically handle words not encountered in the lexicon.

Derivational morphology links forms of lexical items grammatically related by affixa-
tion, but involve a change in syntactic category [21]. For instance, “malaria” is a noun
derivationally related to the adjective “malarial” by the suffix “al”. Although the Bio-
Lemmatizer natively transforms adverbs to their grammatically related adjectives based
on that functionality in the underlying MorphAdorner lemmatizer, it does not cur-
rently address derivational morphology for other parts of speech, such as relating
nominalizations to their source verbs, or adjectives to their source nouns.

The BioLemmatizer is developed in Java and has been integrated into the Apache
Unstructured Information Management Architecture (UIMA) [25]. It is freely available
to the NLP and text mining research communities, and is released as open source soft-
ware that can be downloaded via http://biolemmatizer.sourceforge.net. The BioLemma-
tizer has been successfully applied for quality assurance of the CRAFT corpus [26,27]
in preparation for its upcoming public release.

The rest of the paper is organized as follows: First, we review eight different existing
tools that all provide a lemmatization function. Then, we report a thorough evaluation
of the BioLemmatizer on three different biomedical datasets in comparison with the
existing tools. A successful application of the BioLemmatizer is also described in detail.
Further, the contribution of the BioLemmatizer to accuracy improvement of an informa-
tion extraction task is demonstrated. Next, we elaborate the methods and resources used
in the BioLemmatizer tool. Finally, we summarize the paper and introduce future work.

Related work
A number of tools have been developed over the years which provide lemmatization
functionality. Despite the different processing techniques employed, all of them make
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use of a word lexicon, a set of rules, or a combination of the two as the resources for
morphological analysis. In this section, we review eight different lemmatization tools,
including the WordNet lemmatizer [28], the CLEAR morphological analyzer [29], the
GENIA tagger [30], TreeTagger [31], Norm [32], LuiNorm [33], MorphAdorner [24]
and morpha [17]. The performance of each tool is evaluated thoroughly on biomedical
texts in the Results section in order to compare with that of the BioLemmatizer.

The WordNet lemmatizer [28] uses the internal lemmatization algorithm of Word-
Net [18] to normalize words. The algorithm makes use of two resources, a set of rules
which specify the inflectional endings that can be detached from individual words, and
a list of exceptions for irregular word forms. It first checks for exceptions and then
applies the rules of detachment. After each transformation by rules, the WordNet data-
base is searched for the existence of the resulting form. In our experiments, we slightly
modified the standard WordNet lemmatizer to produce lemmas for each input word
together with its Part-of-Speech tag. If it fails, the lemmatizer attempts to retrieve all
valid WordNet lemmas for the input word without considering the provided POS
information. If the lemma still cannot be identified, the original surface form is
returned.

The CLEAR morphological analyzer [29] is also developed on top of the morphology
functions of WordNet. In addition to the WordNet rules of detachment, it finds lem-
mas for some abbreviations (e.g.,7e — be), generalizes ordinals (e.g., 21st — $#ORD#
$), and shortens all numbers (e.g., 3.14 — 0.0) in input words. The generalized lemmas
have been demonstrated to be useful for some NLP tasks, for instance, dependency
parsing [34]. However, since WordNet is not targeted at the biology domain, the per-
formance of this and all WordNet-based lemmatizers on biomedical text suffers from
its modest coverage of domain-specific terms [9,16,35,36].

The GENIA tagger [30] is a POS tagger specifically tuned for biomedical text. In
addition to the POS tagging function, it also produces base forms for detected tokens.
The morphological analysis focuses on four syntactic categories: noun, verb, adjective
and adverb. The tagger maintains an exception list of irregular words, and a dictionary
for both general English from WordNet [18] and biomedical language based on cor-
pora such as GENIA [37] and PennBiolE [38]. A small set of rules is also used to heur-
istically handle tokens not encountered in the lexical resource. The dictionary is
checked when rules require that the resulting transformed form be validated.

