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Abstract

A bleeding event is a common adverse drug reaction amongst patients on anticoagulation and factors critically into a
clinician’s decision to prescribe or continue anticoagulation for atrial fibrillation. However, bleeding events are not
uniformly captured in the administrative data of electronic health records (EHR). As manual review is prohibitively
expensive, we investigate the effectiveness of various natural language processing (NLP) methods for automatic
extraction of bleeding events. Using our expert-annotated 1,079 de-identified EHR notes, we evaluated state-of-the-
art NLP models such as biLSTM-CRF with language modeling, and different BERT variants for six entity types. On
our dataset, the biLSTM-CRF surpassed other models resulting in a macro F1-score of 0.75 whereas the performance
difference is negligible for sentence and document-level predictions with the best macro F1-scores of 0.84 and 0.96,
respectively. Our error analyses suggest that the models’ incorrect predictions can be attributed to variability in entity
spans, memorization, and missing negation signals.

Introduction

In the US, atrial fibrillation (AF) affects 5.2 million mostly older Americans, with 12 million projected by 2050,
commensurate with an increasing number of Americans living longer despite being affected by AF risk factors:. Nearly
10% suffer a stroke within 5 years of an AF diagnosis®. AF therapy has also become more complex with the
introduction of target specific oral anticoagulants (ACs)3. ACs help to reduce the risks of strokes but can have
significant adverse effects, including major bleeding complications. Weighing stroke risk against the risk of bleeding
from ACs is central to AF management for the current ~2.8 million Americans with AF who are eligible for AC
therapy*®. Awvailable stroke and bleeding risk calculators were not developed to counter these challenges
simultaneously*® and it remains challenging to advise older AF patients about AC since they are frequently at high
risk for stroke and complications from AC, particularly bleeding™*.

In clinical text, a bleeding event can be identified by a phrase or word (e.g., hemorrhage, maroon stools) indicative of
the escape of blood from the circulatory system. Bleeding events factor critically into a clinician’s decision to prescribe
or continue AC for AF®. However, they are not captured well in the structured data of electronic health records (EHR),
many are documented in the unstructured EHR notes. In addition, although there are bleeding-related ICD codes (9
and 10) and prediction scores, they lack details about severity (severe or mild), cause-related information (e.g., trauma,
wrong dose, fall), and other characteristics (e.g., site — intracranial or gastrointestinal) that influence the decision to
prescribe AC and choice of AC. Therefore, for patients with AF, we are evaluating different natural language
processing (NLP) approaches on EHR notes to detect bleeding events and their complex attributes including anatomic
site, alternative causes, medications, lab evaluations and severity. The new risk factors related to bleeding events
extracted by such approaches would be helpful in improving the existing risk and benefit evaluation techniques for
AC.

Robust NLP approaches can be used to extract bleeding related information such as bleeding events, their anatomic
sites, bleeding lab evaluations mentioned in the EHR notes and suspected alternative causes for bleeding. This
extracted information can help the clinicians in making decisions while prescribing ACs to different patients. Despite
various works on entity recognition for clinical texts?*, the focus has been mostly for adverse drug events, heart

* Equal contribution, alphabetically ordered.
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disease, smoking, etc. To the authors’ knowledge, there has been no previous work regarding bleeding named entity
recognition (NER) from patient EHR notes. Previously, we developed a binary classifier which, given a sentence from
EHR, can predict whether it contains any bleeding event or not**. However, the study does not detect the bleeding
named entity, its site, medication etc. Hence, we decided to annotate EHR notes for different patients to mark the
aforementioned information related to bleeding. In this paper, we explored multiple state-of-the-art end-to-end deep
learning models for automated bleeding related entity detection from clinical text. We evaluated the models and
compared their performance both qualitatively and quantitatively. We also provide a detailed error analysis to
understand the instances where different models fail to extract the information.

In summary, our contributions are threefold: (1) To our knowledge, this is the first work that explores various NLP
approaches on the extraction of bleeding-related entities. (2) We compared three state-of-the-art machine learning
architectures and reported thorough analyses. (3) Our detailed error analyses over different NLP techniques provide
insights about factors critical to the development of efficient NLP models for any further research work in this area.

Materials and Methods
Models

In this section, we will briefly explain the models used for this work. In particular, we chose three representative
models based on their unique architectural differences and effectiveness for NER. These include the popular statistical
modeling method for sequence labelling - CRF, a variation of widely used biLSTM-CRF architecture — LM-LST-
CRF and transformer-based architectures such as BERT, BioBERT etc.

