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BACKGROUND: Analytical characteristics of methods to
measure biomarkers determine how well the methods
measure what they claim to measure. Transparent report-
ing of analytical characteristics allows readers to assess the
validity and generalizability of clinical studies in which
biomarkers are used. Our aims were to assess the report-
ing of analytical characteristics of biomarkers used in
clinical research and to evaluate the extent of reported
characterization procedures for assay precision.

METHODS: We searched 5 medical journals (Annals of In-
ternal Medicine, JAMA: The Journal of the American Med-
ical Association, The Lancet, The New England Journal of
Medicine, and PLOS Medicine) over a 10-year period for
the term “biomarker” in the full-text field. We included
studies in which biomarkers were used for inclusion/ex-
clusion of study participants, for patient classification, or
as a study outcome. We tabulated the frequencies of re-
porting of 11 key analytical characteristics (such as ana-
lytical accuracy of test results) in the included studies.

RESULTS: A total of 544 studies and 1299 biomarker uses
met the inclusion criteria. No information on analytical
characteristics was reported for 67% of the biomarkers.
For 65 biomarkers (3%), �4 characteristics were re-
ported (range, 4–8). The manufacturer of the measure-
ment procedure could not be determined for 688 (53%)
of the 1299 biomarkers. The extent of assessments of
assay imprecision, when reported, did not meet expecta-
tions for clinical use of biomarkers.

CONCLUSIONS: Reporting of the analytical performance of
biomarker measurements is variable and often absent from
published clinical studies. We suggest that readers need
fuller reporting of analytical characteristics to interpret study

results, assess generalizability of conclusions, and compare
results among clinical studies.
© 2019 American Association for Clinical Chemistry

Transparency and reproducibility are fundamental to sound
clinical research. Nevertheless, there is concern that many
published studies lack transparency of reporting and that
too many studies represent research waste (1–6). Many ini-
tial clinical studies show promising results, but different or
even contradictory findings are seen in subsequent studies
(7, 8). Several factors contribute to the lack of reproducibil-
ity in medical research (6, 9). An underappreciated contrib-
uting factor may be inadequate characterization and report-
ing of methods used to measure biomarkers, which are used
in important ways in clinical trials.

The US National Cancer Institute defines a biomarker
as “A biological molecule found in blood, other body fluids,
or tissues that is a sign of a normal or abnormal process, or of
a condition or disease.” Biomarkers, such as cardiac tro-
ponin and creatinine, are used widely in clinical research
studies. They are used to select patients for study, to confirm
diagnoses, and to categorize patients; thus, biomarkers have
potential to profoundly influence findings of the studies.
Accurate measurement of biomarkers is often challenging,
however. The biomarkers may be present in low concentra-
tions (e.g., cardiac troponin), and interfering substances of-
ten are present in blood samples.

Analytical characterization of tests addresses the
question: How well does the test measure what it claims
to measure (10 )? Before new tests can be used for patient
care in the US, the Food and Drug Administration
(FDA)4 requires manufacturers to perform a comprehen-
sive analytical characterization of the test. Some funda-
mental analytic performance characteristics, such as
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analytical accuracy of the results, are listed in Table 1
(11, 12 ). Clinical laboratories in the US must confirm
that, in their hands, the analytical performance of each
measurement procedure used is similar to that claimed by
its manufacturer.

In contrast to the FDA and CLIA (12 ) regulations
that apply to tests used in clinical care settings, it is un-
clear to what extent the analytical performance of such
tests has been characterized or clearly reported in clinical
studies. In this study, we evaluated the reporting of ana-
lytical characteristics of chemical biomarkers as seen in
publications in high-profile medical journals during a
10-year period.

Materials and Methods

SEARCH STRATEGY AND SELECTION CRITERIA

Five journals that publish large clinical trials were selected
to obtain a sample of biomarker use in clinical studies,
including randomized clinical trials of therapeutic inter-
ventions. Specifically, we surveyed publications in the
Annals of Internal Medicine, JAMA: the Journal of the
American Medical Association (JAMA), The Lancet,

The New England Journal of Medicine (NEJM), and
PLOS Medicine (PLOS Med). The archives of each jour-
nal were searched for the term “biomarker” in the full-
text field for 10 years, January 1, 2006 through January 1,
2016.

