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Abstract

Objectives: In vivo hemolysis is associated with thrombo-
embolism.Althoughan increasedHemolysis Index (HI) can be
due to in vitroaswell as in vivohemolysis, both reflects amore
fragile erythrocyte population. We therefore hypothesized
that HI above upper reference limit would be associated with
an increased risk of cardiovascular disease (CVD).
Methods: We identified persons with two elevated HI (HI+)
from blood samples analyzed at a university hospital labo-
ratory from 2012 to 2017.We compared their risk of CVDwith
the risk in matched comparators with normal HI and from
the general population. HI+ persons and comparators were
followed from start date (date of the second elevated HI)
until the first of the main outcome: CVD, emigration, death,
or end of observation time on December 31, 2018.
Results: In 43,102 unique HI+ persons, the risk of developing
CVD was 40% higher compared with the general population
and 13% higher compared with the matched blood sample
cohort. HI+ was associated with a significantly increased
cumulative incidence of both arterial and venous CVD
compared with the matched blood sample cohort and the
general population (respectively 47 and 14% for arterial CVD;
78 and 24% for venous CVD). Moreover, overall mortality
risk was significantly higher in patients with HI+ than in the
two comparator groups.
Conclusions: Elevated HI is associated with increased risk
of arterial and venous CVD and with increased mortality.

Our findings imply that HI may contribute as a CVD risk
biomarker.

Keywords: cardiovascular disease; hemolysis; Hemolysis
Index.

Introduction

Hemolysis, in vivo as well as in vitro, may affect a wide range
of biochemical analyses [1]. Hemolysis Index (HI) is a mea-
surement performed automatically in most laboratories to
assure that hemolysis of the sample does not interfere with
the requested laboratory analyses [2]. Measurement of HI is
an objective and reproducible way to estimate interference
from cell-free hemoglobin [3, 4]. Hemolysis and cell-free
hemoglobin can occur in vitro due to pre-analytical cir-
cumstances during blood sampling or transportation. In
vivo, cell-free hemoglobin can be induced by several condi-
tions and has been related to different clinical outcomes, e.g.,
cardiovascular disease (CVD) [5].

Atherosclerosis is the underlying pathology of CVD
within the arterial vessels, which include myocardial
infarction, stroke, and peripheral arterial disease [6].
Complications of atherosclerosis, particularly luminal
thrombosis triggered by rupture of atherosclerotic lesions,
leads to reduced perfusion and are themost common cause
of cardiovascular ischemic events [7, 8]. Plaque neo-
vascularization and intraplaque hemorrhage may cause
plaque progression, rupture, and hemolysis within the
plaque [9–12].

Inflammation has a fundamental role in atheroscle-
rosis, where it orchestrates all the different stages [8, 13].
Several endogenous molecules, e.g., heme, the prosthetic
group of hemoglobin, can activate cellular receptors lead-
ing to inflammation. Heme has been demonstrated to
trigger LDL oxidation and amplify oxidant-mediated
endothelial damage [14]. Also, cell-free hemoglobin, seen
in the presence of hemolysis or hemorrhagic episodes, is
found associated with inflammation and atherosclerosis,
primarily explained by a pro-inflammatory cytokine
response by free heme [9].

Along with the involvement in inflammation and
atherosclerosis, hemolysis and high levels of cell-free hemo-
globin have been shown to induce platelet activation and
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apoptosis in a concentration-dependent way [15]. The effect of
cell-free hemoglobin on platelets are mainly explained by the
scavenging and redox of nitric oxide (NO), which plays an
important role in relaxation of smooth musculature. NO
scavenging (e.g., by cell-free hemoglobin) results in systemic
vasoconstriction and increased blood stasis, thereby affecting
one of the components in Virchow’s triad used to describe the
etiology of thrombosis, especially of venous origin [5].

We therefore hypothesized that a HI above upper
reference limit (as defined in reference 17), reflecting
fragility of the erythrocytes due to an undiscovered condi-
tion associated with hemolysis, could be associated with the
risk of vasoconstriction and arterial CVD, and increased
blood stasis and venous CVD. This association should not
depend onwhether hemolysis happened in vivo or in vitro as
both reflects a more fragile erythrocyte population.

