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Abstract

Background: A lack of studies with large sample sizes of patients with rotator cuff tears is a
barrier to performing clinical and genomic research.

Objective: To develop and validate an electronic medical record (EMR)-based algorithm to
identify individuals with and without rotator cuff tear.

Design: We used a de-identified version of the EMR of more than 2 million subjects. A screening
algorithm was applied to classify subjects into likely rotator cuff tear and likely normal rotator cuff
groups. From these subjects, 500 likely rotator cuff tear and 500 likely normal rotator cuff were
randomly chosen for algorithm development. Chart review of all 1,000 subjects confirmed the true
phenotype of rotator cuff tear or normal rotator cuff based on magnetic resonance imaging and
operative report. An algorithm was then developed based on logistic regression and validation of
the algorithm was performed.

Results: The variables significantly predicting rotator cuff tear included the number of times a
Current Procedural Terminology code related to rotator cuff procedures was used (OR=3.3; 95%
Cl: 1.6-6.8 for =3 versus 0), the number of times a term related to rotator cuff lesions occurred in
radiology reports (OR=2.2; 95% CI: 1.2-4.1 for =1 versus 0), and the number of times a term
related to rotator cuff lesions occurred in physician notes (OR=4.5; 95% ClI: 2.2-9.1 for 1 or 2
times versus 0). This phenotyping algorithm had a specificity of 0.89 (95% CI: 0.79-0.95) for
rotator cuff tear, AUC of 0.842, and diagnostic likelihood ratios, DLR+ and DLR- of 5.94 (95%Cl:
3.07-11.48) and 0.363 (95%Cl: 0.291 — 0.453).
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Conclusion: Our informatics algorithm enables identification of cohorts of individuals with and
without rotator cuff tear from an EMR-based dataset with moderate accuracy.
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INTRODUCTION

Rotator cuff disease, a spectrum of disorders including tendinopathy, partial- and full-
thickness tears, is estimated to affect 30% to 50% of the population older than 50 years 10.
Rotator cuff tears may lead to disabling shoulder pain, significant muscular atrophy, and
humeral head migration!®. The mechanisms and causes of symptomatic rotator cuff tears are
multifactorial. There is likely a genetic predisposition to the etiology of rotator cuff tears
21216 A genome-wide association study (GWAS) that compares patients with rotator cuff
tears to those without tears is needed to identify genetic predictors of rotator cuff tear.
However, GWAS typically requires sample sizes of many thousands of individuals to make
definitive conclusions. Recruitment of such a large cohort of patients is challenging and cost
prohibitive. Hence, the use of de-identified electronic medical records (EMR) linked to
biorepositories of patient genotype data is a more feasible alternative. An EMR-based
informatics algorithm that identifies individuals with and without rotator cuff tear with good
precision is needed for this purpose but is unavailable. EMR-based informatics algorithms
have been developed to identify cases and controls for various other medical conditions .

The objective of our study was to develop an EMR-based algorithm to accurately identify
phenotypes of patients with and without rotator cuff tears and validate it against a gold
standard diagnosis of rotator cuff tear by chart review of information extracted from either
magnetic resonance imaging (MRI) or operative reports. This algorithm could be applied to
EMR settings and yield a large number of individuals with and without a tear.

MATERIALS AND METHODS
EMR database

An overview of our study design is shown in Figure 1. The synthetic derivative (SD) is the
de-identified version of the EMR used at Vanderbilt University Medical Center (VUMC) 4.
Data of individuals from the SD as of 01/01/2017 since its inception in the mid-1990s was
extracted following approval from the VUMC Institutional Review Board. Since we were
interested in individuals with degenerative cuff tears, only those between the ages of 40 to
75 were included. The subjects were screened by simple algorithms and classified into two
groups: likely rotator cuff tear and likely normal rotator cuff (Table S1). To be considered in
the likely rotator cuff tear group, a subject had at least one of the following characteristics:
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1. rotator cuff disorder-related International Classification of Disease 9t version (ICD-9),
ICD 10t version (ICD-10), or Current Procedure Terminology (CPT) billing code (Table
S2); 2. Use of the term “rotator cuff tear” or “rotator cuff repair” in either one of the
radiology reports or one of the rehabilitation therapy notes. If patients did not satisfy the
above criteria OR had explicit mention of “normal rotator cuff” in one of the radiology
reports, physician note, or rehabilitation therapy note, they were categorized as a likely
normal rotator cuff.