CRF

CRF (conditional random field) is a widely-used probabilistic graphical model for sequence labelling tasks such as
NER, parts of speech tagging, chunking etc.r*° So, we chose CRF as our baseline model. In CRF, each feature
function, fj, takes a sentence s, the position i of a word in that sentence, the label [; of the current word and the label
li-1 of the previous word as inputs. The final probability distribution for the tokens over the labels in CRF is given by:

exp[Z}nﬂZ?ﬂ ljfj(s, i li'li—l)] (1)

l =
PO = [T Y s £ o )]

Here J;is the weight assigned to each feature function f;, n is the number of words in the current sentence and m is the
number of features considered. The above-mentioned variant is a special case of linear-chain CRF.

LM-LSTM-CRF

Previous work suggests that bidirectional LSTM (biLSTM) outperforms CRF in the clinical domain2. Hence, we
decided to use a powerful biLSTM architecture, namely LM-LSTM-CRF?, which incorporates language modeling
(LM) with biLSTM layers and adds a CRF layer on top. The system includes highway units after the character level
LSTM layers, analogous to the fully connected (fc) layers after the convolutional layers in computer vision tasks. It
follows a multi-task strategy where both the language and sequence labeling models are trained simultaneously, and
predictions are made at the word level. The sequence labeling model has the following loss function:

Legr = _Zlogp(yilzi} (2)

where, Zi = (i 1,Zi2,...,Zin) is the output of the word level LSTM for training instance (xi,ci,yi). Here xiis the i-th word,
cithe list of all the characters of that word and yithe label for the word. On the other hand, the loss function for the
language model is:

Ly = —Z logps(x;) — Z logp-(x;) (3)

This is a reversed-order language model, where ps is the generation probability from left to right and p: is the generation
probability from right to left. Combining equations 1 and 2, the final joint loss function becomes,
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BERT

BERT# (Bidirectional Encoder Representations from Transformers) is a pre-trained language model which learns
using semi-supervised objectives from large text corpus. Since its inception, BERT-based models have been shown
to outperform earlier state-of-the-art models in multiple NLP tasks, including many clinical NLP applications. Given
any input token, BERT can provide an unsupervised and rich contextual representation. Leveraging this power of
BERT, it is possible to add an additional linear classification layer on top and fine-tune the whole system for any
downstream NLP task. We used three variants of BERT, vanilla BERT - using BERT-base released by the authors?,
BioBERT? - fine-tuned on biomedical corpora, and Bio+Clinical BERT# - BioBERT fine-tuned on clinical data.
Additionally, we used RoOBERTa%, which has the same model architecture with differences in the pre-training stage.

Bleeding event: Any phrase or
word indicative of the escape of
blood from the circulatory
system (artery/veins); e.g.
hemorrhage, bleeding, maroon
stools or hematoma.

Bleeding anatomic site: Any
word or phrase indicating
anatomical sites for bleeding;
e.g. gastrointestinal m
‘gastrointestinal bleed’.

Suspected alternative cause:
Phrase containing possible
alternative causes for bleeding
other than the anticoagulants.

Severity: The values of Medication: Any word or phrase Bleeding lab evaluation: Any
laboratory tests related to mentioning anticoagulant or mention of laboratory tests
bleeding when they are not antiplatelet drug taken by the related to bleeding; e.g. INR,
within normal range; e.g. 8.7 patient; e.g. apixaban, lovenox, Hgb, Platelet count etc.

gm/dL. for Hgb. coumadin.

Figure 1. A brief description of all the 6 entity types.
Table 1. Data Statistics.

Entity Type Instances Average Span Length Prevalence in EHR Prevalence in

(word/instance) notes (%) Sentences (%)
Bleeding event 10232 1.49 100.00 8.26
Bleeding anatomic site 3372 1.35 73.59 3.08
Suspected alternative cause 3622 1.59 79.98 3.32
Severity 3490 1.39 78.31 3.00
Medication 8726 1.01 99.81 6.52
Bleeding lab evaluation 3010 1.07 78.31 2.96

