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Background: The results of clinical laboratory tests are an essential component of medical decision-
making. To guide interpretation, test results are returnedwith reference intervals defined by the range
in which the central 95% of values occur in healthy individuals. Clinical laboratories often set their own
reference intervals to accommodate variation in local population and instrumentation. For some tests,
reference intervals change as a function of sex, age, and self-identified race and ethnicity.
Methods: In this work, we develop a novel approach, which leverages electronic health record data, to
identify healthy individuals and tests for differences in laboratory test values between populations.
Results: We found that the distributions of >50% of laboratory tests with currently fixed reference
intervals differ among self-identified racial and ethnic groups (SIREs) in healthy individuals.
Conclusions: Our results confirm the known SIRE-specific differences in creatinine and suggest that
more research needs to be done to determine the clinical implications of using one-size-fits-all refer-
ence intervals for other tests with SIRE-specific distributions.
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Clinical laboratory tests contribute tomedical di-
agnoses and interventional decisions. They also
provide insight into physiological states that are
not directly observable. However, differences in
population demographics, geography, and labora-
tory instruments can alter distributions of test
results (1, 2) and so each clinical laboratory is ex-
pected to define reference intervals for each labo-
ratory test (1, 3). Clinical laboratories commonly
base these reference intervals on published spec-
ifications and/or data from healthy individuals
from the communities around the hospital (3, 4).
The reference intervals are incorporated into their
health systems and used to define normal/abnor-
mal test results.
Reference intervals are typically defined as the

interval in which 95% of test results in healthy in-
dividuals occur (5). The current gold standard ap-
proach is to collect a minimum of 120 healthy
samples to estimate reference intervals of new
tests, and as few as 20 samples per partition to
verify existing ones (3, 6). However, reference sam-
ples are difficult to obtain, laboratories often use
“easily collected” samples such as college students
or internal laboratory staff (7), or rely on reference
intervals from the literature or analytical instru-
ment manufacturer product inserts (3). Moreover,
there is no general agreement on how to define
healthy individuals. To address the issues of di-
verse sample availability, approaches relying on
large cross-sectional samples have been pro-
posed, e.g., the Hoffman and Bhattacharya meth-
ods (8, 9). Although these approaches have shown
benefits in some circumstances, we considered
whether improvements could be made to this ap-
proach, because these methods require subjec-
tive parameters to be fit “by eye” and make strong
distributional assumptions.
In this work, we develop a set of inclusion/exclu-

sion criteria to define healthy individuals within an
electronic health record (EHR)8 system, and exam-
ine the distributions of laboratory test results in
these healthy individuals across self-identified

races and ethnicities (SIREs). Currently, some clin-
ical laboratory tests are well known to have racial
or ethnic-specific differences, and are reported us-
ing SIRE-specific reference intervals (10). For exam-
ple, mean serum creatinine level was found to be
the highest in non-Hispanic African-American,
lower in non-Hispanic European, and the lowest in
Mexican-American for female andmale individuals
(11). Therefore, estimated glomerular filtration rate
(eGFR), a widely used measure of kidney function, is
calculated on the basis of serum creatinine, age, sex,
and race. However, in this function, race is binary
(African-American or European), and more granular
categories and/or genetic ancestry could improve
eGFR scaling (12). In other instances, differences in
test distributions between SIRE are known in theory,
but reference intervals are not altered in practice
(13). For example, a genetic variant in the Duffy Anti-
genReceptor (14), common inAfrican-Americansbut
rare in European-Americans, induces a 1-SD drop in
themeanneutrophil count and is thebasis of benign
ethnic neutropenia (15). However, neutrophil counts
are reported with the same reference interval for all
SIREs.
In this work we explore differences between

SIREs for an entire spectrum of clinical laboratory
tests. To accomplish this goal, we first define a set
of inclusion/exclusion criteria to identify healthy in-
dividuals' visits from EHR data. We use laboratory
results from these visits to define reference inter-
vals using data taken directly from the EHR system
at the University of California, San Francisco (UCSF)
Medical Center. On the basis of our findings, we
estimated the effect that alternative reference in-
tervals may have for biological discovery and for
the healthcare system.