Similarly, TreeTagger [31] provides lemma information as part of POS tagging. How-
ever, since its lemmatization process solely relies on lexicon lookup, TreeTagger fails
to retrieve lemmas for input words that are not recorded in the lexicon. Moreover, its
ability to identify lemmas in the biology domain is restricted by the limited domain-
specific coverage of the internal lexicon, despite having been applied in biomedical
research [39]. A limitation of both the GENIA tagger and TreeTagger for lemmatiza-
tion is that the lemmatization function is not separable from the POS tagging, and
therefore cannot be used with a distinct tagging or parsing tool.

Norm [32] and LuiNorm [33] are lexical programs which normalize words in biome-
dical text using the Specialist lexicon [21]. Uninflected forms are generated using the
Specialist lexicon directly if words appear in it; otherwise they are generated algorith-
mically [32]. Since the ultimate goal of these programs is to map normalized words to
entries in the UMLS Metathesaurus [22], the normalization process additionally
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involves stripping possessives and diacritics, replacing punctuation with spaces, remov-
ing stop words, splitting ligatures, etc. [21]. Therefore, the resulting normalized form
may differ substantially from lemmas obtained from other lemmatizers. POS informa-
tion is not considered in the normalization process. When a form could be an inflec-
tion of more than one base form, Norm returns multiple base forms. In contrast,
LuiNorm returns a single uninflected output for any input as it involves a process
called canonicalization [33], which maintains a one-to-one correspondence between an
input term and an output lemma even for ambiguously inflected input terms.

MorphAdorner [24] is a text analysis toolkit for general English, which consists of
text processing components such as a sentence splitter, lemmatizer and POS tagger,
and has been actively used in the Monk project [40]. Compared to other tools, the
MorphAdorner lemmatizer maintains a word lexicon, a list of irregular forms and a set
of rules for detachment, and makes use of them sequentially. Once a lemma is
returned from any of the resources, the lemmatization process is complete. The Bio-
Lemmatizer tool we present is developed on top of the MorphAdorner lemmatizer,
and has extended it in different aspects to cater to the needs of the biomedical domain.
The lemmatization process of MorphAdorner will be discussed in more detail in the
Methods section.

Unlike tools in which an explicit lexicon is actively maintained, morpha [17] is pri-
marily a rule-based morphological analyzer. It comprises a set of approximately 1,400
rules, ranging from general rules that express morphological generalizations to specific
rules that deal with a list of exceptions for irregular words. The rules are acquired
semi-automatically from several large corpora and machine-readable dictionaries while
the exception list is prepared from WordNet, containing about 5,000 verbs and 6,000
nouns [17]. morpha first checks the specific rules for an input word, and hands it over
to the general rules if the word is not irregularly inflected. morpha has been incorpo-
rated into text mining systems in the recent biomedical research [2,14,15]. Although
the lemmatization performance of morpha is not evaluated separately in these publica-
tions, some errors are expected since it was developed for general English morphology
only.

Results and discussion

We utilized three different biomedical datasets for evaluation of the BioLemmatizer,
and compare the performance of this tool to the eight existing lemmatization tools
introduced in Related Work. Next, we measure the individual contribution of each of
the resources integrated in the BioLemmatizer. Furthermore, we describe in detail one
practical application of the BioLemmatizer for the quality assurance of the CRAFT cor-
pus [26,27]. Finally, we demonstrated how the BioLemmatizer contributes to accuracy
improvement of an information extraction task [13] when it is used as a component in

a biomedical text mining system [8,9] as compared to existing lemmatizers.

