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ABSTRACT

Background Despite wide usage across all areas of
medicine, it is uncertain how useful standard reference
ranges of laboratory values are for critically ill patients.
Objectives The aim of this study is to assess the
distributions of standard laboratory measurements in
more than 330 selected intensive care units (ICUS) across
the USA, Amsterdam, Beijing and Tarragona; compare
differences and similarities across different geographical
locations and evaluate how they may be associated with
differences in length of stay (LOS) and mortality in the ICU.
Methods A multi-centre, retrospective, cross-sectional
study of data from five databases for adult patients

first admitted to an ICU between 2001 and 2019 was
conducted. The included databases contained patient-
level data regarding demographics, interventions,
clinical outcomes and laboratory results. Kernel density
estimation functions were applied to the distributions

of laboratory tests, and the overlapping coefficient and
Cohen standardised mean difference were used to quantify
differences in these distributions.

Results The 259382 patients studied across five
databases in four countries showed a high degree of
heterogeneity with regard to demographics, case mix,
interventions and outcomes. A high level of divergence in
the studied laboratory results (creatinine, haemoglobin,
lactate, sodium) from the locally used reference ranges
was observed, even when stratified by outcome.
Conclusion Standardised reference ranges have limited
relevance to ICU patients across a range of geographies.
The development of context-specific reference ranges,
especially as it relates to clinical outcomes like LOS and
mortality, may be more useful to clinicians.

INTRODUCTION

The care of critically ill patients relies heavily
on laboratory data—and, by extension, the
laboratory reference ranges associated with
them. However, these laboratory reference
ranges are typically created by surveying

SUMMARY

WHAT IS ALREADY KNOWN?

= Laboratory results of critically ill patients are inter-
preted using reference ranges created on the basis
of healthy outpatients.

= Correcting abnormal laboratory results to reference
range standards can have beneficial or harmful
effects.

WHAT DOES THIS PAPER ADD?

= Laboratory results of critically ill patients often differ
significantly from the reference range, even in those
with the best clinical outcomes.

= Critically ill patients may require local, context-
specific reference ranges for laboratory results to
promote appropriate interpretation.

healthy outpatients.! It remains unclear
if these ranges are applicable to patients
admitted to the intensive care unit (ICU).
Previous studies have shown that correcting
abnormal values in critically ill patients,
such as haemoglobin or glucose, to refer-
ence range standards may be harmful.*”
For example, clearly defined thresholds
have been established for the initiation of
packed red blood cell (PRBC) transfusions.”®
However, observational studies show that
PRBCs are routinely administered at higher
haemoglobin levels,” * '* suggesting that clini-
cians may strive to correct laboratory values
towards normality rather than adhere to
evidence-based targets. As previously hypoth-
esised, specific reference ranges tailored
to scenarios and populations may be more
meaningful, if these reference ranges are
shown to relate to clinical outcome.'™"?
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Previous research considered whether the distributions
of laboratory values for critically ill patients differed from
reference ranges and if these differences were associated
with outcomes. The single-centre, cross-sectional study
found that laboratory values of ICU patients differed
significantly from the reference range, even in those
with the best clinical outcomes, suggesting that normal
reference ranges may not apply to critically ill patients in
reference or outcome.'* This adds to ongoing discussions
regarding the need to consider context in interpreting
laboratory values, particularly in critical care settings, and
advocates for further research into contextualising labo-
ratory values."' '°

This study aims to expand on previous work by evalu-
ating data from five ICU databases located across different
continents to consider if similar patterns hold worldwide.
In particular, this work aims to characterise how ICU labo-
ratory values differ from typical reference ranges in ICUs
across the USA, Netherlands, China and Spain, and deter-
mine if the relationship between laboratory values and
patient outcomes varies across contexts.

METHODS

Design

We conducted an international, multi-centre, retrospec-
tive, cross-sectional study examining the most severely
deranged (minimum or maximum as appropriate) labo-
ratory results within the first 24 hours of a patient’s first
admission to the ICU.

Setting

We included all patients from five ICU databases: the
Medical Information Mart for Intensive Care (MIMIC),
the eICU Collaborative Research Database (eICU-CRD),
the Amsterdam University Medical Center database
(AUMCdDb), the Chinese PLA General Hospital ICU data-
base (PLAGH-ICUdb) and the Unitat de Cures Intensives
de I'Hospital Joan XXIII database (UCIH]23db). An over-
view of all databases is displayed in online supplemental
table 1.

