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A B S T R A C T

Background: Appropriate reference intervals are essential when evaluating laboratory test results. However,
establishment of reference intervals is challenging, especially for coagulation screening tests, and uncertainty
exists regarding age- and sex-dependency of test results. Data mining of laboratory information systems is an
emerging approach to reference interval determination, and we evaluated its applicability to coagulation tests.
Methods: We analyzed measurements of activated partial thromboplastin time (aPTT), prothrombin time (PT),
international normalized ratio (INR), thrombin time (TT), and fibrinogen performed during clinical care in the
University Hospital Erlangen, Germany (1,778,738 samples from 116,754 adult patients, 45,577-509,859
samples per analyte). We identified the proportion of samples from healthy individuals using an established
statistical approach (Reference Limit Estimator), in which the distribution of physiological test results is ap-
proximated using a parametrical function, and used for the calculation of reference intervals.
Results: We established age- and sex specific reference intervals for aPTT, PT, INR, TT, and fibrinogen, and
created batch- and reagent-specific aPTT-reference intervals. Additionally, we evaluated the sensitivity of the
established aPTT reference intervals for the detection of factor VIII, IX, XI, XII deficiencies.
Conclusion: Data mining of laboratory test results allows the creation of age- and sex-reference intervals for
coagulation tests that are specific to the examined population, analytical framework, and reagent. This approach
can complement conventional methods when establishing reference intervals and improve clinical decision-
making based on coagulation tests. The reference intervals established in this study show only minor variation
with sex and age, supporting the practice of providing a common reference interval for adult women and men.

1. Introduction

Activated partial thromboplastin time (aPTT), prothrombin time
(PT), international normalized ratio (INR), thrombin time (TT), and
fibrinogen are frequently performed coagulation tests measured using
one-stage clotting assays. For diagnostic and therapeutic decisions, in-
dividual patients' coagulation test results are interpreted in comparison
to reference intervals provided by the laboratory [1–3]. Appropriate
assessment of test results therefore requires reference intervals specific
to the examined population, analytical framework, and reagent [1,4].
For coagulation screening tests, intra-laboratory establishment or vali-
dation of reference intervals is particularly important, due to increased
reagent- and batch-dependency of test results in comparison to e.g.
biochemical analyses. Additionally, uncertainty exists regarding age-
and sex-dependency of test results, although an ageing population

throughout the world and a high frequency of elderly patients under-
going laboratory testing rely on appropriate interpretation of test re-
sults [2,5–7].

Established direct approaches for the calculation of reference in-
tervals, as e.g. defined by the Clinical & Laboratory Standards Institute
(CLSI) [8], require measurement of a large number of samples (in most
cases> 120) in a carefully selected homogenous population of healthy
reference individuals [3,8,9], a procedure which is time-consuming and
costly. Recruitment of a reference population of healthy volunteers
often poses considerable challenges, and in many cases samples from
healthy blood donors are used [9,10]. As a consequence, the reference
population frequently varies considerably from the population to which
the test results are ultimately applied. Often, patients are substantially
older, receiving medication, and have a high prevalence of co-mor-
bidities [11]. This leads to uncertainty regarding the appropriateness of
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reference intervals created using a population of young and healthy
adults and has prevented the establishment of reference intervals for
older adults. Additionally, the width of reference intervals' confidence
intervals in conventional approaches is often unacceptable, especially
when the distribution of test results is non-normal [12].

Indirect approaches have been established as an alternative to re-
ference interval determination [12–14]. These methods are based on
the assumption that the majority of samples measured during patient
care are not pathological and can be used to create reference intervals
[14]. To this end, advanced statistical methods are applied, which
identify the proportion of physiological samples in a mixed dataset,
containing both pathological and physiological samples. The avail-
ability of samples from laboratory information systems allows the
creation of reference intervals which are specific to the examined po-
pulation, age-group, analytical framework, batches and reagents. In-
direct methods have been extensively used in the pediatric population,
which poses extraordinary challenges when establishing reference in-
tervals [13,15], and specifically, pediatric reference intervals for coa-
gulation tests have been established using indirect methods [16].
However, indirect methods have not been studied in the context of
adult coagulation reference intervals so far. The aim of this report is the
creation of reference intervals for coagulation screening tests (aPTT,
PT, INR, TT and fibrinogen) for different age groups using an estab-
lished indirect method, and to evaluate the potential of this approach to
identify batch- and reagent-specific differences.

