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Abstract

Background: Laboratory tests provide objective measure-
ments of physiologic functions, but are usually evalu-
ated by demographic reference-intervals (RI), instead
of risk-based decision-limits (DL). We show that hospi-
tal electronic medical record (EMR) data can be utilized
to associate all-cause mortality risks with analyte test
values, thereby providing more information than RIs and
defining new DLs.

Methods: Our cohort was 39,964 patients admitted for any
reason and discharged alive, during two 1-year periods, at
Sarasota Memorial Hospital, Florida, USA. We studied five
routinely-performed in-hospital laboratory tests: serum
creatinine, blood urea nitrogen, serum sodium, serum
potassium, and serum chloride. By associating a mortality
odds ratio with small intervals of values for each analyte,
we calculated relative risk of all-cause mortality as a func-
tion of test values.

Results: We found mortality risks below the popula-
tion average within these proposed DLs: potassium
34-4.3 mmol/L; sodium 136-142 mmol/L; chloride
100-108 mmol/L; creatinine 0.6-1.1 mg/dL; blood urea
nitrogen (BUN) 5-20 mg/dL. The DLs correspond roughly
to the usually-quoted RlIs, with a notable narrowing for
electrolytes. Potassium and sodium have reduced upper
limits, avoiding a “high-normal” area where the odds
ratio rises 2 to 3 times the population average.
Conclusions: Any clinical laboratory test can be trans-
formed into a mortality odds ratio function, associating
mortality risk with each value of the analyte. This provides
a DL determined by mortality risk, instead of RI assump-
tions about distribution in a “healthy” population. The
odds ratio function also provides important risk informa-
tion for analyte values outside the interval.
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Introduction

Laboratory tests are utilized to provide objective measure-
ments of vital physiologic functions of patients in many
clinical settings. Every test used to assess patient con-
dition has an associated reference interval (RI) or deci-
sion limit (DL), determined either demographically by
population samples, or by medical evidence [1]. Accord-
ing to Horn and Pesce, “the reference interval is the most
widely used medical decision-making tool” [2]. Devia-
tions from standard clinical values of normal ranges are
generally taken to indicate dysregulated organ system
function and/or pathophysiology, and are considered
indicative of loss of protective homeostatic mechanisms,
as well as possible markers of specific diseases [3]. Addi-
tionally, some tests are regarded as critical laboratory
values that may be indicative of life-threatening condi-
tions requiring rapid clinical intervention. Designation
of critical values by clinical laboratories is required by
the Clinical Laboratory Improvement Amendments and
regulatory agencies [4].

There are two types of intervals that may be reported
by laboratories [1]. The most common is a RI, usually
termed health-associated or population-based [5, 6],
derived from a sample of individuals who are in “good
health”. The other type is a DL, based on specific limits
that national and international expert clinicians decide
are helpful to diagnose and/or manage patients [7].
Usually a DL is the result of extensive medical research.
Here, we describe a simple method for deriving risk-
based DLs from data available in the Electronic Medical
Record (EMR).
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The underlying assumption in Rls is that the popula-
tion mean represents optimal health, i.e., good function-
ality of the corresponding physiologic system(s). This is
not necessarily true (e.g., cholesterol) [8-10]. While demo-
graphic-based definitions are clearly attempts to establish
objective, quantitative estimates of the values of analytes
for minimal risk, they are not based on any direct meas-
urements of risk. When the assumption that a “healthy”
population is optimum at its average test value is shown
by medical research to be false, i.e., when actual associ-
ated risks become known, the Rl is replaced by a DL, con-
forming to the data.

Attempts to establish the risks associated with devia-
tions from the norm of some clinical measures are usually
very narrowly defined [11-16]. One recent study pointed
out that abnormal routine laboratory analyte test results
can be utilized to stratify mortality risk in patients hospi-
talized with acute decompensated heart failure [16]. Their
interest was in predicting the mortality consequences
associated with specific ranges of values of the analyte for
these specific patients.