A total of 14,690 likely rotator cuff tear and 1,066,053 likely normal rotator cuff patients
were extracted based on the above screening algorithm from SD. From this set of patients,
500 patients with likely rotator cuff tear and 500 patients with likely normal rotator cuff
were randomly selected for algorithm development. The same number of likely rotator cuff
tear and likely normal rotator cuff patients were randomly selected for algorithm validation.
Patients in the algorithm development and validation sub-sets did not overlap.

Variables for algorithm development

Eight variables were selected for building the phenotyping model based on their high clinical
relevance, availability across EMR systems, and non-overlapped utilization in
documentation. These variables were derived from 3 categories: demographic features,
billing codes and regular expression (RegEx). Demographic features were patient age (at the
time of data extraction) and sex. The prevalence of rotator cuff tear increases with age 1819,
Therefore, age was a prioriincluded in our algorithm. Sex was included due to its biological
importance and relationship with severity of symptoms of rotator cuff tear 8. Billing codes
included ICD-9 and CPT codes. ICD-10 codes were not included in algorithm development
because the number of patients enrolled between 10/2015 (the time of transition to ICD-10
codes) and 12/2016 represented a small portion of the dataset. The number of times an
ICD-9 code related to rotator cuff disorders appeared in a patient’s medical record (ICD-9)
and the number of times a CPT code related to rotator cuff repair was found in a patient’s
EMR (CPT) were calculated (Table S3). RegEx is a computer coding algorithm used to find
terms such as specific phrases, text, or numbers within reports and notes in EMR (Table S3).
In our study, RegEx was used to search physician notes, any of the radiology reports,
shoulder MRI reports (a subset of radiology reports), and operative reports (a subset of
physician notes). The MRI report was categorized independently even though it was
included in radiology reports to assess its unique prediction value of rotator cuff tear.
Similarly, operative report was assessed as an independent variable although it was included
in physician notes. The specific terms that were searched in narrative documents are listed in
the supplement (Table S3). The number of times that a given term appeared in the medical
record was calculated for MRI report (MRI), physician notes (H&P), operative report (Op),
and any of the radiology reports (Rad).

Chart Review

Individual chart review was used as the gold standard to ascertain whether a patient had a
rotator cuff tear or not. The manual chart review was based on keyword searching of
“supraspinatus”, “infraspinatus”, “subscapularis”, “teres”, “rotator”, “MRI”, and “operative”
in the radiology reports (including MRI reports) and physician notes (including operative
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reports). Phenotypes of rotator cuff tendons were determined by careful review of the
paragraphs where the keywords were located. Patients with an MRI or operative report
documenting rotator cuff tendon(s) tear or surgical history of rotator cuff repair were
classified as true rotator cuff tear. Patients with documentation of MRI or operative findings
of rotator cuff tear in physician notes, despite a lack of formal MRI or operative reports,
were also classified as true rotator cuff tear. If the MRI or operative report documented an
intact rotator cuff, such patients were classified as true normal rotator cuff. Imaging or
operative documentation of an intact cuff is essential to classify patients as normal rotator
cuff since imaging data shows that 40-65% of individuals aged =50 years without shoulder
symptoms have a rotator cuff tear 13. Hence, there is a high risk for misclassification if
imaging confirmation is not sought to determine whether a rotator cuff is normal. Patients
without documentation of shoulder MRI or operative findings in the EMR were excluded
from our study since the status of the rotator cuff cannot be determined with high confidence
in such individuals.

Statistical Analysis

Among the 1,000 randomly selected patients for model development, 293 patients were
assigned a definitive diagnosis of either true rotator cuff tear (n=193) or normal rotator cuff
(n=100) according to the criteria described in the Chart Review section. The probability of
rotator cuff tear was modelled using logistic regression. A redundancy analysis identifies
variables that can be predicted from the remaining variables in the analysis. Redundancy
analysis (elimination R2=0.9) did not eliminate any of the original 8 candidate predictor
variables. Predictor effects are presented as odds ratios with 95% confidence intervals.
Internal model validation with bootstrap corrected standard diagnostic statistics (e.g. c-
index) were conducted according to Harrell 14. A full model with all the 8 variables and a
more parsimonious clinical model with the 5 most significantly associated variables were
estimated and internally validated in a similar manner. Nomograms for scoring individual
patient probability of a rotator cuff tear were created.