2. Methods

2.1. Study population and selection of samples

We analyzed measurements of aPTT, prothrombin time, INR,
thrombin time, and fibrinogen performed during clinical care of pa-
tients in the University Hospital Erlangen from July 2014 to June 2017.
Samples from inpatients and outpatients aged 20–90 years, including
patients from intensive care units and specialty units, were retrieved
from the laboratory database. This resulted in 421,903, 496,889,
200,544, 44,814, and 495,290 test results from 97,510, 112,309,
67,278, 17,830, and 112,086 different patients for aPTT, PT, INR, TT,
and fibrinogen, respectively. To explore the age-dependency of re-
ference intervals, samples were split into fine-grained age groups of
10 years (20–30 years, 30–40 years, …, 80–90 years) and a combined
age group (20–90 years). We selected 10-year partitions, as statistical
approaches to age partitioning, e.g. the Harris & Boyd test, are not
applicable to mixed populations of pathological and physiological test
results in non-Gaussian distributions, and can potentially be easily in-
tegrated into laboratory information systems. The investigated patient
population is composed predominantly of Caucasian individuals and no
stratification according to ethnicity was performed.

2.2. Analytical procedures

Measurements were performed on an automated coagulation ana-
lyzer STA-R (STAGO, France), in accordance with manufacturer in-
structions and laboratory standard operating procedures. INR was cal-
culated based on the PT using the batch-specific International
Sensitivity Index (ISI) values provided by the manufacturer. APTT was
measured using STA Neoplastine (STAGO, France, July 2014 to
December 2014) and different batches of Cephascreen (STAGO, France,
December 2014 to June 2017) reagents, differences between reagents
and batches are analyzed in a separate analysis. For the final aPTT
reference intervals, only aPTT measurements using Cephascreen re-
agents were used. The Clauss fibrinogen assay (STA-Liquid FIB, STAGO,
France) is based on the thrombin clotting time [17]. External quality
control was performed at least four times a year. Analyte stability over
time during the study period was analyzed by Teil-Senn regression of
quarterly median values (Supplemental Table 1). While Teil-Senn

regression shows slight shifts during the study period in aPTT, the
magnitude of these shifts is not clinically relevant in relation to
guidelines for laboratory quality control [18,19] and the range of es-
tablished reference intervals, and we thus included all time intervals for
further analysis.

2.3. Calculation of reference intervals

Reference intervals were calculated with an indirect algorithm de-
scribed and validated previously [14] and freely available as a software
package (“Reference Limit Estimator (RLE)”, developed by the German
Society of Clinical Chemistry and Laboratory Medicine's Working Group
on Guide Limits, available at http://www.dgkl.de/). In summary, the
method estimates reference intervals from an input dataset containing
both non-pathologic and pathologic samples. The distribution of non-
pathologic samples is assumed to follow a parametric distribution (a
Gaussian distribution after Box-Cox transformation of the data, i.e. a
distribution that can accommodate skewed data), whereas pathologic
samples are assumed to be scattered randomly. Using an elaborate
statistical process, the distribution of physiological samples is isolated
from the mixed dataset and used to calculate reference intervals. We
analyzed datasets containing only one sample per patient; if more than
one sample per individual was available we selected one randomly (in
accordance to previous studies, which show no benefit of more sys-
tematic sample selection strategies [20]). Reference intervals for aPTT,
prothrombin time, INR, thrombin time were estimated using RLE set-
ting “Pathological values” set to “High”, fibrinogen reference intervals
using “Pathological values” set to “Both”. (“High” indicates that the
majority of pathological values are higher than physiological test re-
sults, whereas “Both” indicates that pathological values are expected
below and above the distribution of normal test results.) Samples were
anonymized before calculation of reference intervals

2.4. Validation of reference intervals in a filtered dataset

To validate the established reference intervals, we calculated re-
ference intervals in a second dataset, in which we included only test
results from patients with only one test result per calendar year (re-
sulting in elimination of patients in which retesting was deemed ap-
propriate by the treating physicians, i.e. most patients on antic-
oagulants and patients from intensive care units.)