Studies were selected if a biomarker was used (a) for
selection of participants in the study, (b) for classification
of patients, (c) as a study outcome, or (d) for any combi-
nation of these uses. Articles were excluded if they were
not clinical studies in humans, had cohorts with �10
participants, used only immunohistochemical or imag-
ing markers, were meta-analyses of primary studies, were
computer modeling studies with no actual biomarker
measurements, or had been retracted.

DATA EXTRACTION

For each publication, we ascertained whether the study
was multicenter or was conducted at a single site, whether
the biomarker measurement procedure was approved (or
cleared) by the FDA, whether the biomarker test was
granted waived status by CLIA, the molecular type of the
biomarker (protein, nucleic acid, lipid/steroid, small
molecule/mineral, cell-based analysis, vitamin/trace ele-

Table 1. Analytical performance characteristics of tests.

Analytical performance characteristic Description

Accuracy Agreement between measured concentration and the true
concentration in the sample.

Cutoff Level of biomarker that is used for the categorization of test results,
e.g., as “positive” or “negative.”

Interferences/specificity Assessment of the effects of common interfering substances, such as
hemoglobin, bilirubin, and lipids.

Precision/imprecision Agreement between repeated independent measurements of the
same sample. Assessed as within-run, total, or unspecified
analytical variation (imprecision).

Quality control Quality control includes measurement of quality control materials that
contain the analyte of interest, combined with statistical analysis of
results and appropriate responses to the information (such as
repeat testing of a batch of samples).

Reference interval An interval, between upper and lower limits, of test results that
includes a defined proportion (usually 95%) of a reference group of
(usually) healthy people.

Reportable range The interval from the lowest to the highest values that can be reliably
measured.

Calibration/calibration verificationa Calibration: Establishing a relation between the instrument’s
measurement and the actual concentration of the substance.
Calibration verification: Testing materials of known concentration to
ensure accuracy.a

Analytical sensitivityb Limit of detection: Lowest concentration that can be reliably identified
as being qualitatively present.

Limit of quantitation: Lowest concentration that can be measured with
a defined analytical imprecision, e.g., CV < 20%.

a https://www.cms.gov/Regulations-and-Guidance/Legislation/CLIA/Downloads/6065bk.pdf.
b This usage differs from the classical definition in analytical chemistry but reflects usage in publications in the journals surveyed in this study.
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ment, or other), whether the name of the manufacturer of
the test was provided, and whether the test was quantita-
tive or qualitative.

The FDA-approval/clearance status of each assay
was determined by reference to the FDA website. CLIA-
waived status of each test was evaluated based on the table
entitled “Tests Granted Waived Status Under CLIA”
published on the Centers for Medicare & Medicaid Ser-
vices website (13 ).

We evaluated the reporting of 11 key analytical char-
acteristics (Table 1): (1) analytical accuracy or trueness
(estimates based on method-comparison or recovery
studies were accepted, regardless of whether a primary
reference measurement procedure or a certified reference
material was used), (2) total (day-to-day) imprecision, (3)
within-run imprecision, (4) imprecision not otherwise
specified, (5) analytical “sensitivity” (limit of detection
and/or limit of quantification), (6) interferences, (7) re-
portable range of results, (8) reference interval, (9) cutoffs
for test positivity or decision limits (decision values), (10)
quality control, and (11) calibration/calibration verifica-
tion (reporting about either one was accepted) (14 ).

For each biomarker, we counted the number of the
11 analytical characteristics reported (possible range,
0–11). For nonwaived FDA-approved/cleared methods,
we evaluated elements 1 through 4 and 7 through 11, as
CLIA requires users to verify only these 9 items.

All available sources were used for data extraction,
including the full-text journal articles, references therein
(but not articles cited by the cited papers), and supple-
mental protocols/data published with the article. Search
results and full-text articles were independently assessed
by 2 clinical chemists (QS and KW). All entered data
were checked for accuracy by 3 authors.