We propose that population-based RIs be replaced
by risk-based DLs for all analytes, utilizing the method-
ology demonstrated below, which associates mortality
risk with laboratory test data in the EMR of any hospital.
By this, we do not mean to apply statistical methods to
cull “healthy” data from in-hospital patients, as advo-
cated by some investigators [17]. On the contrary, it is our
hypothesis that by calculating the all-cause mortality
odds associated with laboratory test value data for in-
hospital patients, independent of diagnoses and medical
histories, we can discover the lowest risk and optimal
value ranges of those analytes, as well as the specific
risks of deviations from those optimal values. In other
words, analyte test result values can be put on a scale
that reflects the health consequences of each test result
in terms of the relative risks of all-cause mortality asso-
ciated with the value. Defining the mortality odds ratio
(OR) as 1 for the cohort average for an analyte, there is
minimal risk when the OR is one or less, and any value
of the analyte associated with an OR greater than one
reflects an increase in risk above the cohort average for
that value. Thus this becomes a new and simple meth-
odology to determine risk-based DLs for analytes, being
those values of each test that have less than average
associated risk of mortality from any cause. The purpose
of this study is to illustrate the methodology, show that it
provides information more meaningful and useful than
RIs, and for several example analytes, provide prelimi-
nary (single-site) results in the form of risk functions and
new proposed DLs.
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Materials and methods

This is a retrospective (historical) cohort study based on data extract-
ed from the EMR at sarasota memorial hospital (SMH) in Sarasota,
Florida, USA. The data had been extracted for a different investiga-
tion, which excluded gender and patients in obstetrics, pediatric and
psychiatric units. Laboratory test data associated with the last test
result before each patient’s discharge was extracted for all patients
discharged alive admitted for any reason during two l-year periods,
calendar year 2004, and July 2005 — June 2006, which determined the
study size of 39,964. Demographic data was not extracted; however,
the age data was obtained for 1 year and shows a bimodal distribu-
tion, with peaks at 35 and 79 years, and median age of 69. The gen-
eral description of the Sarasota population, according to the census
bureau [18], is 84% white, 8% Hispanic, and 5% Black, with 52%
female. Persons 65 year and older make up 32% of the population,
while those under 18 constitute 16%.

The SMH Institutional Review Board granted approval for this
work.

Tests

We have studied for five commonly available, in-hospital labora-
tory tests: serum creatinine, blood urea nitrogen (BUN), serum po-
tassium, serum sodium, and serum chloride. The test samples were
collected routinely, analyzed by the SMH laboratory utilizing the
Siemens Dimension Vista® System and its prescribed procedures,
and results entered into the EMR. A single result was used for each
patient’s visit: the last test before discharge.

Calculation of the analyte mortality odds risk
function

The primary outcome was 1-year mortality, which was utilized to
calculate mortality odds within intervals of analyte values. For each
analyte, the number of patients living and the number dead within a
year of discharge were found by comparison with the Social Security
Master Death file. ORs were computed for intervals of each analyte
by calculating the mortality odds for patients with results within
each interval, and comparing their odds with the mortality odds for
all patients with results outside the interval. The 95% confidence
intervals (CIs) for each OR were calculated by standard statistical
methods [19].

To obtain smooth and statistically powerful functions, the data
was subjected to a “moving-average” type of analysis, where a set
of three to five adjacent test results was used in each calculation.
The intervals were established by choosing sufficient adjacent re-
sults to achieve p<0.05 statistical significance for the calculated OR
for the interval under consideration, or ORs whose 95% Cls did not
overlap 1, where possible. The population-weighted mean for the
analyte value was calculated for each interval, and considered to be
the moving-average OR for that interval, and for the next interval,
the adjacent set of test results were used, overlapping the prior set.
An example of the data and the OR calculation is given in Table 1.
This procedure associates a mortality OR with each mean test val-
ue, which we interpret as the relative risk of 1-year post-discharge
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Table 1 Example of odds ratio calculation for potassium.