2.5. Evaluation of aPTT sensitivity

To evaluate the sensitivity of the calculated aPTT upper reference
limits with respect to the detection of coagulation factor deficiencies,
we investigated blood samples where aPTT and coagulation factor VIII,
IX, XI, or XII were measured simultaneously (n=5725, 3857, 3711,
and 2727). The sensitivity of the calculated aPTT upper reference limits
as a cut-off level to detect factor deficiencies was calculated for de-
creasing residual factor activities (measured activity 100%–0%).

2.6. Influence of age- and sex-specific reference intervals on test result
classification

To examine the hypothetical effect of the newly established re-
ference intervals on classification of samples as healthy or pathologic,
we applied the generated reference intervals to the input dataset and
calculated the fraction of samples below and above the 2.5th and 97.5th
percentiles. We compared classification of age- and sex-specific re-
ference intervals, sex-specific (i.e. not age-specific) reference intervals,
and an overall reference interval.

3. Results

Age- and sex-specific reference intervals and combined reference
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intervals for aPTT, PT, INR, TT, and fibrinogen are shown in Table 1
and Fig. 1. aPTT and thrombin time reference intervals exhibit only
minor variation with sex and age. INR and prothrombin time reference
intervals show marginally lower upper reference intervals in women
than in men and a slight increase in upper reference intervals in the age
group 80–90 years. Fibrinogen reference intervals show an increasing
trend in upper reference intervals with age, however, the number of
samples available is reduced in comparison to the other analytes.
Comparison of reference intervals generated using the complete input
dataset with a filtered dataset, in which test results from patients with
multiple samples per calendar year were removed, shows a trend to
narrower reference intervals in the filtered population, although the
differences are minor (Supplemental Table 2).

Reference intervals for different aPTT batches using Cephascreen
and STA Neoplastine reagents are shown in Table 2. Upper aPTT re-
ference intervals differ considerably between STA Neoplastine and

Cephascreen reagents, specifically, the difference between sex-specific
Neoplastine and Cephascreen upper aPTT reference intervals exceeds
the “Permissible relative deviation of a single result” of 10.5% ac-
cording to German Guidelines (“Rili-BAEK”) [18,19] in all batches. In
contrast, sex- and batch-specific upper Cephascreen aPTT reference
interval differences are within the specifications mentioned above in
29/30 cases. (Upper female reference intervals for batch #1 [31.9 s]
exceed the allowed deviation to batch #3 [35.3 s])

A comparison of the magnitude of the changes with age and sex on
the one hand (upper aPTT reference interval range 32.7–35.2 s), and
the batch-specific variation in Cephascreen aPTT reference intervals on
the other hand (upper aPTT reference interval range 33.4–36.1 s,
Table 2), shows that the effects of age and gender are minor in com-
parison to batch effects.

The sensitivity of the calculated aPTT reference intervals to detect
deficiencies in factor VIII, IX, XI, and XII is displayed in Fig. 2. These

Table 1
Age- and sex-specific reference intervals for activated partial thromboplastin time (aPTT), international normalized ratio (INR), thrombin time, fibrinogen, and
prothrombin time.

Age Men Women Men & Women

RI 50th λ n RI 50th λ n RI 50th λ n

Activated partial thromboplastin time (aPTT), s
20–30 25.4–34.4 29.9 1.0 5303 25.4–33.7 29.6 1.0 6613 25.4–34.1 29.7 1.0 11,916
30–40 25.2–34.6 29.6 0.12 4876 25.1–33.9 29.5 1.0 6860 25.1–34.0 29.5 0.92 11,736
40–50 25.0–32.9 29.0 1.0 6216 25.0–33.7 29.1 0.16 6677 24.9–33.1 29.0 0.97 12,893
50–60 25.0–33.8 29.1 0.0 9753 24.6–33.8 28.8 0.0 8550 24.8–33.9 29.0 0.0 18,303
60–70 24.7–33.3 29.0 1.0 9183 24.5–33.0 28.4 0.0 7820 24.7–33.8 28.9 0.0 17,003
70–80 25.1–34.9 29.6 0.0 9501 24.3–33.6 28.6 0.0 8600 24.6–34.5 29.1 0.0 18,101
80–90 25.4–35.2 29.9 0.0 4339 24.0–34.4 29.2 1.0 5213 24.7–35.0 29.6 0.44 9552
20–90 25.1–34.3 29.4 0.13 48,122 24.8–34.3 29.1 0.0 49,386 24.9–34.4 29.3 0.0 97,508