Results

SEARCH RESULTS AND CHARACTERISTICS OF INCLUDED

STUDIES

We identified 778 research articles from the initial search
of the full text of the archives of Annals of Internal Med-
icine, The Lancet, JAMA, NEJM, and PLOS Med (see Fig.
1 in the online Data Supplement). Among these articles,
544 were considered potentially relevant based on our
selection criteria, and 1348 biomarkers used in the stud-
ies in those articles were considered potentially eligible.
After examining the testing methods, 1299 biomarkers
were included in the review. Reasons for exclusion of
potentially eligible biomarkers are provided in Fig. 1 of
the online Data Supplement.

Of the 1299 eligible biomarkers, 1028 (79%) were
measured in multicenter studies (see Table 1 in the online
Data Supplement). A total of 317 (24%) of the 1299
biomarker measurements were approved or cleared by
the FDA, whereas 445 (34%) did not have such clearance

or approval. For 537 (41%) biomarker tests, the FDA status
was not specified and was not ascertainable because the ar-
ticles contained insufficient information about the method,
e.g., the name of the manufacturer was not stated.

Only 2 (0.2%) of the 1299 biomarker tests were
CLIA-waived based on the test and name of the manu-
facturer, whereas the other 1297 (99.8%) tests were ei-
ther nonwaived or the status could not be determined
because of insufficient description of the method. A
quantitative result was reported for 1043 (80%) of the
assays, and a qualitative result was reported for 119 (9%)
of the tests. The quantitative/qualitative nature of the
methods could not be determined for the remaining 137
(11%) because results either were not reported or were
reported with words such as “increased.”

The most frequent molecular types of biomarkers
(see Table 2 in the online Data Supplement) were pro-
teins (719 reports; 55%), nucleic acids (161 reports;
12%), and lipids/steroids (154 reports; 12%). The most
common biomarkers were C-reactive protein (79 reports;
6%), cardiac troponin (63 reports; 5%), and glucose (47
reports; 4%).

OVERALL REPORTING OF ANALYTICAL CHARACTERISTICS OF

BIOMARKER TESTS

For each biomarker that was included, we tabulated the
number of analytical characteristics reported (possible
range, 0–11 items; 0–9 items for FDA-cleared/approved
methods). No characteristic was provided for 865 of
1299 (67%) biomarker measurements (Fig. 1). Five or
more items (range, 5–8) were reported for only 33 bio-
markers (3%) (Fig. 1). The name of the manufacturer of
the measurement procedure could not be ascertained for
53% of the biomarkers.

For each of the 5 journals, and for the full data set, the
median reporting rate was zero. The reporting rates for the
individual method characteristics ranged from 2% (for in-
terference studies) to 13% (total imprecision) (Fig. 2).

The examined articles sometimes lacked evidence
that the authors assessed the analytical performance
of the test in their laboratories and that they did so during
the period of the study. For some analytical characteris-
tics, �25% of the results that were provided were neither
determined in the authors’ laboratory nor based on cited
papers from the authors of the subject publication (see
Table 3 in the online Data Supplement). Rather, the
characteristics came either from previous publications by
other investigators or from the manufacturers. In addi-
tion, 15 references cited in the methods sections failed to
contain pertinent information about the analytical char-
acteristics of the methods. For example, 3 of the cited
articles were reviews, and 11 others provided no method
details.
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REPORTING OF METHOD CHARACTERISTICS ACCORDING TO

FDA REVIEW STATUS AND QUANTITATIVE/QUALITATIVE

NATURE OF METHODS

FDA status of the measurement procedure had no con-
sistent relationship with the frequency of reporting of
analytical characteristics. Six of the 9 applicable analytical
characteristics were reported more often for the 445 non-
FDA-approved/cleared measurement procedures than for
the 317 FDA-approved/cleared tests, and the frequencies of
reporting were low for both (Fig. 3 here and Table 4 in the
online Data Supplement). For example, accuracy (trueness)
information was reported for 13% of research use-only tests
vs 4% of FDA-cleared/approved tests. Information about 3
other analytical characteristics was provided more often for
FDA-approved/cleared than for research use-only methods,
and again the frequencies were low (Fig. 3 here and Table 4
in the online Data Supplement).

Validation of qualitative tests differs from that for
quantitative tests (15 ), but the rates of reporting of ana-
lytical characteristics were similar for 1043 quantitative
methods and 119 qualitative methods (Fig. 3 here and
Table 4 in the online Data Supplement).