MIMIC contains data from the Beth Israel Deaconess
Medical Center ICU, a tertiary hospital located in Boston,
Massachusetts, USA, which comprises more than 70
beds with a broad case mix. We used data from the latest
version available at the time of analysis, MIMIC-III, which
contained granular data on more than 38 000 admissions
between 2001 and 2012.'® eICU-CRD contains similarly
detailed, patient-level data on more than 200000 admis-
sions across 335 ICUs in the USA between 2014 and 2015."7
AUMCdb is the first freely accessible European ICU data-
base and contains data from the Amsterdam University
Medical Center ICU, a mixed medical-surgical ICU with
data on more than 20000 patients including admissions
between 2003 and 2016 (V.1.0.2)."® The PLAGH-ICUdb
integrates data from nine ICUs in the Chinese People’s
Liberation Army General Hospital in Beijing, China."
PLAGH-ICUdb includes data on more than 74000 adult

patients admitted between 2008 and 2019. Finally, the
UCIHJ23db includes 4840 admissions between 2015 and
2019 from the Joan XXIII University Hospital in Tarra-
gona, Spain.

Primary analysis

Our analysis was performed between February and May
2020. We included the first ICU admission of all adult
patients from the five databases. Patients were stratified
into those with the ‘best” and ‘worst’ clinical outcomes.
The best outcome group was defined as patients who
survived the ICU admission and had an ICU length of stay
(LOS) in the lowest quartile (shortest LOS). The worst
outcome group was defined as those who died during the
ICU admission.

For each patient, we extracted the most severely
deranged laboratory values of commonly ordered inves-
tigations collected within the first 24 hours of ICU
admission. The included investigations were maximum
creatinine, minimum haemoglobin, maximum lactate
and maximum sodium. No imputation was performed to
replace missing data. We calculated the 95% CI for each
investigation, stratified by the best and worst outcome
patients within each database, and presented these as
distribution plots. The locally used normal reference
range for each investigation was added to these plots, to
allow a visual assessment of the variance between these
reference ranges and patient outcomes. We compared
the difference in laboratory result distributions between
the best and worst outcome groups by calculating the
degree of overlap and divergence.

Statistical analysis

Data extraction was performed using SQL. Statistical anal-
ysis was then conducted using R and Python. The queries
and code used for analyses were uploaded to a public
GitHub repository.”” Kernel density estimation plots were
used to present the distribution of laboratory results. To
then quantify the difference in distribution between best
and worst outcome groups, we calculated the overlapping
coefficient (OVL) and the Cohen standardised mean
difference (SMD), as have been used for this purpose
previously."* #' # OVL quantifies the overlap of two distri-
butions, with an OVL of 1 representing complete overlap
and an OVL of 0 representing no overlap. SMD describes
the difference in group means, relative to the variability
observed within each group. The SMD value represents
the divergence between groups in SD. An SMD of 0
indicates no difference in the means of the two groups;
less than 0.2 is considered a small effect size, 0.2 to 0.8a
moderate effect size and greater than 0.8a large effect
size.”!

Given the large sample size included in our analysis,
tests of statistical significance were not performed, as it
was anticipated that even very small and clinically irrel-
evant differences between groups would demonstrate
statistical significance and may consequently have undue
importance assigned to them.
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RESULTS

Patients

Our study population included a total of 259 382 patients
from five databases (MIMIC n=38508, eICU-CRD
n=132994, PLAGH-ICUdb  n=63515, @ AUMCdb
n=20127and UCIHJ23db n=4238). Substantial hetero-
geneity existed across the databases in patient demo-
graphics, the interventions they received and their clinical
outcomes, as displayed in table 1. Notably, the proportion
of patients who were admitted electively varied widely
from 4.2% in UCIHJ23db to 71.7% in AUMCdb. By
extension, the case mix also varied greatly, as reflected
by the proportion of patients admitted following cardiac
surgery (0.0% in UCIHJ23db vs 35.0% in AUMCdb).
The interventions that patients received differed across
databases, most appreciably in the delivery of mechanical
ventilation and the administration of intravenous crystal-
loids, colloids and PRBCs.

The proportion of patients who died in the ICU ranged
from 5.73% in eICU-CRD to 14.61% in UCIH]J23db. Simi-
larly, the median ICU LOS ranged from 25 (20-73) hours
in AUMCdb to 95 (46-173) hours in PLAGH-ICUdb.

Laboratory results

The IQR and median values of the most severely
deranged measured laboratory investigations, for creat-
inine (maximum), haemoglobin (minimum), lactate
(maximum) and sodium (maximum), stratified by
database and patient outcomes, are displayed in online
supplemental table 2. The locally used normal reference
ranges for each database are also reported.