International normalized ratio (INR), %
20–30 0.88–1.17 1.02 0.69 6197 0.86–1.14 1.0 1.0 7803 0.88–1.15 1.01 0.69 14,000
30–40 0.86–1.14 0.99 0.0 5680 0.86–1.12 0.99 0.57 7969 0.86–1.13 0.99 0.19 13,649
40–50 0.86–1.11 0.98 0.0 7297 0.85–1.12 0.98 0.0 7838 0.85–1.12 0.98 0.0 15,135
50–60 0.85–1.13 0.98 0.0 11,165 0.85–1.09 0.96 0.0 9892 0.85–1.11 0.97 0.0 21,057
60–70 0.85–1.13 0.99 1.0 10,509 0.84–1.1 0.96 0.0 8980 0.85–1.13 0.98 0.0 19,489
70–80 0.87–1.19 1.02 0.0 10,928 0.84–1.12 0.98 0.86 9939 0.86–1.14 1.0 0.43 20,867
80–90 0.89–1.25 1.06 0.0 4890 0.88–1.19 1.02 0.0 5994 0.88–1.21 1.03 0.0 10,884
20–90 0.86–1.16 1.0 0.0 55,199 0.85–1.14 0.98 0.0 57,110 0.86–1.15 0.99 0.0 112,309

Thrombin time, s
20–30 14.7–17.8 16.3 1.0 2746 14.6–17.2 15.9 1.0 4239 14.6–17.5 16.0 1.0 6985
30–40 14.7–17.8 16.2 1.0 2918 14.5–17.3 15.9 0.0 5101 14.6–17.6 16.0 0.0 8019
40–50 14.8–17.8 16.3 1.0 4000 14.7–17.2 16.0 0.89 4980 14.7–17.5 16.1 0.89 8980
50–60 14.7–17.8 16.2 1.0 6598 14.9–17.6 16.2 0.62 6282 14.8–17.7 16.2 1.0 12,880
60–70 14.7–17.9 16.3 0.1 6492 14.9–17.8 16.4 1.0 5653 14.8–17.9 16.3 0.79 12,145
70–80 14.7–18.2 16.3 0.0 6743 14.9–18.1 16.5 0.0 6092 14.8–18.1 16.4 0.0 12,835
80–90 14.6–18.3* 16.4 0.0 2942 14.8–18.1* 16.5 1.0 3508 14.7–18.4 16.5 0.0 6450
20–90 14.7–17.9 16.3 0.83 31,932 14.7–17.8 16.2 0.0 35,346 14.7–17.8 16.2 0.33 67,278

Fibrinogen*, mg/dl
20–30 166–326 246 1 414 195–473 304 0 1690 187–472 297 0 2104
30–40 185–407 275 0 471 176–566 316 0 2325 176–555 313 0 2796
40–50 185–411 298 1 873 198–518 321 0 1362 197–508 316 0 2235
50–60 180–632 337 0 1782 226–521 344 04 1465 200–571 340 04 3247
60–70 193–636 351 0 1877 202–678 378 0.12 1344 197–684 367 0 3221
70–80 186–706 363 0 1823 204–565 351 0.25 1398 202–636 358 0 3221
80–90 185–784 382 01 625 189–730 372 0 626 184–751 373 01 1251
20–90 184–602 332 0 7767 193–579 334 0 10,064 189–590 334 0 17,831