Test result, mmol/L Live Died Odds ratio table Potassium test OR results

4.5 1138 237 Live  Died Average Potassium OR Lower95%Cl  Upper95% Cl
in Interval

4.6 829 214  Within interval 2602 608 4,58, mmol/L  1.23 1.13 1.35

4.7 635 157 Not within 23,209 4397

Total in Interval 2602 608

Total Tested 25,811 5005

The left-most column gives the test result values for the interval considered, followed by the numbers of living and dead subjects with that
result in the next two columns, respectively. At the bottom of these columns are the total numbers of living and dead subjects in the cohort
who were tested for serum potassium. These numbers allow calculation of the OR Table for this interval, with live and dead subjects within
and without the interval, and the weighted average test result for the interval. The results to the right are a standard calculation. All OR
values in the results have been calculated similarly. The average mortality for the population studied was 16.2%, and the average odds for
dying were approximately 1:5. The OR calculation for the next higher interval includes the points 4.6, 4.7, and 4.8 mmol/L, and so on.
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Figure1 (A) Distribution of serum potassium test results. (B) Cohort statistics. (C) Mortality odds ratios as a smoothed function of potas-

sium test values.

The usual laboratory reference interval is indicated by vertical dashed lines, with upper and lower 95% Cl indicated by dotted lines. The
upper Cl at OR=1 defines a proposed new risk-based decision limit.
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all-cause mortality as a function of the test value. The results rep-
resent relative risks for the entire population studied, with no at-
tempt to stratify by demographics, disease, seriousness of illness,
or any other co-morbidity. However, we also investigated age as a
confounder of our results by dividing the approximately 20,000 cas-
es for which we have age data into quartiles and comparing them.
Since not all tests were administered to every patient, the exact
numbers of test results varied; each test result represents one pa-
tient (the last test before discharge).

Results

OR functions of mortality risks per interval versus
weighted mean test values in the interval, with 95% Cls
for each OR, were calculated for all studied analytes. Note

Sodium frequency distribution
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that here the OR reflects the odds of death within a small
interval around each value divided by the odds outside
that interval (which is approximately the average odds for
the population). This is in contrast to OR calculated for
disease, where minimum risk is often used as a baseline.
Thus, the OR=1 line represents an all-cause mortality risk
equivalent to the average over the entire test sample. The
OR function defining all-cause mortality risk associated
with each test analyte is graphed in Figures 1-5, along
with frequency distributions of test results and their asso-
ciated statistics. The resulting functions all have some test
values for which the OR is below 1, where the mortality
risk is lower than average (which we consider to be the
desirable limits), and some values of the analyte for which
the risk is higher than average.
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Figure 2 (A) Distribution of serum sodium test results. (B) Cohort statistics. (C) Mortality odds ratios as a smoothed function of sodium test

values.

The usual laboratory reference interval is indicated by vertical dashed lines, with upper and lower 95% Cl indicated by dotted lines. The

upper Cl at OR=1 defines a proposed new risk-based decision limit.
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Figure 3 (A) Distribution of serum chloride test results. (B) Cohort statistics. (C) mortality odds ratios as a smoothed function of chloride

test values.

The usual laboratory reference interval is indicated by vertical dashed lines, with upper and lower 95% Cl indicated by dotted lines. The

upper Cl at OR=1 defines a proposed new risk-based decision limit.

There are three distinct kinds of areas of the func-
tions defined by their relation to the OR=1 line (refer to
Figure 1 as an example): a) the analyte values for which
the upper 95% CI is below the OR=1 line; b) the values
between the points where the lower and upper 95% CI
lines cross the OR=1 line, and c) the values where the
lower 95% CI is above the OR=1 line. The interpreta-
tion of these areas is straightforward: values of the test
result for which the lower limit of the 95% CI is above
the OR=1 line (“c”) clearly represent above average risk
to the patient, while the transition area (“b”) marks
values which are not certain to be of minimal risk, and
could be called “borderline” results. Where the upper
95% CI is below the OR=1 line (“a”), the risk is below the
population average; thus these values can be taken as a
risk-based DL for that analyte. We describe the graphs of

the mortality OR functions individually for each analyte
below. All standard RIs cited for comparison were pro-
vided by the SMH laboratory at the time of the tests.
These RIs and our proposed new risk-based DLs are
listed in Table 2.