MATERIALS AND METHODS

General overview of the approach used in
this study

We split patients with deidentified laboratory
data into 2 overlapping cohorts: a healthy cohort
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and a general cohort. The healthy cohort consists
of adults (age, 18–60 years) who had laboratory
results from healthy encounters (see below). The
general cohort includes adults (age, 18–72 years)
who had any laboratory encounter (Table 1). We
subsampled a single random healthy encounter
for each patient having multiple healthy encoun-
ters. The healthy cohort was used to define the
EHR-based reference interval, and the general co-
hort was used to estimate the effect of changes of
reference intervals on classification of previous
measurements.
To define the reference interval for each labora-

tory test among the 50 most common tests, we
analyzed for males and females separately. We
took the median value for each patient and labo-
ratory test if multiple measurements were avail-
able from 1 individual healthy encounter. Finally,
we removed outliers as described below. For tests
with a single threshold of abnormal (e.g., HDL cho-
lesterol >39 mg/dL) we used the 5th percentile to
set the interval. For tests that have reference
ranges with lower and upper thresholds (e.g., se-
rum creatinine, 0.44–1.0mg/dL), we computed the
2.5th and 97.5th percentiles as the EHR-based ref-
erence intervals.

Data extraction and cleaning

UCSF uses the Epic EHR system, which was
launched in August 2012. Deidentified structured
laboratory data, diagnosis and procedure codes,

encounter data, and demographics were ex-
tracted from EHRs for encounters between August
2012 and May 2017.
Laboratory test methodologies and manufac-

turer assays are available online (http://labmed.
ucsf.edu/labmanual/mftlng-mtzn/test/test-index.
html). Siemens platforms were used for all chemis-
try, complete blood counts, urinalysis, and immu-
nochemistry tests. Stago platforms were used for
coagulation assays. We excluded patients <18 or
>72 years. eGFR and hepatitis B surface antibody
laboratory tests were excluded because >1% of
measurements' reported values are of the form
“>x” or “<x,” where “x” is a number. Data units of
each test were converted to the same unit scale.
For example, values reported in cells/μL were con-
verted to cells ×109/L by dividing it by 1000.
Healthy outpatient encounters were selected by

a list of International Classification of Diseases,
10th Revision, Clinical Modification (ICD10) codes
representing no illness (see Table 1 in the Data
Supplement that accompanies the online version
of this article at http://www.jalm.org/content/vol3/
issue3). Encounters associated with any other
ICD10 code were excluded from the healthy en-
counter set. Patients older than 60 years were
excluded from the healthy set. Patients with un-
known/declined race or ethnicity (Table 2) were in-
cluded in the healthy cohort, which was used to
define EHR-calibrated reference intervals, but
were excluded from SIRE-specific reference inter-
vals calibration.

Defining reference intervals

Outliers were detected using the Tukey method
(4, 16) as proposed by Reed et al. (6). For each test
and sex, we defined interquartile range (IQR) as
IQR = Q3 − Q1, where Qi was the ith quartile of the
data. Values below or above 1.5 × IQR of Q2 or Q3,
respectively, were considered outliers and were
removed.
According to current practice, a reference inter-

val is defined by collecting a minimum of 120

Table 1. Patients, encounters, and mea-
surements.

Healthy
cohorta

General
cohort

Age, years 18–60 18–72
Number of patients 11245 656148
Number of encounters 13817 20750914
Number of laboratory tests 174505 62846904

a Based on ICD10 diagnosis codes (see Table 1 in the online Data
Supplement).
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healthy samples from a population. Values be-
tween the 2.5th and 97.5th percentiles become
the reference interval. Several tests specify only a
lower or upper threshold. In these cases, we de-
fined the reference interval as being below the 5th
percentile or above the 95th (e.g., LDL cholesterol
<130 mg/dL and HDL cholesterol >39 mg/dL).

Statistical tests

To test for statistically significant differences in
average values across SIREs, we performed analy-
sis of variance (ANOVA) using 2 tests: 1-way ANOVA
and the Kruskal–Wallis (KW) test (17). In the 1-way
ANOVA, we added a patient's SIRE and age to the
linear model, as well as the laboratory measure-
ment as the dependent variable. The KW test does
not support multiple independent variables, so
we first computed residuals of the linear model,
in which laboratory measurements were the de-
pendent variables and age and SIRE were the
independent variables. Residuals were then set
as dependent variables in the KW test, with SIRE
as the independent variable. Multiple-test cor-
rection was performed using the Benjamini–
Hochberg procedure (18).

