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Abstract: Electronic tools in clinical laboratory di-
agnostics can assist laboratory professionals, clinicians,
and patients in medical diagnostic management and lab-
oratory test interpretation. With increasing implementa-
tion of electronic health records (EHRs) and laboratory
information systems worldwide, there is increasing de-
mand for well-designed and evidence-based electronic
resources. Both complex data-driven and simple inter-
pretative electronic healthcare tools are currently
available to improve the integration of clinical and lab-
oratory information towards a more patient-centered
approach to medicine. Several studies have reported
positive clinical impact of electronic healthcare tool
implementation in clinical laboratory diagnostics,
including in the management of neonatal bilirubinemia,
cardiac disease, and nutritional status. As patients have
increasing access to their medical laboratory data, it is
essential that accessible electronic healthcare tools are
evidence-based and user-friendly for individuals of
varying digital and medical literacy. Indeed, studies
suggest electronic healthcare tool development pro-
cesses significantly lack the involvement of relevant
healthcare professionals and often present misinforma-
tion, including erroneous calculation algorithms or
inappropriate interpretative recommendations. The
current review provides an overview of the utility of

available electronic healthcare tools in clinical labora-
tory diagnostics and critically reviews potential limita-
tions and benefits of their clinical implementation. The
Canadian Laboratory Initiative on Pediatric Reference
Intervals (CALIPER) online database is also detailed as
an example of a pediatric diagnostic tool with wide-
spread global impact.
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Introduction

Clinical laboratories are responsible for accurately
performing diagnostic tests, generating test result re-
ports, appropriate interpretative recommendations, and
communicating them clearly and quickly to clinical
decision-makers. Increasing implementation of electronic
health records (EHRs) and laboratory information systems
in clinical institutions in conjunction with increasing test
automation and patient data accessibility has increased
the demand and feasibility of electronic healthcare tool
integration to improve clinical service and support clin-
ical decisions. An increasing number of web and mobile-
based applications have been developed in recent years to
improve access to laboratory test results, increase accu-
racy in test result interpretation, and aid in complex
medical diagnostic management. These resources can be
useful to clinicians, laboratory scientists as well as pa-
tients advocating in their own health care decisions.
While this lends itself to a new patient-centered model of
healthcare delivery, it also poses further challenge and
complexity in both laboratory-clinician and patient-
clinician communication as well as patient privacy and
equity. The current review explores available electronic
tools in healthcare and laboratory medicine, comments
on their respective benefits and limitations, and discusses
the future role of electronic healthcare tools in laboratory
medicine.
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Complex data driven resources ― a
clinician’s aid

Appropriate medical diagnosis of several pathologic con-
ditions requires integration of clinical information (e.g.
family history, symptoms, risk factors, imaging) and lab-
oratory data (e.g. biomarker test results) in combination
with medical expertise. Retrieving clinical data scattered
throughout medical records, synthesizing for risk classifi-
cation, and applying guideline recommendations to
determine appropriate follow-up/treatment can be un-
necessarily time consuming. Recent reports also suggest
current EHR structuresmay lead to information overload in
addition tomissed alerts and information in patient charts,
heightening risk of inappropriate follow-up [1]. There is
thus increasing interest in data-driven diagnostic re-
sources wherein guideline recommendations for the man-
agement of common clinical conditions can be applied
automatically to EHR laboratory data, supporting timely
and consistent clinical decision-making. Through
emerging technology, EHRs now allow the integration of
add-on apps, whereby third-party app developers can
enhance the utility of EHRs for targeted healthcare tasks.
Substitutable Medical Applications and Reusable Tech-
nologies on Fast Healthcare Interoperability Resources
(SMART on FHIR) is the open-access technology enabling
EHR add-on apps, focusing on utility, usability, and pri-
vacy [2]. Few groups have demonstrated measurable pos-
itive outcomes of SMART on FHIR app implementation in
clinical settings. Kawamoto et al. recently reported imple-
menting an EHR add-on app for neonatal bilirubin man-
agement saved clinicians significant time for bilirubin
management tasks and significantly increased the odds of
clinically appropriate phototherapy orders during hospi-
talization by 84% [3]. Twitchell et al. also reported the
introduction of a SMART on FHIR app for pediatric blood
pressure visualization in a tertiary hospital was associated
with increased recognition of abnormal blood pressure [4].
Additional proposed applications of SMART on FHIR app
technology for clinical decision support include safe opioid
prescription [5], cholesterol and cardiac risk management
[6], as well as precision cancer medicine [7] and genome
and phenome variant identification [8], among others.
Patient-clinician tools for themanagement of patients with
severe hemophilia A and/or B have also been established
to assist clinicians in pharmacokinetic modelling to
determine appropriate prophylactic factor replacement
based on laboratory results. These tools also enable pa-
tients to document relevant outcomes, improving disease
monitoring [9]. Development and implementation of such