Results for the potassium test

For potassium, the OR is below 1 within the interval
3.3(-0.4, +0.1) through 4.4(+0.1) mmol/L. Referring to
Figure 1C, note that using the upper CI as a limit (where
it crosses the OR=1 line) suggests that the risk-based
DL ought to be 3.4-4.3 mmol/L. The central 95% of our
population frequency distribution lies between 3.1 and
5.3 mmol/L.
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Results for the sodium and chloride tests

The OR for sodium is below 1 for the interval 135(-0.2, +0.7)
to 142(+0.1) mmol/L. Using the upper CI as a limit suggests
that the risk-based DL ought to be 136-142 mmol/L. The
central 95% of our population frequency distribution lies
between 131 and 144 mmol/L.

The OR for chloride is below 1 for the interval 100
(£0.1) to 109(-0.8, +0.2) mmol/L. Using the upper CI
as a limit suggests that the risk-based DL ought to be
100-108 mmol/L. The central 95% of our population fre-
quency distribution lies between 92 and 110 mmol/L.

Results for the creatinine test

The OR for creatinine is below 1 for the interval 0.6 (+0.03)
to 1.2 (0.1, +0.2) mg/dL. Using the upper CI as a limit

Creatinine frequency distribution
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suggests that the risk-based DL ought to be 0.6-1.1 mg/dL.
The central 95% of our population frequency distribution
lies between 0.2 and 2.2 mg/dL.

Results for the BUN test

As indicated in Figure 5C, the OR is below 1 at values
<20 mg/dL, and increases steadily for higher values of
BUN. Using the upper CI as a limit suggests that the risk-
based DL ought to be 5-20 mg/dL (we have insufficient
data below 5 mg/dL).

Results of age analysis

Although the data that we have available is not sufficient
for the kind of regression analysis that may be required
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Figure 4 (A) Distribution of serum creatinine test results. (B) Cohort statistics. (C) Mortality odds ratios as a smoothed function of creati-

nine test values.

The usual laboratory reference interval is indicated by vertical dashed lines, with upper and lower 95% Cl indicated by dotted lines. The

upper Cl at OR=1 defines a proposed new risk-based decision limit.
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Figure 5 (A) Distribution of blood urea nitrogen test results. (B) Cohort statistics. (C) Mortality odds ratios as a smoothed function of BUN

test values.

The usual laboratory reference interval is indicated by vertical dashed lines, with upper and lower 95% Cl indicated by dotted lines. The

upper Cl at OR=1 defines a proposed new risk-based decision limit.

to quantify dependency on confounding factors, we have
been able to establish a few facts about the dependence
of the data on age. The age distribution breaks down into
quartiles at 48, 69, and 80 years, making this population
definitely older than a standard US urban population
(median 37 years). For the electrolytes, the distribution of
test results does not shift with quartile, and all the limits
at which the OR functions for each quartile cross the OR=1
line are within the 95% ClIs of each other, and within the

95% ClIs of the OR function for cohort as a whole. For BUN,
both the distribution and the OR functions shift slightly
to higher values (i.e., by from 1 to 4 mg/dL) with increas-
ing age quartile, while for creatinine, the distribution
modes shift to higher values by about the same amount
without a corresponding shift in the OR functions. In all
cases, the fundamental shapes of the OR functions do
not change with age quartile. Also, when we examine
the ORs for each analyte outside the intervals using the

Table 2 Proposed risk-based decision limits, compared with reference intervals.

Standard reference
interval in use at SMH

Analyte, units

Risk-based decision intervals (with Proposed new

Potassium, mmol/L 3.5-5.1
Sodium, mmol/L 136-145
Chloride, mmol/L 94-110
Creatinine, mg/dL 0.8-1.3
BUN [Urea], mg/dL 7-20

95% C.1.) decision limit
3.3(-0.4,+0.1) - 4.4 (£0.1) 3.4-4.3
135 (-0.2,+0.7) = 142 (+0.1) 136-142
100 (£0.1) — 109 (-0.8,+0.2) 100-108
0.6 (+0.03) - 1.2 (-0.1,+0.2) 0.6-1.1
Lower limit not detected — 21 (+1.0) 5-20
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decision-based interval as baseline, there are no signifi-
cant differences among the age quartiles. Quantitatively,
looking at the ORs for patients with results above and
below our intervals, the results are consistent across quar-
tile age groups, with an intra-class correlation coefficient
of 0.6, indicating good reproducibility [20], which would
not be the case if the results were directly related to age.
Thus, although we cannot eliminate age as a confound-
ing factor, and future studies with more extensive data are
necessary to establish the exact relationships between age
and decision limits for creatinine and BUN, it is clear that
age cannot account for the mortality observed.