In our validation test set, 263 patients were definitively diagnosed with either rotator cuff
tear (n=193) or normal rotator cuff (n=70). The clinical prediction model developed above
was applied to the validation test set to estimate the probability of a rotator cuff tear. Using
individual chart review as the gold standard, calibration curves, the receiver operating
characteristic curve (ROC), and area under the curve were evaluated for the predictive model
using the validation test set. Sensitivity, specificity, and diagnostic likelihood ratio (DLR)
were estimated at the maximum value of the Youden index along the ROC. The maximum
value of the Youden index provides the optimal cut-off for the probability of a rotator cuff
tear. DLR+ is defined as sensitivity/1-specificity and is equivalent to the probability of true
positive/false positive. DLR- is defined as 1-sensitivity/specificity and is equivalent to the
probability of false negative/true negative. DLRs quantify the post-test odds of disease and
do not depend on the disease prevalence in the population. A perfect test has a (DLR+,
DLR-) of (00,0).
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There were 14,690 likely rotator cuff tear and 1,066,053 likely normal rotator cuff patients
after the entire SD dataset was screened. A case-by-case chart review of the randomly
selected 500 likely rotator cuff tear and 500 likely normal rotator cuff patients confirmed
193 with true rotator cuff tear, 100 with true normal rotator cuff, and 707 subjects where
rotator cuff tear or normal rotator cuff status could not be definitively determined due to
unavailability of imaging or operative information. Of the 193 true rotator cuff tear cases,
182 patients were derived from the likely rotator cuff tear sub-set and 11 from the likely
normal rotator cuff sub-set. Of the 100 true normal rotator cuff individuals confirmed by
chart review, 12 were derived from the likely normal rotator cuff sub-set and 88 from the
likely rotator cuff tear sub-set. Of 707 excluded individuals, 230 were from the likely rotator
cuff tear and 477 were from the likely normal rotator cuff. Demographics and other
characteristics of rotator cuff tear and normal rotator cuff patients are presented in Table 1. A
majority of true normal rotator cuff patients had tendinopathy (n=46) or their imaging/
operative report was normal/nonspecific (n=24) (Figure S1).

Informatics algorithm development

In the parsimonious clinical model, in addition to age and sex, CPT (OR=3.3; 95% CI=1.6—
6.8 for 3 or more times versus none, and OR=2.8; 95% CI=1.1-7.5 for 1 or 2 times versus
none), Rad (OR=2.2; 95%CIl: 1.2-4.1 for 1 or more times versus none), and H&P (OR=4.5;
95%Cl: 2.2-9.1 for 1 or 2 times versus none, and OR=23.1; 95%Cl: 9.5-56.5 for 3 or more
times versus none) were significant predictors of the rotator cuff tear phenotype. (Table S4).
H&P had the highest contribution towards predicting rotator cuff tear followed by CPT
(Figure 2). For ease of use in clinical settings, a nomogram was plotted with each of the
significant variables in our clinical model to calculate the probability of rotator cuff tear
(Figure S2). The clinical model had good internal validation characteristics and showed
satisfactory overlap of predicted versus actual values for rotator cuff tear and a bootstrap
corrected c-index (AUC) of 0.833 (Figure 3 and Table S5).

Informatics algorithm validation

We describe the value of the parsimonious clinical model, via validation in a different set of
patients, using a panel of accuracy measures. AUC was 0.842 for the ROC curve. A
candidate optimal cutoff probability for the diagnosis of rotator cuff tear at the maximum
Youden index along the model ROC curve was at a sensitivity of 0.68 (95% CI: 0.61-0.74)
and specificity of 0.89 (95% CI: 0.79-0.95) for rotator cuff tear (Figure 4). A perfect
algorithm will predict disease perfectly with both sensitivity and specificity equal to 1. The
diagnostic likelihood ratios, DLR+ and DLR-, were 5.94 (95% CI: 3.07-11.48) and 0.363
(95% ClI: 0.291-0.453). Assuming the prevalence of a rotator cuff tear is 73% (validation
data), the pre-test odds of disease is 0.73/0.27=2.7. With a DLR+=5.94, the post-test
(algorithm) odds of a rotator cuff tear at the Youden cutoff of the modelling algorithm is
2.7x5.94=16.04.
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A full modelwith all variables (age, sex, ICD-9, CPT, H&P, Rad, MRI, and Op) considered
for model building achieved similar internal validation characteristics to the c/inical model
with a bootstrap corrected c-index (AUC) of 0.823 (Figures S3-S5 and Table S6).