Datasets

For evaluation of the BioLemmatizer, we require a corpus that both covers the domain
of biomedicine and provides carefully curated lemma annotations. However, while
most publicly available biomedical corpora contain gold annotations for tasks such as
sentence segmentation, tokenization, POS tagging and entity identification [41,42], few
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are annotated with lemma information. To the best of our knowledge, the only biome-
dical corpus annotated with lemmas is the linguistically enriched version of the LLLO5
challenge task corpus [43]. However, this is a fairly small dataset that contains only
141 sentences extracted from PubMed abstracts on the bacterium Bacillus subtilis.
Specifically, there are only about 920 unique annotated pairs of (word, lemma). More
importantly, the Part-of-Speech information is not provided in the corpus along with
each annotated (word, lemma) pair. This makes the corpus less than ideal for evaluat-
ing the BioLemmatizer, since we would like to consider lemmatization performance in
the situation when the word usage (POS tag) is clear, the normal use case in which a
lemmatizer would be applied. However, we will report results on this corpus in combi-
nation with automated POS tagging below.

While it has been stated that all nouns and verbs in the GENIA corpus [37] have
been lemmatized [44], the lemma information is not found in the public release of that
corpus. Following up on this, we learned that the lemmas referred to in the original
publication are not in fact manually curated but rather automatically generated by
morpha [17], and that they are not available to the public (personal communication,
Jin-Dong Kim).

We therefore prepared our own datasets to evaluate the performance of the BioLem-
matizer. We have created the datasets based on two independent resources: the
CRAFT corpus [26,27] and the Oxford English Dictionary [45].

The CRAFT corpus is a collection of 97 full-text open-access biomedical journal arti-
cles that have been used as evidential sources for Gene Ontology (GO) [46] annota-
tions of genes and gene products of the laboratory mouse [26,47,48]. The corpus has
been richly annotated both syntactically and semantically, and is provided as a commu-
nity resource for the development of advanced BioNLP systems. The syntactic annota-
tion includes sentence segmentation, tokenization, POS tagging, tree-banking and
coreference linking. The CRAFT corpus has been under development by our group
and our collaborators for the past three years and will soon be released to the public
at http://bionlp-corpora.sourceforge.net/CRAFT/index.shtml.

We used the development subset of the CRAFT corpus, containing 7 full-text arti-
cles, as the basis for our first evaluation. We refer to it as the CRAFT set. Although
curated annotation of lemmatization is not provided in CRAFT, we attempted to
acquire lemma annotations for the CRAFT set semi-automatically. First, we ran all
nine lemmatization tools, including the BioLemmatizer and the eight tools described in
Related Work, against the CRAFT set. We built a “silver standard” based on the con-
sensus of the lemma annotations produced by these lemmatization tools. The idea of
the “silver standard” was first proposed in the CALBC challenge [49] to provide an
annotation solution for large-scale corpora by making use of the harmonization of
annotations from different systems. Next, annotation disagreements across the lemma-
tizers were manually resolved to form a “gold standard”. Consensus among the tools
was high and therefore only a modest amount of manual work was required to gener-
ate the gold standard.

We prepared our second dataset using the Oxford English Dictionary, which is
known to have broad coverage of biomedical terminology. Most domain-specific
entries in the OED are associated with a category label. Using 28 categories that we
consider relevant to the biomedical domain, we collected a list of 11,269 OED entries


http://bionlp-corpora.sourceforge.net/CRAFT/index.shtml

Liu et al. Journal of Biomedical Semantics 2012, 3:3
http://www.jbiomedsem.com/content/3/1/3

Page 7 of 29

including adjectives, adverbs, nouns and verbs. Inflected forms are recorded in the
OED entries for nouns but not for the other parts of speech. Therefore, we focused on
nouns and extracted a candidate list in which nouns are either provided with their
irregularly inflected suffixes or marked as “noun plural” meaning that the singular and
the plural forms of the noun are same. We then manually added the plural forms for
candidate entries, and eventually obtained a list of 808 nouns together with their plur-
als, POS tags and OED categories, which we call the OED set. Table 1 lists the 28
OED categories considered in this work.