Discussion

Potassium, sodium and chloride tests

For potassium, we find that the risk-based DL ought to
be 3.4-4.3 mmol/L. This is significantly lower than the
3.5-5.1 RI usually quoted [21-24]. Although the test result
distribution is slightly lower than expected, the main
factor driving our OR interval result is association with
mortality. Our results indicate that patients with test
values between 4.8 and 5.1 mmol/L, usually considered
within the normal RI, have an OR as high as 2.1 (95% CI)
compared to patients with lower “normal” test values.
A recent study found similar results, but the population
studied was limited to AMI patients [25]. Since our popula-
tion sample is not so limited, the increased risk at “high-
normal” values must apply to the general population, not
just to cardiac patients. As potassium is a critical value
analyte, these results can have an immediate impact on
patient mortality. The standard error in the test result is
0.1 mmol/L according to the SMH laboratory, so it cannot
be the source of the difference. A detailed study of this
analyte is in progress, and will be published in a separate
article.

We note that our upper DL for sodium at 142 mmol/L is
lower than the usual RI upper limit of 145 mmol/L, where
the OR has risen to 4.1 (95% CI).

Our DL for chloride is 100-108 mmol/L, and the OR
has risen to 2.8 (95% CI) at the usual RI lower limit of
94 mmol/L.

Creatinine and BUN tests

Our DL for creatinine is 0.6-1.1 mg/dL, which differs neg-
ligibly from the usual population-based RI, and confirms
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it as a good estimate. Since we had no gender identifiers
for our cohort, we could not establish any gender-related
differences.

Our DL for BUN at 5-20 mg/dL is in agreement with
the usual RI. A surprising result is that there seems to be
no reason to ascribe risk for low values of BUN, which
accords well with anecdotal experience in the ICU (pers.
comm. GD Finlay). Our data at the lower values do not
present the usual U-shaped curve. In proposing a lower
limit, we use the lowest values for which statistically suf-
ficient data is available.

Commentary

It is hard to underestimate the importance of analyte test
RIs and DLs. Nearly 80% of physicians’ medical deci-
sions are based on information provided by laboratory
reports [26], most of which are framed in the context of
RIs. Thus it is important to understand exactly what a
test result means in relation to a patient’s health. Clearly,
a test result by itself is of little value unless the appropri-
ate information for its interpretation is available. Typi-
cally, this information is provided in the form of a RI. The
majority of RIs in use today refer to the central 95% of the
reference population of subjects. Thus, 5% of all results
from “healthy” people will fall outside of the reported
RI by definition and will be flagged as being “abnor-
mal.” There are many problems associated with this
type of calculation of RI. Methods for estimating them
are expensive, difficult to perform, often inaccurate, and
non-reproducible [27].

Many studies have noted that current RI determina-
tion methodology suffers from various problems, but
almost all cite purely practical issues: e.g., deciding on
inclusion and exclusion criteria, or assembling suitable
numbers of cohorts, or deciding on the specific statistical
procedures, or the expense involved, or laboratory meth-
odology [17, 27-32].

By contrast, we suggest using DLs established by the
simple methodology herein described because RIs do not
specify what a test result means in relation to a patient’s
health: RIs are based on the twin assumptions: 1) that a
healthy cohort can be defined and assembled; and 2)
that values within the central statistical limits represent
optimal values for health. Neither of these assumptions is
necessarily valid, and both have been shown to be prob-
lematic in specific cases [8, 17].

The methodology utilized here eliminates these
issues, and allows the potential for DLs to be determined
from unlimited data mining of any EMR or a variety of
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other sources without consideration of selecting and
maintaining a healthy cohort. As the study can be done
retrospectively at any hospital or laboratory with extant
data, the statistical sample sizes are just about unlimited,
meaning that 95% confidence intervals can be as small as
desired.