Regarding the distribution of investigation results
and their corresponding reference ranges, the sodium
measurements of best outcome patients consistently fell
within the corresponding normal range (online supple-
mental figure 1), though other laboratory results did so
variably. While the upper margin of the creatinine refer-
ence range includes the vast majority of best outcome
patients from the PLAGH-ICUdb and UCIH]23db,
increasing proportions of best outcome patients had
creatinine values beyond the upper margin in AUMCdb,
MIMIC and eICU-CRD (online supplemental figure 2).
The distribution of haemoglobin results shows that the
majority of patients tended to record values below the
lower margin of their local reference range across all
databases, irrespective of whether they had best or worst
outcomes (figure 1). Similarly, the distribution of lactate
measurements indicates that a substantial proportion of
patients with best outcomes had a measured lactate above
the upper margin of local reference ranges, particularly
in MIMIC and eICU-CRD (figure 2).

The 95% CIs for each laboratory value, stratified by best
and worst clinical outcome group and by database, are
reported in table 2. Overlapping and divergence coeffi-
cients are reported in table 3 and summarise the degree
to which the distribution of laboratory results differed
between best and worst outcome patients.

The best and worst outcome patients in the UCIHJ23db
demonstrated the greatest overlap in the distribution of
both creatinine (OVL=0.67, SMD=-0.46) and haemo-
globin (OVL=0.86, SMD=0.32), while those from the
PLAGH-ICUdb demonstrated the least overlap in the
distribution of these laboratory results (creatinine
OVL=0.48, SMD=-0.92and haemoglobin OVL=0.67,
SMD=0.8) (online supplemental figure 2 and figure 1).

Best and worst outcome patients from MIMIC demon-
strated the greatest overlap in the distribution of highest
measured lactate (OVL=0.65, SMD=-0.65), while those
from AUMCdb demonstrated the leastoverlap (OVL=0.47,
SMD=-1.01) (figure 2). AUMCdb also demonstrated the
least overlap in highest measured sodium between best
and worst outcome patients (OVL=0.67, SMD=-0.74),
while the remaining databases consistently demonstrated
OVL of approximately 0.75 for sodium measurements
(online supplemental figure 1).

Overall, the mean overlap between best and worst
patients across databases was greatest for measurements
of haemoglobin (OVL=0.79) and lowest for measure-
ments of lactate (OVL=0.45).

DISCUSSION

Differences between the most severely deranged labora-
tory results of patients admitted to the ICU and locally
used normal reference ranges were observed in every
database studied. These differences persisted even when
comparing those patients with the best outcomes against
the normal reference range.

In addition, among the databases, differences in the
degree of overlap between best and worst group labora-
tory distributions were observed, which may represent
variability in case mix and therapies applied, and/or
imply variable discriminatory function among laboratory
values based on region. Our findings build on the single-
centre work by Tyler et al'* by replicating similar obser-
vations across different contexts and geographies. They
further support the need to consider context in reacting
to abnormal laboratory values, as correcting abnormal
values may not always be beneficial or benign.” "'

The differences observed between the reference range
and selected ICU values across all five databases suggest
that normal reference ranges are not useful in managing
critically unwell patients. For instance, the haemoglobin
results of most ICU patients fell outside normal refer-
ence ranges, irrespective of whether they had the best or
worst outcome (figure 1). Patients with the best outcomes
(here, ICU survival and shortest LOS) would be expected
to have laboratory results that more closely align with the
reference range, while those who die in the ICU should
have results which are significantly worse. This is based on
the assumption that the further patients’ results deviate
from the reference range, the more severely deranged
their physiology and the more likely they are to have a
poor clinical outcome. However, given the difference
observed between the reference range and best outcome
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A MIMIC

B elCU-CRD

C PLAGH-ICU db

‘ 5 b3 k3

) 13
Homogioon, ot

Figure 1
database (A-E).

group, it is clear that normal reference ranges are not
meaningful in ICU contexts. This discrepancy likely
represents how reference ranges are formulated: refer-
ence ranges, though used to define normal and abnormal
for both healthy individuals and critically unwell patients,
are typically derived from samples of healthy outpatients.'