Prothrombin time, s
20–30 11.8–14.8 13.3 1.0 6178 11.7–14.6 13.1 1.0 7784 11.8–14.7 13.2 1.0 13,962
30–40 11.7–14.4 13.0 0.3 5671 11.6–14.3 13.0 1.0 7946 11.6–14.3 13.0 1.0 13,617
40–50 11.7–14.2 12.9 0.0 7286 11.6–14.3 12.9 0.0 7818 11.6–14.2 12.9 0.0 15,104
50–60 11.6–14.4 12.9 0.0 11,138 11.5–14.1 12.7 0.0 9871 11.5–14.3 12.8 0.0 21,009
60–70 11.8–14.5 13.0 0.0 10,492 11.5–14.1 12.7 0.0 8968 11.5–14.4 12.9 0.0 19,460
70–80 11.8–14.9 13.3 0.0 10,907 11.7–14.3 12.9 0.0 9923 11.7–14.6 13.1 0.0 20,830
80–90 11.9–15.2 13.5 0.72 4888 11.8–15.0 13.3 0.0 5981 11.8–15.1 13.4 0.32 10,869
20–90 11.7–14.6 13.1 0.0 55,099 11.6–14.4 12.9 0.0 56,990 11.6–14.6 13.0 0.0 112,089

50th denotes the 50th percentile/median, λ denotes the Box-Cox transformation parameter (“skewness”). Reference intervals marked with an asterisk (fibrinogen,
and thrombin time in individuals 80–90 years) are established using< 4000 samples and should therefore be considered cautiously. The proportion of test results
classified as pathological is available in Table 3.
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results show a high sensitivity of the established reference intervals,
specifically, 100% sensitivity to detect deficiencies< 30% in factors
VIII, IX, and XI when using age- and sex-specific reference intervals. For
35% factor levels, aPTT sensitivity is 100.0%, 98.8%, 100.0%, and
98.7% for factors VIII, IX, XI, and XII when using age- and sex-specific
reference intervals, while sensitivity is 99.1%, 97.6%, 100.0%, and
97.4% when using combined reference intervals for men and women
across all age groups. While these results show the highest sensitivity to
detect factor deficiencies when using age- and sex-specific aPTT re-
ference limits (in contrast to a combined upper aPTT reference limit for
all age groups), the used methodology does not allow for significance

testing between reference intervals' sensitivities. Regarding the coagu-
lation cascade, sensitivity is highest for factor XI, followed by factors
VIII and IX, while sensitivity to detect factor XII deficiencies< 40% is
comparatively low. The drop in factor VIII sensitivity marked with an
asterisk is due to a factor VIII activity measurement of 3.0% with an
aPTT of 34.3 s in a 63-year-old male, which is only identified as ab-
normal using the established age- and sex-specific reference intervals.
However, this finding should not be overrated, as sex-specific male
reference intervals and overall reference limits are only marginally
wider than the age- and sex-specific reference interval (25.1–34.3 s and
24.9–34.4 s vs. 24.7–33.3 s).

Fig. 1. Age- and sex-specific reference intervals for activated partial thromboplastin time (aPTT), international normalized ratio (INR), thrombin time, prothrombin
time, and fibrinogen. Reference intervals for men (white boxes), women (black boxes), and men and women combined (gray boxes) for specific age groups.

Table 2
Reference intervals (RI) for activated partial thromboplastin time (aPTT) for different Cephascreen reagent batches and a STA Neoplastine reagent.

Batch Men Women Men & Women

RI n RI n RI n

STA Neoplastine 28.3–41.0 11,844 27.8–40.1 11,708 28.0–40.6 23,552
Cephascreen batch #1 25.1–35.0 2411 24.4–31.9 2041 24.6–35.1 4452
Cephascreen batch #2 26.1–34.9 2282 25.2–33.4 2166 25.4–33.9 4448
Cephascreen batch #3 25.6–36.1 6026 25.3–35.3 6094 25.4–35.7 12,120
Cephascreen batch #4 25.0–33.9 11,439 24.6–33.7 11,086 24.7–33.9 22,525
Cephascreen batch #5 25.6–34.2 7722 24.7–33.5 7614 25.0–33.6 15,336
Cephascreen batch #6 25.3–34.0 10,275 25.2–34.5 10,139 25.1–33.9 20,414
Cephascreen batch #7 25.1–34.1 6682 24.7–34.7 6537 24.8–34.5 13,219
Cephascreen batch #8 25.0–36.0 1908 24.5–33.4 1711 24.8–35.1 3619
Cephascreen batch #9 25.4–34.4 8265 24.9–33.9 8099 25.1–34.1 16,364
Cephascreen batch #10 24.9–33.6 12,632 24.3–33.4 12,490 24.6–33.7 25,122
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Table 3 shows the influence of test result classification using age-
and sex-specific reference intervals, sex-specific reference intervals, or a
single overall reference interval. The differences between the different
classification approaches are minor in most age groups and analytes,
however, use of age- and sex-specific reference intervals tends to in-
crease the proportion of test results classified as abnormal in patients
aged 20–70 years, while decreasing the proportion of pathological test
results in patients> 70–80 years. This analysis includes all test results
from all patients, even if individual patients had multiple samples taken
(unlike the reference intervals, which were established using one
sample per patient). In comparison to conventional reference interval
approaches (i.e. one sample per patient), this results in an over-
representation of pathological test results (e.g.> 40% pathologically
high test results for aPTT and INR in patients> 50 years) and an un-
derrepresentation of other results (e.g.≤ 1% of prothrombin test results
and INR test results are abnormally low).