One might question our methodology because we
include patients of all types, irrespective of whether they
are sick or well. On the contrary, this is a strength of our
approach, our cohort is completely randomly mixed,
including all patients from accidents and elective surger-
ies through terminal illnesses with almost any conceiva-
ble diagnosis. This provides a robust mixture that reflects
a huge spectrum of possibilities. We seek not to establish
an interval of health, but to find the risk of dying asso-
ciated with varying values of the analyte. Thus we want
to include every imaginable type of patient, healthy and
sick, in order to sample all possible physiologic variations
that result in any test value, and find their associated
risks. We look at patients after their laboratory test was
administered, and ask whether they lived or died without
concern for cause of mortality. The only thing that our
patients have in common (besides having been in SMH)
is that they had the test administered. What differentiates
them is simply where they are within the test values, and
whether they survived l-year post-discharge. Since there
are more than 30,000 cases from a general hospital, no
diagnosis or demographic feature can possibly dominate
our results. What we have then are the odds of dying
within each small test interval, compared to the mortality
odds when not within that interval; the mix of patients is
random in both samples. This provides a natural cut-off
for the DL: the interval of test values with OR <1, being the
values with less than average risk.

Clearly, it is possible to choose data bases or limit
cases by stratification along demographic lines if and
when desirable. In this preliminary study, we have chosen
a nearly random mix of cases. However, it is obvious that
one could stratify the data along gender, race, age, diag-
nosis, or any other category or line of interest. It would
also be of interest to compare different geographical
areas and different laboratories with similar demographic
populations.

By and large, the methodology utilized here confirms,
at least approximately, the usual RIs. What our method-
ology also does is extend our understanding by provid-
ing specific risks for test results outside the DLs found,
affording physicians the information necessary to deliver
the best possible care to their patients. There is no way
to provide this information by studies of a healthy pop-
ulation. Thus, we think that our proposed methodology
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is superior, allowing researchers to determine risk-based
DLs. Subject to confirmation in other populations (ours
being skewed older and racially), our proposed DLs could
replace the demographically-determined RIs.

A limitation of this study is the data utilized. It omits
some patient categories (psychiatric, obstetric, maternity)
and lacks certain demographic information (preventing
an analysis of gender dependence). The data is from of
a cohort older than the US population; however we did
examine quartile subsets of our data and found the test
results for each age group have virtually identical normal
distributions with the same mean analyte values. Since
the distribution of most laboratory tests was normal
(which is the expected distribution in a general popula-
tion), we think it likely that this in-hospital population is
representative of the general population of the area.

Another limitation is that our methodology uses a
period of 1 year after discharge to examine risk of mor-
tality; this time period was chosen simply to provide
the numbers necessary for reasonable statistics. Clearly,
another possible methodology would be to study the first
test results after admission compared with risk of in-hos-
pital mortality. We have shown these two methods, 1-year
post-discharge versus in-hospital mortality, to be highly
correlated [33, 34], but in our dataset the latter provides
insufficient statistical significance for our purpose in
defining DLs. This will be the subject of further study on
the authors’ part, and others are certainly encouraged to
initiate similar investigations. A mix of in-hospital and
post-discharge studies may provide interesting insights.

The most notable example of our DLs differing from
usual RIs is for the electrolytes, which is the reason we
have used several as our examples. Specifically, for serum
potassium and for serum sodium, we find that patients
within the upper third of the standard RI are at increased
risk compared to the average risk of the population tested;
laboratories are currently reporting as “normal” test results
that have an OR of 1.8 for potassium and 3 for sodium. This
has to be considered a preliminary result, and needs to be
confirmed by a similar analysis at other sites.

Conclusion

By utilizing extant electronic data from any clinical labo-
ratory, combined with the necessary mortality data, the
methodology presented here provides both a novel utili-
zation of the EMR and a means to transform any database
of specific test results into a mortality OR function for that
test. One then takes the DL as the interval of the function
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for which the mortality OR is less than or equal to one.
This provides an interval determined by actual mortality
risk instead of by assumptions about the distribution in a
“healthy” population. The risk-based DLs presented here
are illustrations of the methodology. While we have shown
that these limits may be generally valid, they are limited
by the stated inadequacies of the data utilized, and need
to be confirmed by further similar investigations.