The gold annotation for POS tagging is not always available in real-world applica-
tions, for instance, when the BioLemmatizer is integrated into a text mining pipeline.
In addition to our own datasets, therefore, we further prepared a third dataset by
enriching the LLLOS corpus with automatically generated POS information. The POS
tags were obtained from the GENIA tagger, which reports a 98.26% tagging accuracy
on biomedical text [30]. Due to various word usage scenarios, the original LLLO5 cor-
pus was thus extended into 934 unique annotated triplets of (word, POS, lemma). We
refer to this dataset as the LLLO5 set, and it is intended to test the performance of the
BioLemmatizer when POS errors potentially occur.

Evaluation of BioLemmatizer on the CRAFT set

The CRAFT set contains a total of 67,653 tokens. Among them, there are 6,775 unique
(token, POS) pairs. Because the various lemmatization tools are not consistent in their
treatment of adverbs, including adverbs will prevent us from building a large consensus
set. Therefore, we excluded all adverbs in the CRAFT set from the silver standard
creation process, and evaluated them separately (results below). This left 6,441 unique
(token, POS) pairs to serve as the test input, 95.07% of the original pairs.

Table 2 presents both the consensus and the disagreement of the lemmatization
across different combinations of nine lemmatization tools including the BioLemmati-
zer, the WordNet lemmatizer [28], the CLEAR morphological analyzer [29], the
GENIA tagger [30], TreeTagger [31], Norm [32], LuiNorm [33], MorphAdorner [24]
and morpha [17]. The consensus rate among all nine tools was only about 71%, leaving
a large number of disagreements. Since the CLEAR morphological analyzer generalizes
ordinals and shortens all numbers in input words, the lemmas it produces often differ
from those from the other tools. Furthermore, it is built using WordNet and is largely
redundant with the WordNet lemmatizer for other terms. We therefore excluded the
CLEAR morphological analyzer from the analysis, with an improved consensus rate
among the eight remaining tools of 80%. We then removed Norm and LuiNorm from
consideration due to their normalization steps, which also result in the production of

Table 1 OED categories related to biomedicine

Animal Physiology Bacteriology Biochemistry Biology
Botany Cytology Embryology Genetics
Geomorphology Haematology Immunology Marine Biology
Medicine Microbiology Morphology Old Medicine
Palaeobotany Palaeontolgy Palaeontology Pathology

Physiological

Physiology

Pisciculture

Plant Physiology

Veg. Physiolology

Veterinary Medicine

Veterinary Science

Zoology
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Table 2 Consensus and disagreement of annotations across lemmatization tools

Consensus (No.) Percentage Disagreement (No.) Percentage

All 9 tools 4559 70.78% 1882 29.22%
8 tools

(exclude CLEAR) 5207 80.84% 1234 19.16%
6 tools

(further exclude Norm and LuiNorm) 5862 91.01% 579 8.99%

substantially different lemma forms. The consensus rate across the remaining six tools
exceeds 91%, leaving only a small set of disagreements.

The consensus set of 5,862 lemma annotations, representing agreement between the
BioLemmatizer, the WordNet lemmatizer [28], the GENIA tagger [30], TreeTagger
[31], MorphAdorner [24] and morpha [17], are used as a “silver standard”. Since some
of these six tools share lexical resources and parts of rule sets, they might be inclined
to make the same lemmatization mistakes. Therefore, we randomly selected 600
instances from the silver standard, about 10% of the total annotations, and manually
examined them. The evaluation showed that the lemmatization accuracy is 100% on
the random sample set, confirming that the silver standard we built is reliable.

The remaining 579 annotations were carefully manually reviewed to establish a “gold
standard”. One source of differences was spelling variation between British and Ameri-
can forms. The BioLexicon [19,20] uses British spelling in its lemma forms, e.g., acetylise
and harbour, and therefore such forms are produced by the BioLemmatizer, while most
of the other tools produce lemmas with American spellings. We therefore augmented
our gold standard to allow both British and American spelling variants. Table 3 com-
pares the performance of the BioLemmatizer with that of the other eight lemmatizers on
the 579 gold lemmas in the CRAFT set. We employed the evaluation metrics of Preci-
sion, Recall and F-score to measure the performance of each lemmatizer rather than
strict accuracy, because some tools, such as Norm and the WordNet lemmatizer, may
return multiple lemmas for an input word, and some tools may not produce an output
for every input (MorphAdorner and LuiNorm). Precision and Recall will be identical for
the tools that always produce a single output lemma for each input.