Dataset

With the approval from the Institutional Review Board (IRB) at the University of Massachusetts Medical School
(UMMS) and a Memorandum of Understanding (MOU) between the UMMS and Northwestern University , we
annotated 1,079 de-identified EHR notes for six entity types with the help of 5 expert annotators supervised by 2
senior physicians. These notes are de-identified discharge summaries from patients who received care at hospitals
affiliated with Northwestern University. The cohort was made by selecting EHR notes for which an anticoagulant or
bleeding event was mentioned in the EHR and at least one ICD-9 code related to cardiovascular diseases was
mentioned in their structured tables. Each discharge summary was annotated by one of the 5 annotators and
reconciliation was done by the senior physicians. Regular weekly meetings were held to maintain uniformity amongst
the annotations. All six entity types and their relevant statistics are provided in Table 1 below. The ‘suspected
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alternative cause’ entity has the highest average number of words per annotation followed by ‘bleeding event’. Figure
1 shows definition and examples of each entity.

Evaluation Metrics

We use precision, recall and F1-score as evaluation metrics , which are commonly used in information extraction?6?7,
to compare the NER performance of our models. We report both micro and macro-averaged metrics. Micro-averaged
metrics represent the performance of all instances whereas macro-averaged metrics help compare the performance by
entity types. We consider both strict-matching (i.e., if both the span boundary and entity type match with that of the
ground truth®), and relaxed-matching (i.e., if the span boundaries overlap and entity types match).

Data Processing

The dataset comprises a total of 1079 expert-annotated EHR notes. We used NLTK? (Natural Language Toolkit) to
split the EHR text into sentences and then tokenize them. We split the dataset into training (852 notes) and test (227
notes) sets with an approximate ratio of 79:21. The BIO tag scheme® was followed to generate the final corpus.

Experimental Setup

At first, we chose 198 EHR notes (approx. 18% of the whole dataset) from the training set as development set for
tuning the hyperparameters and the rest were considered for final training. This process was repeated 3 times ensuring
that each time the development set is different. Three instances of each model were run independently on these 3
different train-development sets and the final reported results are averaged over the three runs. All the hyperparameters
were tuned on the first development set only.

We used sklearn-crfsuite® package for the CRF model whereas PyTorch was used for LM-LSTM-CRF and all BERT
variants. For CRF, we have used syntactic features such as the last 2 and 3 characters of a token, its parts of speech
tag, case, it is a digit or not and semantic features i.e. a concatenation of syntactic features of the previous two tokens.
For LM-LSTM-CREF, after hyperparameter tuning, we chose stochastic gradient descent (SGD) as the optimizer with
a final learning rate of 0.03. The dropout rate was 0.55 and the model was trained for 100 epochs. As pre-trained word
embeddings we experimented with both GLOVE®! (100 dimensional) and biomedical (200 dimensional) word
embeddings®. We also fine-tuned word embedding to analyze its effect on the model.

For all the transformer based architectures like BERT variants and RoBERTa, we used the popular PyTorch library -
Transformers®. Maximum sequence length was 512 with a learning rate of 5e-5. For each of these models, we
initialized the weights from pretrained models, added a linear classification layer on top and fine-tuned it for 15
epochs. Early stopping was used for selecting the final model for testing. All models were trained on Tesla V100
GPUs except CRF.

Results

Table 2 shows the results on the test set for CRF, the best LM-LSTM-CRF model and the best BERT variant
(BioBERT). ‘Medication’ and ‘bleeding lab evaluation’ yielded the best scores irrespective of the model. We
hypothesize this is due to the fact that on average, both entities have a single word per annotation (1.01 and 1.07
respectively, please refer to Table 1) and all the models do a good job at labelling single word entities. The third best
performance was for 'bleeding event'. Though it does not have the least words per annotation number, it has a high
number of annotations (10,220). Following the same trend, the worst performance was for the entity with the highest
words per annotation count (1.6) — suspected alternative cause. Another reason behind this might be the challenges
raised by the annotators for 'suspected alternative cause'. Even for human experts, it is difficult to properly identify
the alternative causes for bleeding events. We will elaborate this in the “Error Analysis” section.

Table 2. Model performance comparison on entity level. Each cell represents the tuple (precision, recall, F1 score).
LM-LSTM-CRF achieves the best performance over the other two models.