The mortality OR function provides more information
than any demographic reference interval, since it speci-
fies the mortality risk for any value of the test result. We
believe the approach here presented opens the door to
a way of exploring and resolving many issues in patient
assessment. Clearly, researchers with access to the data-
base of a laboratory or a hospital EMR can perform retro-
spective research on risk associated with various clinical
and physiological variables and stratified by age, gender,
race, etc., and we encourage others to pursue these
avenues of inquiry.

Acknowledgments: This work is based on and inspired by
seminal research performed by Michael ]J. Rothman, PhD

References

1. Clinical and Laboratory Standards Institute. Defining, Establishing,
and Verifying Reference Intervals in the Clinical Laboratory;
Approved Guideline. Third Edition. CLSI document C28-A3. Wayne,
PA: Clinical and Laboratory Standards Institute; 2008.

2. Horn PS, Pesce AJ. Reference intervals: an update. Clin Chim Acta
2003;334:5-23.

3. Chester )G, Rudolph JL. Vital signs in older patients: age-related
changes. ] Am Med Dir Assoc 2011;12:337-43.

4. CLIA Regulations and Federal Register Documents — Centers
for Medicare & Medicaid Services. Available from: http://www.
cms.gov/Regulations-and-Guidance/Legislation/CLIA/CLIA_
Regulations_and_Federal_Register_Documents.html. Accessed
25 May, 2012.

5. Valenstein P, editor. Quality management in clinical laboratories:
promoting patient safety through risk reduction and continuous
improvement. Chicago: College of American Pathologists,
2005:99-104.

6. Solberg HE. A guide to IFCC recommendations on reference
values. ] Int Fed Clin Chem 1993;5:162-5.

7. Petersen PH, Jensen EA, Brandslund I. Analytical performance,
reference values and decision limits. A need to differentiate
between reference intervals and decision limits and to
define analytical quality specifications. Clin Chem Lab Med
2011;50:819-31.

8. Roger VL, Go AS, Lloyd-Jones DM, Benjamin EJ, Berry JD, Borden
WB, et al. Heart disease and stroke statistics — 2012 update:
areport from the American Heart Association. Circulation
2012;125:188-97.

DE GRUYTER

and one of the authors (SIR). G. Duncan Finlay, MD was
instrumental in helping understand the issues around
serum potassium, and medical issues in general. Alex
Kiss, PhD is thanked for his calculation of the intra-class
correlation coefficient and general advice. The authors
acknowledge the contributions of two anonymous review-
ers whose comments materially improved the manuscript.
The non-profit F.A.R. Institute of Sarasota thanks Pera-
Health, Inc. of Charlotte for their generous support of the
authors’ research during this project.

Conflict of interest statement

Authors’ conflict of interest disclosure: The authors
stated that there are no conflicts of interest regarding the
publication of this article.

Research funding: None declared.

Employment or leadership: None declared.

Honorarium: None declared.

Received March 4, 2013; accepted April 4, 2013

9. Schwartz LM, Woloshin S. Changing disease definitions:
implications for disease prevalence. Analysis of the Third
National Health and Nutrition Examination Survey, 1988-1994.
Eff Clin Pract 1999:2;76-85.

10. Bradford RH, Rifkind BM. Lowering blood cholesterol to reduce
coronary heart disease risk. Clin Lab Med 1989;9:1-6.

11. loannidis JP, Karvouni E, Katritsis DG. Mortality risk conferred
by small elevations of creatine kinase-MB isoenzyme after
percutaneous coronary intervention. J Am Coll Cardiol
2003;42:1406-11.

12. Ellis SG, Chew D, Chan A, Whitlow PL, Schneider JP, Topol EJ.
Death following creatine kinase-MB elevation after coronary
intervention: identification of an early risk period: importance
of creatine kinase-MB level, completeness of revascularization,
ventricular function, and probable benefit of statin therapy.
Circulation 2002;106:1205-10.

13. Elsayem A, Mori M, Parsons HA, Munsell MF, Hui D,
Delgado-Guay MO, et al. Predictors of inpatient mortality in an
acute palliative care unit at a comprehensive cancer center.
Support Care Cancer 2010;18:67-76.