The data show that the BioLemmatizer outperformed the other tools we tested in
lemmatizing biomedical texts by quite a large margin. The MorphAdorner lemmatizer
achieved the second highest performance in both Precision and F-score, indicating that
it generalizes well from the general English to the biology domain. Our extensions of

Table 3 Lemmatization performance comparison of lemmatization tools on CRAFT set

Recall Precision F-score
BioLemmatizer 96.37% (558/579) 96.37% (558/579) 96.37%
MorphAdorner 81.87% (474/579) 82.29% (474/576) 82.08%
morpha 72.71% (421/579) 72.71% (421/579) 72.71%
CLEAR 72.37% (419/579) 72.37% (419/579) 72.37%
WordNet 74.27% (430/579) 70.03% (430/614) 72.09%
GENIA Tagger 72.02% (417/579) 72.02% (417/579) 72.02%
Norm 83.25% (482/579) 59.36% (482/812) 69.30%
LuiNorm 62.18% (360/579) 62.50% (360/576) 62.34%
TreeTagger 50.78% (294/579) 50.78% (294/579) 50.78%
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the MorphAdorner system for the BioLemmatizer resulted in an improvement on bio-
medical text of greater than 14% in F-score. The Norm tool obtained the second high-
est recall, however, the overall F-score is only in the 60% range due to its disregard of
POS information and the resulting generation of false positives.

We performed error analysis on the 21 false positive lemmas the BioLemmatizer pro-
duced, and identified four major causes of errors.

(1) Errors in the lexicon: We observed that 8 false positive lemmas resulted from
the errors in the BioLemmatizer lexicon. Most of these errors derived from the
BioLexicon [19,20]. For instances,

biphenyls (BioLexicon:LM_CHEBI_CHEBI:22888_1),

Nematodes (BioLexicon:LM_NcbiT NCBITaxon:333870_1),

longer (BioLexicon:LM_MANCU_V1MPL10720_1),

worse (BioLexicon:LM_MANCU_V1MPL2636_1), and

Fungi (BioLexicon:LM_NcbiT_NCBITaxon:4751_1) were incorrectly recorded in
the BioLexicon as lemmas instead of inflected forms. In addition, the comparative
and superlative forms of some adjectives, and some plural nouns are incorrectly
considered lemmas in the GENIA tagger resources [30] such as biggest, highest,
older, lesser, hearts, organs and primates.

(2) Errors in lemmatization rules: One detachment rule, derived from the original
MorphAdorner rule set, that was applied to terms not found in the lexicon contrib-
uted to 6 false positive lemmas on the CRAFT set. The inputs (immunolabeled,
VBN) and (radiolabeled, VBN) are transformed into immunolabele and radiolabele
by the detachment rule that generally requires removal of the ending character “d”
of input verbs to produce the corresponding lemmas. However, in these cases this
transformation results in a string that is not a valid English word.

(3) Incorrect input POS information: Furthermore, we noticed that some lemma-
tization errors are caused by errors derived from POS tag errors in the source
CRAFT annotation. For instance, (Biosystems, NNP), (Neomarkers, NNP) and
(Biosciences, NNP) return Biosystems, Neomarkers and Biosciences as lemmas
instead of their correct forms Biosystem, Neomarker and Bioscience. The correct
forms would have been obtained if the input had used the correct POS tag NNPS.
They were missed because these input terms are not recorded in the lexicon, and
the subsequent rule component determines that as singular proper nouns (NNP)
these terms should not be lemmatized. Therefore, their original surface forms are
returned as lemmas, leading to errors in 5 cases.