Entity Type CRF LM-LSTM-CRF BioBERT

Bleeding event 0.83,0.77,0.80 0.76, 0.78, 0.77 0.74,0.76, 0.75
Bleeding anatomic site 0.71,0.51, 0.60 0.74,0.75, 0.74 0.72,0.73,0.72
Suspected alternative cause 0.59, 0.23,0.33 0.56,0.43, 0.48 0.50, 0.43, 0.46
Severity 0.71, 0.54, 0.62 0.67,0.78,0.72 0.66, 0.76, 0.71
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Medication 0.93,0.91, 0.92 0.92,0.94,0.93 0.93,0.88,0.91
Bleeding lab evaluation 0.83,0.77,0.80 0.80, 0.91, 0.85 0.82,0.88, 0.85
Micro 0.79,0.64,0.71 0.78,0.79,0.78 0.76,0.76, 0.76
Macro 0.75, 0.60, 0.66 0.74,0.76, 0.75 0.73,0.74,0.73

A comparison of three models unfolds that both deep learning models outperformed CRF by a large margin (e.g. 9%
by LM-LSTM-CRF and 7% by BioBERT in macro F1). The only metric CRF excels at is precision i.e. CRF is more
accurate than any other model when it predicts an instance as positive. At the same time, CRF misses many positive
labels (low recall), resulting low F1 scores. Despite the use of various syntactic features, this is expected as CRF is a
simple machine learning algorithm whereas LM-LSTM-CRF and BioBERT are deep-learning models, capable to
capture the context and pattern of any sequential data without explicit feature engineering. LM-LSTM-CRF also
includes a CRF layer at the top, which lets it leverage the power of both CRF and LSTM networks. Of the two deep
learning architectures, LM-LSTM-CRF outperformed BioBERT, which is surprising as most works have shown the
opposite*. We believe this is in part because of the maximum sequence length limit for BERT variants. Because of
this hard constraint, sentences longer than the maximum length were truncated, which not only disrupted the context
but also removed many gold label entities in the process. For example, our gold test set had 6,435 labeled entities
whereas with a maximum sequence length of 512, the processed test set for BERT got 6,409 entities. In addition,
training a language model in parallel with the sequence labelling task also helped LM-LSTM-CRF.

Table 3. Entity level performance comparison for all BERT models. Each cell represents the tuple (precision, recall,
F1 score). BioBERT and RoOBERTa give the best performance.

Entity Type BERT BioBERT Bio+Clinical BERT RoBERTa

Bleeding event 0.72,0.76,0.74  0.74,0.76, 0.75 0.72,0.78, 0.75 0.75,0.76,0.75
Bleeding anatomic site 0.72,0.71,0.71  0.72,0.73,0.72 0.73,0.72,0.72 0.76,0.70,0.73
Suspected alternative cause 0.52,0.40,0.45 0.50,0.43,0.46 0.46,0.41,0.43 0.51,0.40,0.45
Severity 0.66, 0.74,0.70  0.66, 0.76,0.71 0.63, 0.74, 0.68 0.68,0.73,0.70
Medication 0.92,0.89,0.91 0.93,0.88,0.91 0.92,0.89, 0.90 0.94.0.89.0.91
Bleeding lab evaluation 0.81,0.87,0.84 0.82,0.88, 0.85 0.78,0.91, 0.84 0.83,0.85,0.84
Micro 0.75,0.75 0.75 0.76, 0.76, 0.76 0.74,0.77,0.75 0.77,0.75,0.76
Macro 0.73,0.73,0.72  0.73,0.74,0.73 0.71,0.74,0.72 0.75,0.72,0.73

Of all the BERT variants, BioBERT and RoBERTa have the best F1 scores (Table 3). However, BioBERT achieved
slightly higher recall (Table 3), hence, we chose it for comparison with LM-LSTM-CRF. Despite being fine-tuned on
the clinical data, Bio+Clinical BERT was underperformed by BioBERT. This is not surprising as Bio+Clinical BERT
was fine-tuned only on one publicly available clinical domain (MIMIC Il v 1.4) and this might limit its
generalizability. On the contrary, BioBERT was fine-tuned on a wide range of biomedical domain corpora. Both
Bio+Clinical BERT and vanilla BERT achieved similar F1 scores. For the remaining of the paper, we will detail the
comparison of the best two models, i.e. LM-LSTM-CRF and BioBERT.