14. Aronson D, Mittleman MA, Burger AJ. Elevated blood urea
nitrogen level as a predictor of mortality in patients admitted for
decompensated heart failure. Am ) Med 2004;116:466-73.

15. Kinugasa Y, Kato M, Sugihara S, Hirai M, Kotani K, Ishida K,
et al. A simple risk score to predict in-hospital death of
elderly patients with acute decompensated heart failure—
hypoalbuminemia as an additional prognostic factor. CircJ
2009;73:2276-81.



DE GRUYTER

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

Novack V, Pencina M, Zahger D, Fuchs L, Nevzorov R,
Jotkowitz A, et al. Routine laboratory results and thirty day and
one-year mortality risk following hospitalization with acute
decompensated heart failure. PLoS One 2010;5:€12184.
Concordet D, Geffré A, Braun JP, Trumel C. A new approach for
the determination of reference intervals from hospital-based
data. Clin Chim Acta 2009;405:43-8.

Sarasota County QuickFacts from the US Census Bureau.
Available from: http://quickfacts.census.gov/qfd/
states/12/12115.html. Accessed 27 January, 2013.

Rosner B. Fundamentals of biostatistics, 5th ed. Boston:
Brooks/Cole, 2000:584-602.

Rosner B. Fundamentals of biostatistics, 5th ed. Boston:
Brooks/Cole, 2000:627.

Low potassium (hypokalemia) — MayoClinic.com. Available
from: http://www.mayoclinic.com/health/low-potassium/
MY00760. Accessed 25 May, 2012.

Walker HK, Hall WD, Hurst JW, editors. Clinical methods: the

history, physical, and laboratory examinations, 3rd ed. Boston:

Butterworths, 1990.

Potassium test: MedlinePlus Medical Encyclopedia.
Available from: http://www.nlm.nih.gov/medlineplus/ency/
article/003484.htm. Accessed 25 May, 2012.

University of Minnesota: Medical School Student Website.
Available from: http://www.student.med.umn.edu/
wardmanual/normallabs.php. Accessed 25 May, 2012.
Goyal A, Spertus JA, Gosch K, Venkitachalam L, Jones PG, Van
den Berghe G, et al. Serum potassium levels and mortality in

acute myocardial infarction. ) Am Med Assoc 2012;307:157-64.

26.

27.

28.

29.

30.

31

32.

33.

34.

Solinger and Rothman: Decision limits from risks of mortality associated with common laboratory tests =—— 11

Clinical Lab Products — News Story. Available from: http://www.
clpmag.com/issues/articles/2006-05_03.asp. Accessed 25
May, 2012.

Katayev A, Balciza C, Seccombe DW. Establishing reference
intervals for clinical laboratory test results: is there a better
way? Am | Clin Pathol 2010;133:180-6.

Friedberg RC, Souers R, Wagar EA, Stankovic AK, Valenstein

PN. College of American Pathologists: the origin of reference
intervals. Arch Pathol Lab Med 2007;131:348-57.

Ceriotti F. Prerequisites for use of common reference intervals.
Clin Biochem Rev 2007;28:115-21.

Henny J, Petitclerc C, Fuentes-Arderiu X, Hyltoft Petersen P,
Queralto JM, Schiele F, et al. Need for revisiting the concept of
reference values. Clin Chem Lab Med 2000;38:589-95.

Siest G, Henny J, Grasbeck R, Wilding P, Petitclerc C, Queralté
JM, et al. The theory of reference values: an unfinished
symphony. Clin Chem Lab Med 2012;24:1-18.

Grossi E, Colombo R, Cavuto S, Franzini C. The REALAB project: a
new method for the formulation of reference intervals based on
current data. Clin Chem 2005;51:1232-40.

Rothman M|, Solinger AB, Rothman SI, Finlay GD. Clinical
implications and validity of nursing assessments: a longitudinal
measure of patient condition from analysis of the electronic
medical record. Br Med ) Open 2012;2:000849.

Rothman SI, Rothman M), Solinger AB. Placing clinical
variables on a common linear scale of empirically-based risk
as a step toward construction of a general patient acuity score
from the Electronic Health Record: A modelling study. Br Med |
Open 2013;3:e2367.