4. Discussion

Interpretation of coagulation test results requires availability of
appropriate reference intervals for diagnostic and therapeutic decision
making. We established reference intervals for coagulation screening
tests in adult patients with an indirect approach (“Reference Limit
Estimator”, RLE). The dataset underlying the created reference intervals
is composed of samples from in- and outpatients in a tertiary care
university hospital. This allowed analysis of a large number of patients
(n=17,830-112,309, depending on the analyte) under real-world
conditions and the analysis of changes with age. In contrast to con-
ventional approaches to establish reference intervals, no selection and
recruitment of a healthy reference population had to be performed,
which is a challenging and expensive task, often resulting in limitations
regarding the number of available samples and the ability to stratify for
age and gender. Additionally, the variability of coagulation test results
is larger than that of biochemical analytes due to intra-individual and
analytical factors. Importantly, direct approaches also lead to sub-
stantial differences between the reference population and the patients
to which the reference intervals are ultimately applied – both in- and
outpatients are in most cases older, on medication, and have medical
conditions not existing in the reference population. The reference in-
tervals reported here account for these factors, making them possibly

more appropriate for this complex mixed population of in- and out-
patients to identify patients with relevant coagulation disorders than
classical “health-associated” reference intervals. Conversely, the es-
tablished reference intervals are probably not appropriate for a more
selective setting, e.g. outpatients treated exclusively in private practice.

Use of data mining methods to establish reference intervals is con-
troversial, as the analyzed sample set contains an unknown yet sub-
stantial proportion of pathological test results [21,22]. Establishment of
reference intervals for coagulation tests using hospital patient data has
to be performed with particular caution, as a substantial proportion of
in- and out-patients are receiving medication (i.e. anticoagulants) or
undergoing biological processes (i.e. acute-phase reactions and
bleeding) that influence the coagulation cascade. However, we have
shown in previous studies that the employed algorithm is able to cor-
rectly identify the distribution of physiological test results even in
challenging settings. Einwallner et al. have used the same statistical
approach to establish reference intervals for coagulation screening tests
in pediatric patients [16]. The relative stability of reference intervals
with age –despite an assumed increase in the proportion of pathological
test results due to age-related diseases and e.g. anticoagulant medica-
tion– is a further indicator of the method's stability (Fig. 1). Ad-
ditionally, evaluation of a “filtered” dataset, in which we removed all
test results from patients with multiple samples per calendar year (i.e.
those patients where repeat testing was considered necessary from a
clinical perspective), shows only marginally narrower reference inter-
vals (Supplemental Table 2). The applicability of the employed data
mining approach is also highlighted in Fig. 2, which shows a high
sensitivity of the established reference intervals to detect deficiencies in
coagulation factors VIII, IX, XI, and XII. Importantly, the sensitivity of
the established aPTT reference intervals is> 95% for the clinically
highly relevant factor deficiencies< 30% in factors VIII, IX and XI,
while sensitivity is considerable lower for factor XII, which is not as-
sociated with a bleeding phenotype. The established reference intervals
for aPTT, PT, INR, TT show only minor variation with age, except for
patients aged 80–90 years (Table 1 and Fig. 1). Importantly, the effects
of age and sex on reference intervals are less pronounced than the in-
evitable effects of inter-batch variation (Tables 1 and 2). Similarly, the
change in test results classified as abnormal when using age- and sex-
specific reference intervals in comparison to a single overall reference
interval is neglectable in most age groups (Table 3). From a clinical