As expected, patients with the best and worst clinical
outcomes had differing laboratory results across data-
bases. However, between databases, we found that the
extent to which these groups differed was variable, as the
degree of overlap in distributions changed across investi-
gations and the context in which they were utilised. For

A MIMIC

00 25 50 75 100 125 150 175
Lactate, mmol/L

C AUMCdb

== Interval (15t quartle): 0.60-6.00

== Interval (non-survival): 080-21.00

00 25 50 75 10.0 125

. 15.0 175
Lactate, mmol/L

E UCIHJ23db

—

o )

o 2
Hemogiob, g

Minimum haemoglobin measurement on first intensive care unit admission—best versus worst outcome per

example, in the UCIHJ23db from Spain, the creatinine
of patients with the best and worst clinical outcomes had
substantial overlap (OVL=0.67), suggesting a decreased
ability for creatinine to differentiate between patients
with good and bad outcomes in this context. By compar-
ison, creatinine results in the PLAGH-ICUdb from
China demonstrated a lower overlap between groups
(OVL=0.48). Consequently, creatinine may serve as a
better prognosticator in this database, as it better discrim-
inates between those with good and bad outcomes.
Variation in the overlap of laboratory results between
patients with the best and worst outcomes was also seen

B eICU-CRD

00 25 50 75 10.0 125 15.0 175
Lactate, mmol/L.

D UCIHJ23db

al (18t quartie): 0.79-6.29

== Interval (non-survival): 1.14-19.20

00 25 50 75 100 125 15.0 175
Lactate, mmolL.

Figure 2 Maximum lactate measurement on first intensive care unit admission—best versus worst outcome per database (A-

D). Data not recorded in PLAGH-ICUdb.
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Table 2 Ninety-five per cent Cls of laboratory results stratified by best and worst outcome patient groups

Sodium, mEq/L

Best

Lactate, mmol/L

Best

Haemoglobin, g/dL

Best

Creatinine, mg/dL

Worst

Worst

Worst

Worst

Best

129.00-155.78

131.00-146.00
130.00-147.00
133.10-147.90

132.00-147.00

0.90-16.90
0.90-20.30

0.70-11.00

5.90-14.97
5.10-15.50
5.50-16.20
5.48-14.68
5.79-15.70

7.10-14.90
6.60-16.00
8.20-16.10

0.50-6.40
0.54-7.50
0.42-7.49
0.54-5.72

0.50-4.50
0.50-6.45
0.44-1.51

MIMIC

128.00-157.00

0.60-10.00

elCU-CRD

128.80-156.60
132.00-158.00

Not available*
0.80-21.15

Not available*
0.60-6.00

PLAGH-ICUdb
AUMCdb

7.57-14.68
6.70-15.50

0.45-5.12

1.14-19.20 132.00-148.93 129.00-155.28

0.79-6.29

0.44-6.33

0.40-5.04

UCIHJ23db

*Data not recorded in PLAGH-ICUdb.

to different extents in the measurement of haemoglobin,
lactate and sodium. These results imply that different
investigations may represent good prognosticators in
one context but not another and question the value of
attempting to return these results to a healthy patient’s
reference range. As with currently utilised reference
ranges, context-specific reference ranges developed from
a heterogeneous cohort of patients would need to be
interpreted with an understanding of individual patient
factors and how their acute pathology may alter the signif-
icance of specific results.

While outside the scope of our project, we included
data regarding patient demographics and common
critical care interventions (renal replacement therapy
(RRT), PRBC transfusion and crystalloid vs colloid
resuscitation), which may have indicated mecha-
nisms contributing to these variations in overlap. For
instance, PLAGH-ICUdb was seen to have a narrower
distribution of creatinine results. While RRT data was
not available from this database, it can be seen that
intravenous fluid administration was similar to that in
other databases, so is unlikely to explain variations in
renal function. However, the overall younger age of
patients in PLAGH-ICUdb may have contributed to
their lower creatinine. Furthermore, PLAGH-ICUdb
also displayed the lowest overlap in haemoglobin
results between best and worst outcome patients.
While they also had the lowest PRBC administration
rate, whether this represents a causative relationship
is unknown. More broadly, we have demonstrated that
substantial variability in the case mix and therapies
provided existed across the databases, which may have
contributed to differences in results across countries.
Considering the differences between centres world-
wide, the concept of context-specific reference ranges
may prove even more useful by guiding practice with
the goal of improving patient outcomes rather than
unnecessarily normalising pathology results. Future
research must consider the impact of case mix and
clinical practices when developing new reference
ranges, which would then require prospective valida-
tion to confirm them as appropriate treatment targets.