ASSESSMENT OF THE EXTENT OF REPORTED

CHARACTERIZATIONS OF ANALYTICAL IMPRECISION

As an indicator of the completeness and quality of the
reported analytical characterizations, we examined the

extent of analytical imprecision studies as described in
the articles (see Fig. 2 in the online Data Supplement). A
total of 274 studied articles provided within-run, day-to-
day, and/or unspecified imprecision results. Of these,
208 (76%) reported only a total CV with no details, such
as the tested concentration(s) of the biomarker, and
whether the precision study was based on a single day or
multiple days of testing. For only 3 biomarker tests (1%),
the reports stated that precision studies were performed
for at least 20 days. For 43 of 273 biomarkers (16%), the
reported precision data were at �2 concentrations.

SPECIFIC BIOMARKERS: CARDIAC TROPONIN AND GLUCOSE

Cardiac troponin I results vary greatly among manufac-
turers’ methods (16, 17 ). Of the 1299 uses of biomarkers
included in our analysis, cardiac troponin measurements
were the second-most common. Among these 63 uses of
troponin, we assessed the reporting frequency of 5 ana-
lytical characteristics that we judged to be essential for
interpreting troponin results in the context of variable
results among available measurement procedures. The
frequencies of reporting were all �50%, and only 35%
provided the name of the manufacturer (Fig. 4). Among
the 41 publications that did not include names of the
troponin assay manufacturer, 38 (93%) studied partici-
pants at multiple hospitals, raising a concern that assays

Fig. 1. Distribution of the number of analytic performance characteristics reported for 1299 measurement systems.
For each biomarker that was included, the number of analytical characteristics reported was tabulated. For example, no characteristic was
provided for 865 biomarker measurements.
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from different manufacturers were used; a universal cut-
off was used in 4 (10%) of those reports.

Second, we examined reporting of manufacturer in-
formation for glucose assays. Of the 1299 uses of
biomarkers included in our analysis, glucose ranked just
below cardiac troponin in frequency. Analytical charac-
teristics of glucose measurement procedures vary signifi-
cantly, especially between point-of-care glucose meters
and central laboratory methods (18, 19 ). Among 48
publications, 16 (33%) provided manufacturer informa-
tion for the glucose assays used. In 5 of the 16 publica-
tions (31%), �2 methods were used to measure glu-
cose concentrations. Two publications used pooled
results from point-of-care glucose meters and labora-
tory methods.

Discussion

This study evaluated the extent to which published clin-
ical studies reported analytical characteristics of the
methods used to measure biomarkers. More than two-
thirds of the articles provided no information on the
analytical performance of the methods, and half did not

identify the manufacturer of the test. Moreover, the ex-
tent of reported characterization of assay precision was
limited.

Transparent reporting of medical research has re-
ceived considerable attention (3, 4, 20 ), but reporting of
analytical characteristics of medical tests used in clinical
studies has not. Our results suggest that published articles
provide insufficient information to answer important
questions about the reported clinical studies in which
biomarkers are used to select participants in the study,
categorize patients, or make diagnoses. These questions
include questions of generalizability and internal validity.

GENERALIZABILITY OF TRIAL RESULTS: DIFFERING

ANALYTICAL RESULTS AMONG MANUFACTURERS

For many biomarkers, including tests cleared or ap-
proved by the FDA, results for a given patient sample
differ depending on the manufacturer of the test (21–
23). For example, a study in this Journal (24 ) docu-
mented marked differences among manufacturers’ tests
for cardiac troponin I: Results varied as much as 33-fold
for 9 “sensitive-contemporary” assays, 4-fold among 5
point-of-care assays, and 3-fold for 5 high-sensitivity

Fig. 2. Reporting rate (%) of analytic performance characteristics in 5 journals.
For each of the 11 method characteristics, the overall reporting rate and the rates in each journal were tabulated. Annals, Annals of Internal
Medicine.
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assays (24 ). Manufacturer-dependent differences oc-
cur for many other biomarkers, including thyroid-
stimulating hormone, prostate-specific antigen, and hu-
man chorionic gonadotropin. Such biomarkers circulate
in multiple modified forms, and different manufacturers’
methods measure different subsets of those forms. When
the manufacturer of the test is not identified, physicians
cannot know if the decision cutpoints used in the study
are appropriate for the test in their hospitals or at other
laboratories where their patients’ samples are assayed.