RESULTS

We examined deidentified EHR data from ap-
proximately 970000 patients seen between
August 2012 and December 2017 (28 million
encounters), yielding an initial set of 87 million
laboratory test results. Table 2 shows the basic
demographic information for this population. We
selected our main cohort from the EHR based on
inclusion and exclusion criteria, as follows. To cap-
ture healthy individuals, we selected outpatient
encounters during which a diagnostic ICD10 code
was assigned matching a predefined list reflecting
healthy nonillness encounters (see Table 1 in the
online Data Supplement) and excluded any en-
counter with ICD10 codes not on the list. Out of 28
million encounters, there were 13817 encounters
covering 11254 healthy adults (age, 18–60 years).
None of these encounters was a follow-up appoint-
ment to a previous one as defined by the visit type. A
total of 174505 laboratory test results were re-
corded from these encounters (Table 1). Through
discussions with laboratory staff, we ensured that
laboratory instrumentswerenot changedduring the
collection period.

Table 2. Summary statistics of patients in UCSF EHR database.

Median Mean SD
Age, years 42 41.66 23.98
Encounters per patient 7 27.19 61.48

Female Male Unknown/Unspecified
Sex 505400 415888 1308

Ethnicity
Hispanic
or Latino

Not Hispanic
or Latino Unknown/declined

Race
Native American or Native Alaskan 595 2491 194
Asian 982 94032a 3587
Black or African-American 1011 41644a 2354
Native Hawaiian or other Pacific Islander 319 12882a 1091
Other 74968a 49592 8077

Unknown/Declined 8383 16568 197413
White or Caucasian 22162a 368845a 20306

a Indicates major race-ethnicity group used in the current analysis.
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EHR data are known not to represent the gen-
eral population;many younger or healthier individ-
uals may not interact with the health system.
Although we did not have demographic data of
subjects who were originally used to define the
current reference interval, we did compare the
body mass indices (BMI) of our healthy subject co-
hort with the BMI of a sample cohort from the gen-
eral US population [National Health and Nutrition
Examination Survey (NHANES), 2015–2016], which
has previously been used to define reference in-
tervals for laboratory tests (10). The average BMI in
the general US population of age range 18–60
years is 25.6 ± 8 kg/m2 and 24.7 ± 7 kg/m2 for
female and male individuals, respectively, where
the average BMI of healthy individuals at UCSF is
25.3 ± 6 kg/m2 and 26.5 ± 5 kg/m2 for females and
males, respectively and for the same age group of
18–60 years (average age, 42.0 ± 11 and 39.5 ± 10
years for healthy individuals at UCSF and NHANES,
respectively). While the female individuals at UCSF
have lower BMI (2-sided t-test, P = 0.04) and the
male individuals have higher BMI (1-sided t-test,
P = 1.95 × 10–32), the statistical significance is
driven by the large sample size and the magnitude
of the changes is small.

EHR-based laboratory reference intervals
are stable

We collected data from the 50 most common
laboratory tests having at least 120 healthy sam-
ples for each sex from the UCSF EHR. Outlier
values were removed using the Tukey method
(16; see Methods). For each of the 50 laboratory
tests, we defined a data-driven reference inter-
val to contain 95% of the healthy sample results
(see Methods).
We compared EHR-based and currently-in-use

reference intervals by taking the log base 2 of the
ratio of interval's size for each laboratory test.
We rejected the hypothesis that EHR-based refer-
ence intervals for laboratory tests with smaller
healthy samples deviate from currently-in-use

reference intervals more than laboratory tests
with larger healthy samples (Spearman correlation =
−0.05, P = 0.65) (Fig. 1 and see Fig. 1 in the online
Data Supplement).
Comparing our new calculated reference inter-