DISCUSSION

We developed an informatics-based algorithm to identify individuals with the phenotypes of
interest, rotator cuff tear and normal rotator cuff, from an EMR-based dataset. We present a
final algorithm with 5 variables (age, sex, CPT, H&P, and Rad) that can be used to classify
patients with and without tears in EMR with a high degree of confidence. Our clinical model
showed good validation characteristics. Of note, our model showed stronger specificity
(0.89, 95% CI: 0.79-0.95) than sensitivity (0.68, 95% CI: 0.61-0.74) which suggests a
stronger capacity to “rule in” rotator cuff tear than “rule out” rotator cuff tear. This is further
corroborated by the high value of DLR+ 5.94 (95% CI: 3.07-11.5). This algorithm can be
used in future GWAS and clinical studies where large sample sizes of patients with rotator
cuff tears are needed from the EMR. Similar informatics-based algorithms have been
developed for various phenotypes including hypertension, systemic lupus erythematosus,
and rheumatoid arthritis 1517,

Predicting rotator cuff tear by data mining of clinical assessments has been reported ’;
however, data on informatics-based algorithms for rotator cuff tear and normal rotator cuff is
lacking. Informatics-based algorithms extend beyond the simple use of ICD-9 or ICD-10
billing codes to ascertain cases and controls. ICD codes are often inaccurate and can lead to
a high degree of misclassification of cases and controls . ICD codes are commonly used by
non-specialists leading to further misclassification. In contrast, CPT codes are surgical codes
used by specialists and therefore may be more likely to be more accurate. CPT was found to
be significantly associated with the prediction of rotator cuff tear in our analysis.

The narrative content of clinical notes was significantly associated with the diagnosis of
rotator cuff tear in our study. Previous studies have shown the importance of narrative
content of clinical notes in developing algorithms for other medical conditions 217, Clinical
notes that yielded significant narrative content in our final algorithm were physician notes
and radiology reports. It was surprising that the narrative content of the MRI report and the
operative report were not significant predictors of rotator cuff tear when assessed
independently. This is likely because information from MRI reports was captured in the Rad
variables and that for the Op variable was captured in physician notes. This implies that all
radiology reports and physician notes should be assessed when searching for samples of
patients with and without tears from EMR, and MRI and operative reports do not alone
provide accurate results.

Our algorithm is based on records where an MRI or operative report was available. Hence,
the possibility of spectrum bias exists where less severe cases of rotator cuff tears who did
not require MRI/surgery would be excluded from our study. Although currently available
data suggests that patient symptoms do not correlate with severity of structural findings on
MRI (such as tear size or muscle atrophy) 3, we recognize this potential limitation of our
study. However, it would be difficult to establish a gold standard for rotator cuff diagnosis
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without documented MRI or operative findings. The algorithm has sub-optimal diagnostic
accuracy for detecting patients with normal rotator cuff. To address this issue, a separate
algorithm for “normal rotator cuff” should be created in future studies.

Our study has some other limitations. The etiology of rotator cuff tear can be traumatic or
degenerative which implies different pathogenesis, clinical progression, and management 11;
however, the algorithm presented in this study does not account for traumatic versus non-
traumatic etiology. When the study was initiated, ICD-10 codes were just introduced into
clinical practice. Hence, very little data was available for the association of ICD-10 with the
phenotype of rotator cuff and these codes were not included in our algorithm. Although we
performed validation of our algorithm by using a different dataset, our model was not
validated in a dataset outside our institution. Lastly, we were only able to confirm an intact
cuff in patients classified as normal rotator cuff on one shoulder and the status of the
contralateral shoulder was unknown.

We present a previously unavailable informatics algorithm for accurate identification of
rotator cuff tear and normal rotator cuff from an EMR-based dataset with good validation
characteristics. Age, sex, CPT, H&P, and Rad were significantly associated with the
presence or absence of a rotator cuff tear. This algorithm can be used for rapid identification
of patients with and without rotator cuff tears in EMR settings.

CONCLUSION

Our informatics algorithm enables accurate and rapid identification of cohorts of individuals
with and without rotator cuff tear from an EMR-based dataset. Our algorithm has good
internal and external validity and hence can be applied to EMR in other settings and enable
large genomic and clinical studies in this area.
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Refer to Web version on PubMed Central for supplementary material.
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Synthetic Derivative asof 01/01/2017

(Age 40-75)
Rotator related codes (ICD- No rotator related codes
9, 1CD-10, or CPT) (1CD-9, ICD-10, or CPT)
OR AND
Regular expression (RegEx) No regular expression
in Radiology/ Shoulder MRI (RegEx) in Radiology/
report / Rehabilitation note Shoulder MRI report /
that match terms for Rehabilitation note that
rotator cuff tear or rotator match terms for rotator cuff
cuff repair tear or rotator cuff repair
OR
H&P / Rehabilitation note /
Radiology / Shoulder MRI
reportthat mention “normal
rotator cuff”
A 4 v
Likely rotator cuff tear (RCT) Likely normal rotator cuff (NRC)

Randomization

500

Randomization

Algorithm development set

Validation set

(n=1,000) (n=1,000)