technology can improve laboratory data interpretation by
enabling the automatic consideration of other covariates
(e.g. multiple laboratory test measures, clinical informa-
tion) to complete the clinical picture, harnessing the
inherent structure of EHRs to propel into the future of
personalized laboratory medicine.

In addition to integrating add-on EHR apps based on
existent clinical guidance or published studies, data con-
tained in EHRs can also be utilized for research purposes to
develop AI-powered algorithms that could potentially
identify novel pathophysiological clusters of diagnostic
importance [10]. Indeed, deep learning methods have
already been used in healthcare to develop electronic
diagnostic tools [10]. For example, Gulshan et al. devel-
oped an algorithm for automated detection of diabetic
retinopathy and diabetic macular edema using EHR retinal
fundus photographs with high sensitivity and anticipated
clinical value [11]. In addition, Yuan et al. harnessed EHR
data to assemble a large lung cancer cohort and develop a
prognostic survival model based on multiple clinical
covariates [12]. Rahmini et al. also developed an ontolog-
ical approach to accurately identify type 2 diabetesmellitus
patients in EHRs to support decision making as well as
conduct audit and evaluation research in diabetes cases
[13]. Further, Tomašev et al. developed a model harnessing
a large longitudinal dataset of EHRs to assist in predicting
future acute kidney injury and provide confidence assess-
ment for clinical outcome predications, including trajec-
tories of clinically relevant blood tests [14]. These studies
provide proof-of-concept examples of how EHR laboratory
and clinical data can be harnessed to develop electronic
diagnostic and prognostic tools thatmay reduce healthcare
burden and lead to more personalized and timelier patient
management as well as identify potentially novel disease
subsets and risk factors for medical conditions. As the
provider of the majority of objective data in patient charts,
clinical laboratories should consider how integrating
clinical information through visual and algorithmic out-
puts could improve clinical service and lead to healthcare
benefits. However, sources of bias in EHR data and their
potential to contribute to healthcare disparities should be
considered. For example, EHR data may be biased toward
certain patient populations (e.g. more severe) and make
inappropriate inferences regarding diagnosis and prog-
nosis [15]. Predictive analytical algorithms in certain pop-
ulations may also not be able to be applied at all
institutions due to population differences such as ethnicity
[15]. Regardless, research suggests integrating complex
data-driven resources into the standard of care for certain
conditions (e.g. diabetes or jaundice management) could
be useful in the future of healthcare.
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Simple interpretative resources― a
patient’s aid