Table 4. Sentence and note level performance comparison (F1 score).
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Entity Type Sentence Level Note Level
LM-LSTM- BioBERT Baseline LM-LSTM- BioBERT  Baseline
CRF CRF
Bleeding event 0.8785 0.8761 0.1492 0.9985 1.0 1.0
Bleeding anatomic site 0.8083 0.8043 0.0592 0.9454 0.9338 0.8478




Suspected alternative cause 0.6356 0.6371 0.0658 0.8838 0.8931 0.8734
Severity 0.8902 0.8973  0.0609 0.9574 0.9642 0.8506
Medication 0.9484 0.9388  0.1242 0.9985 0.9993 1.0

Bleeding lab evaluation 0.8934 0.8976 0.0593 0.9575 0.9620 0.8506
Macro 0.8424 0.8419  0.0864 0.9569 0.9587 0.9154

We also evaluated how well the models perform on the sentence and document levels, as they are clinically more
significant. It is more important to a physician to find out whether the patient has a bleeding event or not based on the
entire EHR note, rather than caring about the exact span boundary of the extracted named entities. Here, we define a
sentence as positive for an entity type if it contains at least one token of that type. Given such a sentence, if a model
labels at-least one token within the sentence as that entity type, we consider it as a correct classification. Based on this
criterion, we calculated all the metrics for both LM-LSTM-CRF and BioBERT. To facilitate better understanding, we
have also added the majority baseline classifier. For each entity type, the majority baseline classifier labels all the
sentences as that type. We also extended this definition to note level and calculated the F1 scores for all entity types.
We report these results in Table 4. In both cases, LM-LSTM-CRF and BioBERT gave similar performance.

Table 5. Performance comparison for different matching criteria based on F1 scores. Here, Relaxed (O) refers to
relaxed matching based on text overlaps while Relaxed (W) indicates word based relaxed evaluation. Both relaxed
matching criteria increased all the scores. LM-LSTM-CREF still outperforms BioBERT.

Entity Type LM-LSTM-CRF BioBERT
Exact Relaxed (O) Relaxed (W) Exact Relaxed (O) Relaxed (W)

Bleeding event 0.7701 0.8682 0.8240 0.7483 0.8517 0.8078
Bleeding anatomic site 0.7422 0.7803 0.7221 0.7226 0.7703 0.7390
Suspected alternative cause 0.4845 0.5795 0.5117 0.4595 0.5749 0.5057
Severity 0.7218 0.8363 0.7815 0.7052 0.8263 0.7820
Medication 0.9315 0.9337 0.9307 0.9057 0.9076 0.9052
Bleeding lab evaluation 0.8524 0.8539 0.8339 0.8495 0.8550 0.8440
Micro 0.7823 0.8420 0.7934 0.7584 0.8252 0.7822
Macro 0.7504 0.8087 0.7673 0.7318 0.7976 0.7640

In addition to exact matching which is a strict evaluation, relaxed matching® can also be used in entity recognition
tasks to provide further insight. So, we decided to use relaxed matching criteria and compare the results with that of
the exact matching. In particular we chose two variants - based on text overlaps®* and word based evaluation®” The
results have been shown in Table 5 for LM-LSTM-CRF and BioBERT. Relaxed matching based on text overlaps
gave significant improvements for both models. For example, the macro F1 score of LM-LSTM-CRF and BioBERT
increased by 5.83% and 6.58% respectively. For word based relaxed matching, there was a 1.69% improvement in
the macro F1 score of LM-LSTM-CRF and a 3.22% improvement for BioBERT. Since CRF calculates the joint
probability over the labels of the whole sequence, it assists LM-LSTM-CRF to perform better than BioBERT for both
relaxed matching evaluations.

Discussions
Error Analysis

We manually analyzed cases where the models (LM-LSTM-CRF and BioBERT) made wrong predictions, we noticed
four main patterns:
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1. We noticed inconsistent annotations in terms of entity span boundaries. For example, given the phrase “acute
bleeding”, the complete phrase was annotated as a bleeding event in one note whereas only the word
“bleeding” was annotated in another note. Given the variability in the entity annotations, it is often difficult
for the models to predict the exact spans. This is also confirmed by the improvements in the model
performances when a relaxed text matching scheme was applied compared to the exact matching. In cases
like these, the models mostly developed an idea of the entity type but were often struggling with the exact
text span, leading to a low exact matching score.

2. The models memorized tokens which were prevalent in the training corpus. For example, in our dataset,
‘bleeding lab evaluation’ and ‘severity’ were annotated only if the corresponding lab test value is not within
the normal range. Usually, for every ‘bleeding lab evaluation’ annotation, there is a ‘severity’ annotation
within the same sentence. Due to memorization, the models labelled any mention of lab tests related to
bleeding as ‘bleeding lab evaluation’. Moreover, any nearby token with numerical values was labelled as
‘severity’. All these generated many false positives.