As such, our current study forms the foundation for
several avenues of future enquiry. First, we intend to
analyse and compare more homogeneous subgroups
of patients (eg, cardiac surgery) and define context-
specific laboratory result ranges, which are associated
with the best clinical outcomes, and may therefore
represent ‘normality’ for these groups of critically ill
patients. Such reference ranges may then be prospec-
tively validated to determine if they represent appro-
priate treatment targets and whether deviation from
these ranges are associated with poorer outcomes.
Furthermore, prospective studies will allow for the
collection of data regarding the therapies provided to
patients and thereby an investigation of the mechanism
through which context-specific variations may arise.
In addition, among databases that have collected data

Xu H, et al. BMJ Health Care Inform 2021;28:6100419. doi:10.1136/bmjhci-2021-100419

‘ybuAdoo

Aq paosloid 1sanb Aq Gzoz Atenuer g uo Wodfwg sarewloluly/:sdiny woly papeojumoq "TZ0Z 1290100 ZT U0 6T#00T-T202Z-1ouUlwg/9sTT 0T St paysiignd 1s.i :sonewloju] aled 3 yieaH rng



Table 3 Overlap between laboratory distributions of best and worst outcome patients with the local reference range

Creatinine Haemoglobin Lactate Sodium

OVL SMD OVL SMD OVL SMD OVL SMD
MIMIC 0.65 -0.53 0.85 0.35 0.65 -0.65 0.76 -0.31
elCU-CRD 0.62 -0.48 0.74 0.61 0.57 -1.03 0.77 -0.35
PLAGH-ICUdb 0.48 -0.92 0.67 0.8 Not available*  Not available* 0.75 -0.09
AUMCdb 0.61 -0.48 0.81 0.42 0.47 -1.01 0.67 -0.74
UCIHJ23db 0.67 -0.46 0.86 0.32 0.57 -0.73 0.75 -0.31
Mean 0.61 -0.57 0.79 0.50 0.45 -0.68 0.74 -0.36

*Data not recorded in PLAGH-ICUdb.
OVL, overlapping coefficient; SMD, standardised mean difference.

over a greater length of time (eg, PLAGH-ICUdb from
2008 until 2019), we intend to investigate whether the
association between laboratory results and outcomes
varies over time and therefore suggests that the prog-
nostic value of results and their corresponding refer-
ence ranges require periodic review.

Strengths and limitations
Our study has several strengths. It is an analysis of an
extremely large dataset, including more than 250000
patients from three continents. Moreover, the ICUs
included are varied in their case mixes and the corre-
sponding severity of illness of their patients.
However, several limitations exist within this study.
As with all retrospective research involving multiple
large databases, variation in the design, collection and
coding of variables may vary across datasets, creating
inaccuracy in results. In our study, this is mitigated
through the use of objective variables including labo-
ratory results, ICU LOS and ICU mortality. Retrospec-
tive research of this nature is also inherently limited
by missing data. Notably in our study this included
missing data regarding lactate and interventions
from PLAGH-ICUdb and intravenous fluid therapy
and transfusions in eICU-CRD, respectively. However,
other than lactate, these variables were used purely for
hypothesis-generating purposes and do not alter our
primary findings. The included databases collected
information from ICU admissions across varying
years, so differences in results may reflect changes
in global practices over time rather than differences
between centres or countries. Dichotomising patients
into those with best and worse outcomes using ICU
LOS and mortality does not reflect patient outcomes
beyond ICU discharge. This includes the possibility
that patients classified as having the ‘best’ outcome
may have been discharged quickly from the ICU to
receive end-of-life care. However, these definitions
improved interpretability of our results and are
consistent with those used previously.'* Further, our
study includes descriptive analyses without adjust-
ment for potential confounders. Therefore, the asso-
ciations between individual laboratory results and

patient outcomes do not indicate independent caus-
ative relationships and should not be interpreted as
such. Finally, comparing heterogeneous patient popu-
lations comprising varied case mixes is problematic.
The possibility that context-specific reference ranges
would also need to vary based on patient factors
or specific conditions exists, though could not be
concisely investigated in our present work.

CONCLUSION

In a cohort of more than 250000 patients admitted
to ICUs across four countries and three continents,
there was substantial deviation in laboratory results
when compared with normal reference ranges, even
for those with the best clinical outcomes. Further-
more, when stratified by patients with the best and
worst clinical outcomes, the degree of overlap between
these patient groups varied widely across investiga-
tions and databases. These results suggest not only
that specific reference ranges may be required for
critically ill patients in different contexts but also that
investigations may have a varying ability to discrimi-
nate between patients’ outcomes depending on the
setting.
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