vals with the original ones, we found that the ref-
erence intervals of only 2 laboratory tests had a
>2-fold change (Fig. 1). The existing reference
range for direct bilirubin is ≤0.3 mg/dL for female
and male individuals at UCSF, and we defined a
data-driven range of ≤0.1 mg/dL for both female
and male individuals independently, a 3-fold nar-
rowing of the reference interval. Immature granu-
locyte (IG) count is a marker for infection and
sepsis (19). The existing reference interval for IG is
≤0.1 × 109 cells/L for both sexes in UCSF's refer-
ence interval, whereas the EHR-calibrated method
gave upper threshold/95th percentile values of
0.04 and 0.05 × 109 cells/L for female and male
individuals, implying a 2-fold decrease over the
UCSF reference intervals.
Switching to EHR-based data-driven references

from the current UCSF ranges affects 6.7% of all
measurements: 2.4% out-of-rangemeasurements
were reclassified as normal and 4.2% normal mea-
surements exceed the new calculated thresholds.
This confirms the overall utility of our inclusion/
exclusion criteria, with results for individual tests
provided in Table 2 in the online Data Supplement
(see Fig. S2 in the online Data Supplement). For
example, UCSF's current reference interval for cre-
atinine in female individuals of age ≥19 years is
0.44–1.0 mg/dL. Based on 3061 healthy female in-
dividuals of age 19–60 years, the new EHR-defined
reference interval is 0.48–0.94 mg/dL, which re-
classifies 6.6% of creatinine measurements (see
Table 2 in the online Data Supplement). Similarly,
the existing reference interval for white blood
cell (WBC) counts for female individuals of age
≥21 years is 3.4–10.0 × 109 cells/L and the EHR-
calibrated reference interval (3606 subjects) is
3.4–9.7 × 109 cells/L, which reclassifies only 1.9%
of measurements.
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Laboratory test distributions differ across
subpopulations

The general practice for defining reference in-
tervals requires separate categories for male and
female individuals and for age groupswhen appro-
priate. Few laboratory tests have reference inter-
vals for race and ethnic groups currently in use in
the clinic (e.g., creatinine). We had male-specific
data from 46 tests and female-specific data from
44 tests that also had at least 2 SIREs with ≥50

healthy individuals. For each test, we compared
the distribution of healthymeasurements fromdif-
ferent SIREs adjusting for age and stratifying by sex
and tested for differences using ANOVA (seeMeth-
ods). Table 3 shows the 10 results with the lowest
ANOVA P value (complete results in Table 3 in the
online Data Supplement). We find that many labo-
ratory test results differed between SIREs. Out of
85 laboratory tests, 48 (56%) were significantly dif-
ferent across different SIREs (ANOVA, P < 0.05 after

Fig. 1. EHR-calibrated reference intervals comparison.
Scatter plot of the number of healthy samples vs log2 of the ratio of original reference interval size and EHR-based reference
interval size. A point above the horizontal line represents a laboratory test in which the EHR-calibrated reference interval is
larger than the original. For example, 2 data points on the bottom left size represent the 2 laboratory tests tomeasure direct
bilirubin levels formale and female individuals. For these 2 laboratory tests, the reference interval is ≤0.3mg/dL, whereas the
EHR-based reference intervals were found to be ≤0.1 mg/dL.
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Benjamini–Hochberg correction for multiple test-
ing). The nonparametric KW test also found signif-
icant differences between SIREs in 60 (71%)
laboratory tests (after Benjamini–Hochberg cor-
rection for multiple testing; see Table 3 in the on-
line Data Supplement).

Distribution of clinical measurements
within healthy individuals

Results for several laboratory tests are known to
have distribution differences between SIREs. Se-
rum creatinine is an example (11), and we
evaluated this test in detail as a correctly discov-
ered true-positive finding. Healthy non-Hispanic
African-Americans had the highest mean serum
creatinine level, followed by non-Hispanic Europe-
ans and Hispanic Europeans, with non-Hispanic
Asians having the lowest mean serum creatinine
level (Fig. 2A), consistent with previous publica-
tions (10, 11). The difference in creatinine levels
between female SIRE was significant (ANOVA,
P = 2.26 × 10–8; KW, P = 8.56 × 10–49; see Table 3 in
the online Data Supplement), and it remained sig-
nificant after excluding themore extreme non-His-
panic, African-Americanmeasurements (P = 4.21 ×
10–8). The difference in males was not significant
by ANOVA (P = 0.33) but was according to KW test
(P = 1.7 × 10–10).
Previous studies have suggested differences in