In addition to the complex medical diagnostic electronic
tools geared to clinician’s use, there are also more
simplistic tools available designed specifically for patients
[16, 17]. Indeed, widespread use of health information
technology has increased patients’ access to their health
information, facilitating goals of advancing patient-
centered care. Electronic tools such as patient portals,
AI-powered symptom checkers, as well as diet, weight, and
fertility monitoring applications have engaged patients in
their own medical care. The number of patient-facing
health apps has increased substantially in the last 5 years
and it is estimated that healthcare apps were downloaded
more than 3.8 billion times in 2017, increasing 16% from the
previous year [18]. The unexpected transition to telemedi-
cine throughout the COVID-19 pandemic has also acceler-
ated the utilization of electronic healthcare apps, offering
educational resources for individuals with varying levels of
health and digital literacy. Despite the positive outcomes of
increased medical data accessibility to patients, there is
concern regarding misinformation and safety [17]. In a
recent scoping review, Akbar et al. found that electronic
healthcare app development processes significantly lacked
the involvement of relevant healthcare professionals and
often presented misinformation, including erroneous
calculation algorithms and incorrect information on ex-
pected disease symptoms and treatment options [18]. These
concerns are not limited to third-party apps. Indeed, a
recent survey assessing the frequency and types of errors
identified by patients who read physician notes in their
EHRs found one in five patients reported finding an error
(e.g. mistakes in diagnoses, medical history, medications,
physical examination, test results) and 40% perceived the
error as serious [19]. Specific to laboratory medicine, pa-
tients often assume their test results should be the same
regardless of which laboratory or institution the bloodwork
is completed. It is not understood by patients, and some-
times clinicians, that laboratory test results for many
markers of health and diseasewill vary by testing platform/
assay due to lack of assay standardization [20]. As patients
have increasing access to their medical data, it is critical
that the field of laboratory medicine continue efforts in
analytical standardization and reference interval harmo-
nization for candidate assays to ensure consistent test
result interpretation, especially given the increasingly
multi-hospital network nature of patient care complicating
longitudinal follow-up. In addition, without a clinician
contextualizing the result, it is important that there are

processes and educational resources in place to reduce
misinformation and ensure accessible options are avail-
able when questions or concerns arise. Indeed, a recent
study conducted by Zhang and colleagues reported 35.2%
of individuals have difficulty understanding their labora-
tory medical test results and 67% are unable to compre-
hend different aspects of their test results including
reference range, medical terminology, and the meaning of
the laboratory value [21]. It is therefore important that
electronic tools informed by scientific evidence and
expertise are created to bridge this gap.

CALIPER electronic tool for pediatric
test result interpretation ― our
experience

The Canadian Laboratory Initiative on Pediatric Reference
Intervals (CALIPER) is a nationwide initiative aimed to
improve blood test result interpretation in children by
establishing accurate and robust pediatric reference in-
tervals for important biomarkers of health and disease [22].
For many years, blood test interpretation in children was
inappropriately based on adult reference values, signifi-
cantly increasing the risk of misinformed clinical decisions
and treatment/follow-up. Children are not small adults and
the physiological changes occurring throughout growth
and development often necessitate pediatric-specific
interpretation for many laboratory tests [23]. Since 2008,
CALIPER has emerged as a global leader in establishing
and publishing comprehensive pediatric reference in-
tervals for over 200 laboratory biomarkers including
biochemical, immunological, hematological, nutritional,
endocrine, and fertility markers, as well as many special
chemistry evaluations on several analytical platforms
based on data from thousands of healthy children and
adolescents from birth to 18 years [22].