(4) Errors in abbreviation handling: Inherited from MorphAdorner, the BioLem-
matizer finds lemmas for some abbreviations and symbols, such as producing “and”
for the input ‘&’. However, in the biology domain, the expansion of a general Eng-
lish abbreviation sometimes produces errors. For instance, returning “saint” for ‘St.
may be inappropriate. It would be more accurate to return the original surface
form of the abbreviations appearing in biomedical texts.

Comparing the BioLemmatizer results to results from the other tools also revealed
that our hierarchical lexicon search strategy (see Methods) allows the BioLemmatizer

to retrieve correct lemmas for many input terms even in conjunction with inaccurate
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POS information, where other tools are unable to produce a correct lemma. For
instance, anlagen is wrongly tagged as singular noun in the CRAFT set. Given the
input (anlagen, NN), the BioLemmatizer is the only one of the nine lemmatization
tools that retrieves the correct lemma anlage. It is also the only tool that can discover
the lemma spermatogonium for the input (spermatogonia, NN) among the eight tools
that contain an explicit lexicon component. Similarly, the BioLemmatizer also found
correct lemmas for erroneous inputs (Laboratories, NNP), (Products, NNP), (retinas,
NN), (odds, NNS), etc. By taking advantage of this novel search strategy, the BioLem-
matizer lexicon lookup is not restricted to the inaccurate input POS, and is able to dis-
cover the correct lemma through a broader, yet hierarchically constrained, search.

In addition, we evaluated the adverbs in the CRAFT set independently. Different
tools have different conventions for handling adverbs, in some cases mapping them to
their derivationally related adjectives and in some cases leaving them unchanged.
These different conventions would lead to unfair penalties in the evaluation. We there-
fore only evaluated the BioLemmatizer performance, through manual review of the
lemmas. A total of 1821 adverbs occur in the CRAFT set. Among them, there are 334
unique (adverb, POS) pairs. The BioLemmatizer attempts to transform adverbs to their
derivationally related adjectives based on that functionality in the underlying MorphA-
dorner lemmatizer, for instances, “evolutionarily” to “evolutionary”, “homologously” to
“homologous”, “microscopically” to “microscopical”, and “transcriptionally” to “tran-
scriptional”. For the comparative and superlative forms of adverbs, the BioLemmatizer
returns their base form adverb, e.g., “best” to “well” and “most” to “much”. The original
adverbs are returned if their related adjective forms do not exist, such as “sometimes”,
“nevertheless”, “afterwards” and “elsewhere”. In addition, for some adverbs, they share
the same form with their corresponding adjectives, e.g., “downstream”, “upstream”,
“likely” and “weekly”. Our evaluation detected only two incorrect lemmas in the 334
unique pairs, “strikingly” and “accordingly”. The BioLemmatizer returned “strike” and
“accord” instead of the correct lemmas “striking” and “according”. This was due to lex-
ical entries inherited from MorphAdorner that relate these adverbs to their source
verbs.

Considering the gold annotation together with the adverb set, the BioLemmatizer
produces in total only 23 false positive lemmas for the 913 unique tokens that have
lemmatization discrepancies among 9 tools, leading to an overall lemmatization accu-
racy of 97.5% on the fully reviewed sections of the CRAFT set.

Evaluation of BioLemmatizer on the OED set
Table 4 demonstrates the performance of the BioLemmatizer in comparison with that
of the other eight lemmatizers on the 808 nouns in the OED gold standard. Compared
to the CRAFT set, the OED set is more difficult to lemmatize for two reasons. First, it
contains only domain-specific terms while the CRAFT set contains a mix of domain-
specific and general language words. Second, by design it only contains terms with an
irregularly inflected plural form. In fact, the plurals of some entries on the list are
noted as “rare” by OED.

The BioLemmatizer achieved the highest Precision and F-score among all the tools.
In notable contrast with the results on the CRAFT set, it produced 149 false positive
lemmas on this data, confirming that the OED set is a much harder test set. The
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Table 4 Lemmatization performance comparison of lemmatization tools on 