total bilirubin levels between SIREs (20). We tested
this possibility and found no difference (ANOVA, P
value = 0.09 and 0.54 for female and male individ-
uals, respectively; Fig. 2D and see Table S3 in the
online Data Supplement). Separately, we found
that healthy African-Americans had a lower aver-
age WBC count than healthy Europeans (t-test, P =
0.02), as has been shown (14, 21). We also found a
lower WBC count in non-Hispanic Asians com-
pared with Europeans and Hispanics (t-test,
P = 7.5 × 10–11; Fig. 2 and see Table 3 in the online
Data Supplement). HbA1c levels in our data were
higher in African-Americans compared with
those in Europeans in accordance with previous
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work (22, 23). To the best of our knowledge, only
a few laboratory tests were previously shown to
differ across SIRE groups. Serum creatinine is
the only test that is currently adjusted for SIRE
during clinical interpretations of the test. In total,
we found that >50% of common laboratory tests
had significant difference across SIRE groups.

Reference intervals stratified by population
demographics

We next examined the effect sizes of SIRE-
specific reference intervals. For each laboratory
test, sex, and SIRE, we repeated the procedure
above to defined SIRE-specific EHR-based

reference intervals as central 95% of values of
matching healthy individuals. The number of mea-
surements in the low/normal/high group for each
reference intervals considered was calculated for
each SIRE and laboratory test. Among laboratory
testswithat least 120healthy samples, 543601mea-
surements (2.5%) from the general data set that
were originally considered abnormal, would be re-
classified as normal, and 980673 (4.5%) originally
normal measurements would be considered abnor-
mal under new EHR-driven SIRE-specific reference
intervals (seeTable4 in theonlineDataSupplement).
For example, 26303 non-Hispanic Europeans

and 5219 non-Hispanic African-Americans had

Fig. 2. Difference in laboratory testmeasurements among healthy individuals in different SIRE groups.
Distributions of different laboratory tests in healthy individuals for (A) creatinine, (B) Hb A1c, (C) WBC count, and (D) total
bilirubin. Black diamonds: average values. Parentheses in the titles show Benjamini–Hochberg-adjusted ANOVA P values.
Parentheses next to each SIRE, show the number of healthy individuals. Colorsmatch across panels. SIRE sorted bymean. H,
Hispanic or Latino; NH, Not Hispanic or Latino.
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HbA1c measurements. Using the first measure-
ment per subject, the HbA1c levels in 7887 (30%)
Europeans and 2725 (52%) African-Americans ex-
ceeded 5.6%, which is the upper threshold of the
existing reference interval. Alternatively, the HbA1c
levels in only 3783 (14%) non-Hispanic Europeans
and 1499 (29%) non-Hispanic African-Americans ex-
ceeded on using an EHR-calibrated threshold of
6.1% (see Table 2 in the online Data Supplement).
When a SIRE-specific threshold (see Table 4 in the on-
line Data Supplement) was used, theHbA1c levels was
higher than the threshold in 4792 (18%) and 3064
(12%)ofnon-HispanicEuropeansandnon-HispanicAf-
rican-Americans, respectively. These findings demon-
strate that a substantial number of individuals are
newly categorized to abnormal from normal or vice
versa if SIRE-specific reference intervals are con-
structed.

DISCUSSION

In this work we found that for more than half of
the commonly obtained laboratory tests, there is a
difference in measurements across SIREs in our
cohort of healthy individuals. Some environmental
or genetic factors that affect laboratory test results
are known, and these may differ across race
or ethnicity (14, 24). For example, the variant
rs2814778 causes benign ethnic neutropenia in
African-Americans. However, our finding that WBC
levels were lower in normal non-Hispanic Asians
cannot be explained by this variant, because the
allele associated with low neutrophil levels has a
frequency of 0.82 in African-Americans and <0.001
in Asians as well as in Europeans (25).
Different subpopulations may seek care for dif-