In addition to the generation and publication of these
rich datasets, it was equally important to the CALIPER team
to develop knowledge-translation tools to ensure data is
accessible to clinicians, laboratory professionals, and pa-
tients and families worldwide. Thus, a mobile application
(available for download on Google Play and Apple Store)
and online database (www.caliperdatabase.org) was
developed in 2014 and recently updated. These electronic
tools enable patient laboratory results to be interpreted
against the most appropriate and up-to-date reference in-
tervals developed by CALIPER on multiple clinical chem-
istry platforms and assays. Both electronic tools are freely
accessible worldwide and updated with new tests as
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further peer-reviewed studies are completed. To use the
mobile app or online database, one can simply select the
medical lab test of interest, enter the child’s test result, and
select the child’s sex and age from the drop-down menu.
Users have the option to select the lab instrument they
want to assess, which include systems manufactured by
various IVD companies. To increase usability worldwide,
users can also input the unit of measure, including Inter-
national System of Units (SI) or Conventional (CON) units.
After inputting the necessary information, the mobile app
assesses the patient result value as compared to CALIPER
reference intervals (Figure 1). The online database provides
more in-depth information, including a summary of all
pediatric reference intervals for that analyte as well as age-
and sex-specific scatterplots to better visualize and depict
dynamic reference value concentrations observed
(Figure 1). The utility and value of electronic healthcare
tools, such as the CALIPER database, is underscored by
their global reach with a high number of routine app users.
To date, the CALIPER online database has successfully
established a strong global presence with over 5,000
registered users from 3,650 institutions spanning over 100
countries in all regions around the world (Figure 2). The
demonstrated global use of these electronic tools speaks
not only to the value of the data contained within the
database but also the value of well-designed electronic
tools in laboratory medicine. Analytical outputs from such
electronic tools can also inform further research and

consumer interest. For example, Figure 2B demonstrates
the most commonly searched biomarkers on the CALIPER
database. In this report, it is evident that thyroid markers
such as thyroid stimulating hormone (TSH) and free
thyroxine (FT4) are of significant interest to database users.
This is not surprising as thyroid disorders, including hy-
perthyroidism, hypothyroidism, Grave’s disease, and
Hashimoto’s, are common in children, particularly
adolescent females [24]. Other markers of significant in-
terest include liver markers (e.g. alkaline phosphatase,
alanine aminotransferase, bilirubin, gamma-glutamyl
transferase) andnutritionalmarkers (e.g. ferritin, calcium).

With the tremendous global interest CALIPER has
generated to help fill the critical gap in establishing pedi-
atric reference intervals, there has been an urgency to
create a global resource for all adult andpediatric reference
interval studies across the world in an effort to ensure all
countries have access to appropriate reference intervals for
test interpretation. An International Federation for Clinical
Chemistry and Laboratory Medicine (IFCC) Taskforce on
Global Reference Interval Database is currently under
development with the aim of creating a centralized global
reference interval database by collating data from high
quality pediatric and adult reference interval initiatives.
This database will enable users to search for major refer-
ence interval studies and view reference interval data. It
will also include an interactive component in which the
user could input a patient’s test result for comparison to

Figure 1: Overview of CALIPER mobile app and database interface.
(A) Visual representation of CALIPER mobile application for a pediatric patient test result for iron, (B) visual representation of CALIPER online
database scatterplots accompanying iron test result (www.caliperdatabase.org).
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available reference interval data within the database. This
centralized resource will improve the accessibility of refer-
ence intervals globally in addition to contributing and
promoting global harmonization for assays that demon-
strate minimal analytical and population differences
across studies.

Summary and outlook

As technology becomes increasingly integrated into
healthcare, it is essential that we consider how to harness
existent data present in EHRs to better inform clinical
decision-making in the transition to more patient-centered

Figure 2: Overview of CALIPER mobile app and database users and most common searches.
(A) Global map where blue dots represent aggregate location of current CALIPER database users, (B) visual representation of the most commonly
searched analytes by CALIPER database users.
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medicine. While complex data-driven applications can assist
in patient management as well as identify novel findings of
potential clinical significance, simpler tools such as intelli-
gent diagnostic apps and databases can be of equal value to
both clinicians and patients, creating a new and innovative
model of laboratory-clinician-patient communication and
healthcare delivery. The CALIPER mobile app and database
serve as a concrete example of how freely accessible re-
sources can be utilized worldwide towards improved clinical
service. Clinical laboratories should be leading and actively
engaged in electronic diagnostic tool innovations that
improve laboratory data communication and reduce post-
analytical errors in test result reporting and interpretation,
which in turn improve patient safety. Inherent biases to data-
driven technologies should also be considered as their use
increases in healthcare delivery.
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