Chart review Chart review
Excluded True RCT True NRC True NRC True RCT Excluded
(n=707) (n=193) (n=100) (n=70) (n=193) (n=737)

Developmentk Algorithm ) Validation
Figure 1.
Study design
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x2 P
Sex . 1.6 0.20
Age o 2.7 0.10
Rad . 6.6 0.01
CPT . 12.3 0.00
H&P «|52.2 0.00

0 10 20 30 40 50

Figure 2: Contribution of variables in predicting rotator cuff tear.
CPT=number of times a CPT code related to rotator cuff repair appeared in patient’s medical

record; H&P=number of times a rotator cuff lesion/rotator cuff repair-related term appeared

in physician notes; Op= number of times a rotator cuff lesion/rotator cuff repair-related term
appeared in patient’s operative notes; Rad= number of times a rotator cuff lesion/rotator cuff
repair-related term appeared in patient’s imaging reports; Age in years; Sex (females versus

males)
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Figure 3: Validation of the clinical model.
Internal validation and calibration.

The hatch marks on top of the plot are the relative frequency of calibrated probabilities after
dividing into 101 bins. The apparent line illustrates predicted versus observed values from
the model. The bias-corrected line deviates more than the apparent line, showing the degree
that the model is over-confident. The ideal line is the optimal scenario if the model had
perfect prediction.
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AUC: 0.842 (0.793, 0.891)
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Figure 4: Optimal cut-off probability for diagnosis of rotator cuff tear.
A candidate optimal cutoff probability for the diagnosis of rotator cuff tear at the maximum

Youden index along the model ROC curve was at a sensitivity of 0.68 and specificity of

0.89.
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Table 1.

Demographics and other characteristics of the patients with and without rotator cuff tears.

Page 13

Training Set Validation Set
PARAMETERS R Olt\la(:grpgluﬁ Rotator Cuff Combined Ro’t\la(igrrnéluff Rotator Cuff Combined
(N=100) Tears (N=193) (N=293) (N=70) Tears (N=193) (N=263)
'c;‘egvel;tmé;” * standard 57.9+8.1 60.4+8.8 59.5+8.6 56.3+8.1 61.9+87 60.4+89
Sex
Female 52% (52) 40% (78) 44% (130) 50% (35) 45% (87) 46% (122)
Male 48% (48) 60% (115) 56% (163) 50% (35) 55% (106) 54% (141)
ICD-9*
0 12% (12) 5% (10) 8% (22) 1% (1) 5% (9) 4% (10)
10r2 40% (40) 28% (55) 329% (95) 56% (39) 23% (44) 32% (83)
3ord 27% (27) 15% (29) 19% (56) 21% (15) 20% (38) 20% (53)
>5 21% (21) 51% (99) 41% (120) 21% (15) 53% (102) 44% (117)
CPT*
0 72% (72) 44% (85) 54% (157) 71% (50) 46% (89) 53% (139)
1or2 9% (9) 13% (25) 12% (34) 16% (11) 10% (19) 11% (30)
>3 19% (19) 43% (83) 35% (102) 13% (9) 44% (85) 36% (94)
MRI*
0 84% (84) 70% (136) 75% (220) 26% (18) 28% (54) 27% (72)
>1 16% (16) 30% (57) 25% (73) 73% (52) 72% (139) 73% (191)
HP*
0 70% (70) 23% (45) 39% (115) 57% (40) 16% (31) 27% (71)
10r2 23% (23) 24% (47) 24% (70) 37% (26) 29% (56) 31% (82)
>3 7(7) 529 (101) 37% (108) 6% (4) 55% (106) 42% (110)
OR*
0 96% (96) 66% (128) 76% (224) 96% (67) 65% (126) 73% (193)
>1 4% (4) 34% (65) 24% (69) 4% (3) 35% (67) 27% (70)
RR*
0 68% (68) 47% (90) 54% (158) 59% (41) 50% (96) 52% (137)
>1 32% (32) 539% (103) 46% (135) 41% (29) 50% (97) 48% (126)

ICD-9=number of times a rotator cuff lesion related ICD-9 code appeared in the patient’s medical record; CPT=number of times a CPT code
related to rotator cuff repair appeared in patient’s medical record; MRI=number of times a rotator cuff lesion/rotator cuff repair related term
appeared in patient’s MRI reports; H&P=number of times a rotator cuff lesion/rotator cuff repair related term appeared in physician notes; Op=
number of times a rotator cuff lesion/rotator cuff repair related term appeared in patient’s operative notes; Rad= number of times a rotator cuff
lesion/rotator cuff repair related term appeared in patient’s imaging reports
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