ferent diseases because of genetic and environ-
mental factors. This fact may drive differences in
the distribution of test results, even if the healthy
reference interval of these distributions is identical
across populations. Although we found that >50%
of tests varied by SIRE, only 1 of these, creatinine, is
adjusted for SIRE in current clinical practice. Even

in this case, we found additional heterogeneity be-
yond the current version of African-American vs
non-African American, particularly the lower levels
of creatinine among healthy Asian-Americans. The
risk for mortality from stroke is 2-fold greater
among African-Americans than Europeans (26),
and the prevalence of hypertension is increased in
the African-Americans (27). In this case, setting a
different reference interval just for African-
American patients may not be comprehensive
enough. To get a more precise reference interval,
one might also consider intra- and interindividual
variations (28), but this type of information is not
always available, because healthy individuals tend
not to need many blood tests.
We also described an approach to defining ref-

erence intervals for clinical laboratory test results
from existing clinical laboratory test measurement
data and showed that the distributions of labora-
tory test results do not substantially differ, with the
exception of direct bilirubin and IG, which we
found to be 2- or 3-fold smaller. However, a study
from 2003 (29) found the 95th percentile of IG val-
ues to be 0.03 × 109 cells/L for both female and
male individuals, thus supporting our finding.
However, we note that this result does not imply
that patients with IG values between 0.04 and 0.1 ×
109 cells/L have an infection.
EHR-based research has multiple advantages

over traditional clinical studies (30). For example,
EHR-based studies use data acquired under routine
conditions, whereas large studies use measure-
ments acquiredby following researchprotocols. Fur-
thermore, the adjustment of EHR-based reference
interval will permit direct examination and accom-
modation of test distribution differences between
SIREs. EHR-calibrated reference intervals may pro-
videmore accurate estimates of “real” normal values
because they are based on a larger number of sam-
ples than the 120 required by the current gold stan-
dard methods (see Fig. 1 in the online Data
Supplement for comparison between different sam-
ple sizes). However, there are limitations in theuseof
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EHR data including the following: (a) abnormal labo-
ratory values obtained during encounters that are
misclassified as healthy encounters, (b) sample sizes
for rarely used tests, and (c),missing knowledgeof an
evolving illness,whichmayhaveaffected thedistribu-
tionof the results.Going forward, itwill be interesting
to explore alternative data-driven approaches to de-
fining a healthy distribution (18).
Despite these limitations, our method does at

least as well as the standardmethod for sample col-
lection, which lacks a standard for defining healthy
volunteers (31). In addition, some laboratory test re-
sults change dramatically in different normal condi-
tions. For example, calcium and phosphate levels
have a circadian rhythm (32), creatinine is influenced
by hydration (33), and glucose by food intake. None
of theseconditionswerecontrolled forhere,but they
are not considered in the current scheme of deter-
mining reference intervals either.
In this work, we treated SIRE as marker of iden-

tity, as has been done previously in clinical con-
texts (11). First, false reporting of SIRE is common
(34), and many patients identify with 2 or more
racial/ethnic categories. An extension of the cur-
rent work will define reference intervals for more
population categories (or even a continuous space
of patients) and will also include patient genome

information. Discussions about the overall nature
of race and ethnicity are beyond the scope of this
work and widely discussed elsewhere (35, 36).
Our findings suggest that reference intervals can

be calculated based on healthy baselines deter-
mined for each subpopulation. However, it is not
necessarily the case that a group-specific refer-
ence interval conveys more diagnostic informa-
tion, even if the healthy group-specific distribution
is different fromhealthy distributions in other pop-
ulations. For example, healthy individuals fromone
population may have higher LDL cholesterol or
non-HDL cholesterol levels owing to genetic and
environmental factors such as diet. However, this
does not necessarilymean that the risk of a cardio-
vascular event at a given level of cholesterol differs
between SIREs (37, 38). We do suggest that our
technique be used to periodically compare EHR-
calibrated reference intervals with the standard
reference intervals to understand local population
differences that may have a clinical impact.
The factors affecting the differences between

SIREs might be genetic, environmental, or socio-
logical in origin. Our findings call for more explora-
tion of the underlying biology thatmight be leading
to these differences and the potential clinical im-
pact of these differences.
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