3. One other aspect where the models failed was to handle the negations, possibly due to a small number of
negated sentences in the training data. For example, the token ‘bleeding’ in ‘No source of bleeding’ was
labelled as a ‘bleeding event’ by BioBERT. Similarly, ‘Coumadin’ in ‘Not a candidate for Coumadin’ was
labelled as ‘medication’ by LM-LSTM-CRF. This is also partly due to memorization.

4. Finally, entity type ‘suspected alternative causes’ was the most difficult category for the models to learn. It
might be attributed to a couple of factors. Firstly, it requires domain knowledge and contextual information,
which makes it a challenging task even for the annotators. For example, portal hypertension (HTN) can cause
esophageal varices (EV) which can cause Gl bleeding, resulting in bloody stools. Similarly,
thrombocytopenia (low platelet count) interferes with proper blood clotting, which can lead to bleeding
events. Because these conditions are not the immediate reasons for bleeding, all annotators may not
necessarily decide to associate them with the relevant bleeding event(s). Secondly, ‘suspected alternative
causes’ has the highest entity span with an average span length of 1.59 (refer to Table 1), contrast to 1.26 for
other entity types. This makes it difficult for the models to predict the correct spans.

Ablation with LM-LSTM-CRF

In this section, we experimented with different word embeddings for LM-LSTM-CRF. As can be seen from Table 5,
language modeling (LM) improved the model performance (No LM refers to no language model) which proves the
effectiveness of the joint learning setup in this architecture. Quite surprisingly, biomedical word embeddings did not
help (row 1 and row 3) compared to GLOVE. However, models using biomedical embeddings had significantly higher
precision scores implying these models were more confident at detecting the correct entities. But low recall scores
resulted in an overall decrease in F1 scores. We also fine-tuned the biomedical word embeddings, but the result was
almost the same as before (row 3 and row 4).

Table 6. Effect of LM and Word Embedding on LM-LSTM-CRF

Model Macro Precision Macro Recall Macro F1 Score
LM+GLOVE 0.7431 0.7638 0.7504
No LM+GLOVE 0.7371 0.7428 0.7383
LM + Biomedical | 0.7486 0.7386 0.7399
LM + Biomedical® | 0.7684 0.7209 0.7384

“Word embeddings were fine-tuned

Model Performance with Data Size

Regardless of the task domain, in a supervised learning setup the training data size always plays a vital role in the
performance of deep learning models. Even with transfer learning, model with a bigger dataset often outperforms
itself when trained on a smaller dataset. So, in this experiment we tried to explore how the data size affects the NER
task in the healthcare domain. Figure 2 shows the performance of LM-LSTM-CRF model with different training data
sizes. As the amount of training data is increased (x axis on Figure 2), both the test and dev scores improve. This
strongly suggests that the model’s performance has not reached the upper bound yet and with more training data it is
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possible to achieve a better performance. We also observed the same trend with the BERT models. This is an indication
that the lack of sufficient labeled data is a crucial bottleneck in our task.

On Test Data On Dev Data

—a— Micro Score
Macro Score

078 | —® Micro Score
Macro Score

0.76

074

072

Test F1 Score
Dev F1 Score

0.70

0.68

170 EHRs(26%) 341 EHRs (52%:) 511 EHRs(78%) B54 EHRs(100%) B54 EHRs(100%) 511 EHRs(78%) 341 EHRs (52%) 170 EHRs(26%)
Training Data Size Training Data Size

Figure 1. Effect of data size on model performance.
Conclusion

In this work, we explored several popular architectures and evaluated their effectiveness for bleeding entity detection
task on a novel EHR dataset. To the author’s knowledge, this is the first work on bleeding entity recognition from
EHR notes. We found that on token-level BERT-based models performed worse than a biLSTM-CRF model with
language modeling. Further experiments suggest that BERT models are more context-driven and hence work better
on sentence and note level. Moreover, the scores can be significantly improved with an increase in the training data.
Additional error analyses show that most of the deep learning models” wrong predictions can be linked to inconsistent
span boundary, memorization, negation, and higher span length.

In future, we hope to explore span-based approaches®* for entity recognition. We believe Recurrent Transformer®
and hierarchical BERT* may solve the sequence length limitation of BERT. We will also try distant supervision which
might be a solution to the scarcity of labelled data. Another direction worth exploring is to utilize additional domain
specific contextual features.
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