Like newer biomarkers, long-established biomark-
ers, such as albumin and creatinine, also display marked
quantitative differences among manufacturers’ products.
Urine albumin assays show biases that range from �35%
to 34%, resulting in large differences between methods
(25 ). Similarly, serum (and plasma) albumin results dif-
fer markedly among manufacturers’ methods (26 ). In the
latter study, the proportion of samples that met an albu-
min goal of 3.5 g/dL for dialysis patients ranged from
35% to 70% depending on the manufacturer of the test

Fig. 3. Analytical characterization reporting based on (A) FDA approval status and (B) quantitative nature of methods.
A numerical scale from 0% to 25% was used to obtain the reporting rate. Two characteristics (analytical sensitivity and interferences) were not
included in the analysis based on FDA approval status because these items are not required for FDA-approved methods by CLIA. Three
characteristics (analytical sensitivity, interferences, and reference interval) were not included in the analysis based on quantitative nature
because of the lack of numeric data in qualitative tests. QC, quality control.

Fig. 4. Reporting rate of reference interval, accuracy, precision, reportable range, cutoff, and manufacturer information in 63
cardiac troponin measurements.
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(26 ). This marked difference was seen despite the use of
the same chemical method principle (bromocresol green
dye-binding) by the manufacturers. Moreover, when a
manufacturer offered more than one method to measure
serum albumin, the results of the methods did not agree
when measuring the same (nonfrozen, human) samples
(26 ).

As for albumin, creatinine results differ markedly
among methods (27 ), and these differences produce er-
ratic results in patients (28 ).

Inclusion of the names of the manufacturers of bio-
markers represents an opportunity to improve the report-
ing of clinical studies.

REPRODUCIBILITY OF TRIALS: IMPACT OF ANALYTICAL

PERFORMANCE

Registration of trials is important for avoiding many
causes of wasted research (29 ), but it cannot replace a
clear description of the analytical performance of bio-
marker measurement procedures during the time of a
clinical trial. Lack of information on analytical perfor-
mance characteristics, such as the limit of detection and
imprecision, can lead to apparent failure to reproduce
results of an earlier trial.

The limit of detection and limit of quantification of
biomarker tests that are used to select patients for trials
may affect the compositions of the study populations and
alter the apparent effectiveness of the randomized clinical
trial’s intervention. When a drug is effective in early dis-
ease, it will appear effective if patients are selected for
study by use of a biomarker test that has a low limit of
detection and identifies patients with early disease. By
contrast, if the study is repeated with a biomarker assay
that is less analytically sensitive and identifies only pa-
tients with advanced disease who have high concentra-
tions of the biomarker, the study will include a set of
patients that is enriched in late-stage cases of the condi-
tion being treated. This population will be less likely to
achieve the desired clinical outcome; thus, the studied
intervention will appear less effective than in the previous
study.

A trial (30 ) that was among those included in our
study appeared to contradict an earlier randomized con-
trolled trial (31 ). The earlier study had concluded that
tight glucose control decreased mortality in critically ill
patients. By contrast, the second trial found an increase in
mortality with tight glucose control (30 ). In the earlier
study, glucose was measured by a highly accurate and
precise method, which was described in the publication.
By contrast, in the later (multicenter) study, glucose was
measured by a variety of methods and devices, including
point-of-care glucose meters (30 ). The manufacturers’
names were not provided, and no information was pro-
vided about the analytical performance of the various
glucose methods during the trial.

Given the state of the art of glucose meters at the
time of the second study, the imprecision of each of the
point-of-care devices was certainly large. High impreci-
sion of measurement of glucose is associated with poor
glucose control (32–34). Moreover, for some glucose
meters, results were falsely high in critically ill patients,
whereas for other meters the results were consistently low
(35, 36 ). Despite this variability of results, the same al-
gorithm was used at all centers to determine the insulin
infusion rates for patients based on the glucose concen-
trations reported by the various analyzers. Thus, patients
who were monitored with meters that produced high
results were at risk of receiving more insulin than was
intended for their true blood glucose concentration, with
a resulting risk of hypoglycemia. The magnitude of this
risk was not apparent to readers because no data were
reported on the quality of the glucose measurements dur-
ing the course of the study. A subsequent independent
publication reported poor performance at one trial site,
during the trial, of glucose meters used in the multicenter
study (37 ). Inclusion of analytical information in the
report of that study might have avoided continuing con-
troversy about the impact of errors in glucose measure-
ments on the study’s conclusions (37, 38 ).