Fig. 2. Sensitivity of activated partial thrombo-
plastin time (aPTT) to detect deficiencies in factors
VIII, IX, XI, and XII. Sensitivity is defined as the ratio
of aPTT measurements above the reference interval
(i.e. pathologically high) to all aPTT measurements
as a function of factor VIII, IX, XI, or XII activity
measured in the same sample (n= 5725, 3857,
3711, and 2727). Solid lines show sensitivity when
age- and sex-specfic aPTT reference ranges are used,
dashed lines show sensitivity when sex-specific (i.e.
not age-specific) aPTT reference ranges are used, and
dotted lines show sensitivity when a single overall
(i.e. neither sex- nor age-specific) aPTT reference
range is used (Table 1).
* indicates a drop in factor VIII sensitivity due to a
factor VIII activity measurement of 3.0% with an
aPTT of 34.3 s in a 63-year-old male, which is only
flagged as pathologically high using the established
age-specific reference intervals.
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point-of-view, this finding is reassuring, as most laboratories do not
provide age-specific reference intervals for coagulation tests in adults.
Our findings support this practice.

Comparison of the established reference intervals to reference in-
tervals reported by others using direct approaches and comparable
analytical pipelines shows generally comparable results. INR reference
ranges established by us are narrower than those reported (0.80–1.20)
by Monagle et al. [23] in 22/24 age- and sex-groups, while the estab-
lished prothrombin reference intervals closely match. The adult aPTT
reference intervals reported by Summerhayes et al. (29–41 s) [24] ex-
ceed ours; despite the use of an identical assay (STAGO Cephascreen).
On the one hand, these findings confirm the validity of our approach -
despite the analysis of a mixed hospital/outpatient population; on the
other hand, this underlines the need for intra-laboratory establishment
of reference intervals, especially for aPTT. Upper reference intervals for
fibrinogen from our study exceed those from Monagle et al. and others
[5,25]. This is possibly due to an increased proportion of patients with
acute-phase-reactions, which are a substantial proportion of patients in
a tertiary care hospital. Comparison of our results to reference intervals
established using the “filtered” dataset (only samples from patients with

≤1 test result per year) shows less pronounced change with age in the
filtered dataset, confirming this hypothesis. To remove this con-
founding factor, fibrinogen samples could additionally be filtered based
on the test results of other acute-phase proteins or inflammation mar-
kers (e.g. C-reactive protein, procalcitonin, or white cell count). How-
ever, the reduced number of samples available for fibrinogen did not
allow us to further exclude samples based on other analytes' test results,
the established upper fibrinogen reference intervals can therefore not
be used to differentiate between patients with acute-phase reaction or
inflammation and without. Nevertheless, our results show an increase
in fibrinogen with age, which is in line with clinical experience and
literature [25]. Importantly, lower reference limits for fibrinogen -
which are important from a clinical point-of-view when evaluating
bleeding tendencies - show only minor change with age and between
unfiltered and filtered datasets.

4.1. Limitations

In our study, we analyzed patients' coagulation test result without
associated medical information, i.e. no information regarding medical
conditions, medications, recent surgery, etc. was available, and re-
ference intervals were calculated using a purely statistical algorithm.
We used this approach as accuracy and completeness of the mentioned
information is unknown in most hospital information systems, and the
statistical method employed has been validated in previous studies in
populations with a similar proportion of pathological test results
[14,20]. Additionally, efforts to make the mentioned information
available in a standardized and readily useable manner are underway,
e.g. the Germany medical informatics initiative [26], and will allow
more precise selection of patients and stratification for in future studies.

We have established age-specific reference intervals and can show
trends with age in coagulation tests, however, the used statistical ap-
proach does not allow testing for statistically significant differences
between age- and sex-groups. Specifically, the calculation of confidence
intervals is not possible with the current implementation of the used
indirect algorithm – however, a revised algorithm implementation is
currently being prepared and will allow calculation of confidence in-
tervals in future studies. For the time being, the differences between
age- and sex-groups have to be evaluated in the context of absolute
differences between reference limits and clinical knowledge and ex-
perience.

Our results are the first reference intervals for coagulation screening
tests established using the indirect method developed by Arzideh et al.
While our results show the validity of the used approach in the ex-
amined patient setting, more widespread use of this method requires
validation of our findings in other cohorts, especially before integration
into clinical decision-making. Additionally, coagulation test results are
subject to analyzer- and batch-effects, especially aPTT results; appli-
cation of the reported reference intervals in other settings therefore
requires transference of the published reference intervals according to
guidelines [8]. On the other hand, the magnitude of changes in re-
ference intervals with age is a physiological phenomenon rather than an
effect of methodological or analytical specifics, these findings can
therefore be generalized to other settings.

5. Conclusions

Data mining of laboratory test results enables the creation of re-
ference intervals for coagulation tests that are specific to the examined
population, age group, analytical framework, and reagent. This ap-
proach can complement conventional methods when establishing re-
ference intervals and improve clinical decision-making based on coa-
gulation tests. The age- and sex-specific reference intervals established
in this study show only minor variation with sex and age, and support
the current practice of providing a common reference interval for adult
women and men.

Table 3
Proportion of abnormal test results depending on the specifity of the used re-
ference intervals.

Age n Age- and sex-specific RIs Sex-specific RIs Overall RI

%low %high %low %high %low %high

Activated partial thromboplastin time (aPTT), s
20–30 25,935 3.2 24.9 2.2 24.0 2.1 24.1
30–40 26,847 2.7 25.2 2.7 23.8 2.6 23.9
40–50 42,243 2.6 39.6 2.5 35.2 2.4 35.4
50–60 77,916 2.3 43.4 2.7 41.0 2.6 41.3
60–70 95,136 1.7 53.1 2.1 49.6 2.1 49.9
70–80 101,184 1.5 54.5 1.7 53.2 1.6 53.4
80–90 52,642 0.9 53.3 1.2 56.7 1.2 56.8

International normalized ratio (INR), %
20–30 30,762 1.0 20.9 0.4 22.8 0.5 23.5
30–40 31,859 0.8 25.5 0.6 22.4 0.8 22.9
40–50 50,523 0.6 35.2 0.6 30.3 0.8 31.5
50–60 92,100 0.5 40.8 0.8 35.5 1.0 37.1
60–70 109,991 0.3 47.3 0.4 42.1 0.6 44.1
70–80 120,207 0.3 49.4 0.1 49.8 0.2 51.3
80–90 61,447 0.3 44.0 0.1 58.0 0.1 59.3

Thrombin time, s
20–30 12,567 4.3 11.8 5.1 9.3 5.1 9.3
30–40 14,983 4.0 12.1 4.2 10.4 4.2 10.4
40–50 21,287 4.3 21.0 3.9 18.6 3.9 18.6
50–60 37,327 4.1 23.8 3.3 22.7 3.3 22.7
60–70 43,386 4.1 28.9 3.0 29.9 3.0 29.9
70–80 47,133 2.6 30.5 2.1 33.6 2.1 33.6
80–90 23,861 2.5 31.6 2.0 34.8 2.0 34.8

Fibrinogen, mg/dl
20–30 3720 5.7 19.9 6.2 7.1 6.5 6.8
30–40 4732 6.8 10.4 6.9 6.5 7.0 6.0
40–50 5715 15.0 17.8 13.5 10.8 14.2 11.1
50–60 9940 12.8 13.8 13.1 13.4 14.0 13.5
60–70 10,224 10.3 12.5 9.4 15.2 9.8 15.4
70–80 7863 6.0 16.0 5.9 16.6 6.1 16.8
80–90 2620 5.3 5.6 6.3 16.0 6.3 16.1

Prothrombin time, s
20–30 30,655 1.0 21.5 0.6 23.7 0.5 23.7
30–40 31,751 0.8 24.8 0.8 22.9 0.7 22.9
40–50 50,368 0.9 35.3 0.9 31.2 0.7 31.6
50–60 91,800 0.8 40.9 1.0 36.7 0.9 37.2
60–70 109,602 0.7 47.6 0.6 43.3 0.5 44.0
70–80 119,870 0.3 47.0 0.2 50.9 0.2 51.3
80–90 61,244 0.2 44.5 0.1 59.2 0.1 59.3

Note that this analysis includes all test results from all patients, even if patients
had multiple samples, resulting in an overrepresentation of pathological test
results.
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