LIMITATIONS

A limitation of the current study is that it included only
studies that were published in 5 high-impact journals. In
journals with lower impact factors, adherence to report-
ing guidelines may be less extensive than in journals with
higher impact factors (39 ). Thus, our findings may over-
estimate the overall reporting rate of analytical character-
istics in the clinical research literature. Second, we in-
cluded only articles that contained the term “biomarker”
and may have missed some relevant articles. However,
the search was on the full text of all articles published in
the journals, and it did identify a large number of pub-
lished studies. It seems unlikely that use or nonuse of the
term biomarker anywhere in the article would dramati-
cally affect generalizability of our findings. Moreover, use
of the selection criteria clearly showed that in numerous
studies, published in high-impact clinical journals, the
reporting of the analytical characteristics of tests was fre-
quently inadequate. Third, some analytical characteris-
tics listed in Table 1 may not be applicable to all analytes.
Nonetheless, the finding that 67% of articles provided no
information on analytical performance of the tests is
troubling.

FACTORS THAT MAY LIMIT THE EXTENT OF REPORTING OF

ANALYTICAL CHARACTERISTICS OF BIOMARKER TESTS

The limited reporting of analytical characteristics of bio-
marker tests may reflect several factors. One is restricted
space for publication of methodological details in
printed journals. This limitation, however, has been
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largely overcome by the use of online supplements to
print articles (which was supported by each of the 5 jour-
nals that were included in this study). Second, researchers
may assume that analytical characterization and method
optimization are the manufacturers’ responsibilities. Our
analysis showed, however, that only 24% of biomarker
measurements in the examined clinical studies could be
ascertained to have been made with FDA-approved/
cleared methods, with analytical characterization per-
formed by their manufacturers. For other assays, analyt-
ical characterization by their manufacturers is not
regulated and may not be transparent, making it impor-
tant that authors report analytical characterizations for
the 76% of the biomarkers included in this report that
were not identified as having been cleared or approved by
the FDA. Third, guidelines for reporting of clinical stud-
ies provide limited guidance on reporting of the analyti-
cal characteristics of biomarker measurements used in
the studies. The CONSORT guideline, for reporting
parallel-group randomized trials, addresses research
methodology in detail but provides no guidance on the
reporting of analytical characteristics of measurements of
biomarkers. Provision of some guidance may represent
another opportunity for improvement of reporting of
clinical studies.

It is beyond the scope of this study to propose a set of
analytical characteristics to be included in a report of a
clinical trial, and the set of characteristics likely will de-
pend in part on the specific use of a biomarker in each
trial. Based on the experience of performing this study,
however, we suggest that a minimal set of characteristics
to report might include 3 items: (a) citation of a publica-
tion that describes the performance of the method and, if
it is commercially available, at least the name of the prod-
uct and its manufacturer; (b) reference interval or other
decision point(s) used; and (c) imprecision, measured
during the study, at the concentration (or concentra-
tions) used as decision point(s) in the study and at (non-
zero) limits of the reference interval. For studies in which
the presence/absence of a detectable (or measurable) con-
centration of a biomarker is used for decisions, the limit
of detection (or limit of quantification as appropriate) of
the procedure would be an important addition.

Conclusion

Our analysis identifies shortcomings in the reporting of,
and potentially the quality or even the existence of, ana-
lytical characterization of biomarker tests used in clinical
studies reported in high-impact medical journals. Oppor-
tunities for improvement include simple steps, such as iden-
tifying the manufacturer when a commercially available
measurement procedure is used. Improvement of reporting
has the potential to enable investigators and others to (a)
better evaluate the internal and external validity of the results
of clinical studies, (b) assess the generalizability of the find-
ings, and (c) replicate the results.
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