Materials and methods

We identified persons with an elevated HI from all persons with a blood
sample analyzed on chemistry or immunochemistry equipment (labo-
ratory-derived population) to examine their risk of CVD compared with
the risk in matched persons with normal HI from the same laboratory-
derived population and matched persons from the general population.
All persons in Denmark are assigned a unique and permanent civil
registration number (CRN) [16], used to identify persons with elevated
HI and comparators, which allows individual linkage across all public
registers.

Study population

Overall, the laboratory-derived population consisted of all persons
subjected to blood sampling for chemistry and immunochemistry ana-
lyses, including the corresponding HI results, at Department of Clinical
Biochemistry, Odense University Hospital, Denmark, during the period
February 2012 through December 2017 (n=3,125,336, Figure 1). Blood
sample analyses were requested both from hospital and community-
based doctors. The number of unique persons in this laboratory-derived
population was 373,126.

Hemolysis Index measurement

Blood sample analyses were performed using an Architect c8000/c16000
clinical chemistry equipment (Abbott Diagnostics, Chicago, IL). HI, a vali-
dated analysis in our laboratory [17], was measured at eight wavelengths,
more specifically four specific wavelengths pairs (primary/secondary)
covering the whole hemoglobin absorbance spectrum. Further analytical
specifications aredetailed in themethod section in SupplementaryMaterial.

HI+ cohort and comparator cohorts

HI+ cohort: An elevated HI result was considered as the exposure and all
personswith twice elevatedHI (HI+) within the laboratory-derived cohort
was identified. AHI result was considered elevatedwhen above the upper
reference limit, namely 0.01–0.16 g/L [17].We considered a single elevated
HI could be due to analytical variation around the upper limit of the
reference interval as we did not have anyminimum increase of HI above
the reference interval as an inclusion criterion. Therefore, we considered
that two consecutive elevated HI were more indicative of hemolysis and
not only a result of analytical variation. A total of 43,102 unique persons

Figure 1: The construction of the three cohorts in a study of cardiovascular disease risk among persons with an elevated Hemolysis Index (HI+ cohort) in
blood samples analyzed on chemistry equipment and age-sex matched comparators subjected for blood sampling (blood sample comparator cohort)
and from the general population (general population comparator cohort).
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were identified (Figure 1) and included in the study population at the date
of the second elevated HI result. The date of the second elevated HI
marked the start of follow up (start date) for HI+ persons.

Comparator cohorts: Using the CRN, we constructed the two compar-
ator cohorts: a blood sample comparator cohort and a general popula-
tion comparator cohort. First, the blood sample comparator cohort was
defined bymatching eachHI+ person on the date of inclusion (±1month)
on age (year of birth) and sex with five persons from the laboratory
cohort. Persons were eligible as blood sample comparators if all their
measured HI had been normal at the start date. Persons in the blood
sample cohort could later enter theHI+ cohort if HI became elevated and
would then be censored as comparators. Second, a general population
comparator cohort was constructed bymatching eachHI+ person on age
(year of birth) and sex with 10 persons from the general population
identified in the civil registration system (CRS, described below). The
general population consists of all residents in Denmark at the time of
construction of this comparator cohort (n=5,867,412). Comparators from
the general population had to be alive and residing in Denmark at the
time of matching. Both comparator cohorts were matched with the HI+

persons on start date and assigned this date as start of follow-up.

Data sources

The civil registration system (CRS) and the Danish national patient
registry (DNPR):Data from the CRS [16] and the DNPR [18] were used for
this study. The CRS contains personal identification numbers (CRN) of all
persons living in Denmark since 1968 as well as information on sex, date
of birth, and dates of emigrations and of death [18]. The DNPR has
collected routine data such as CRN and dates of admission and discharge
from all Danish hospitals since 1977. Diagnoses are registered by phy-
sicians as the primary diagnosis that led to hospital contact, and if
relevant secondary diagnoses. Diagnoses are categorized based on the
International Classification of Disease (ICD) eighth revision (ICD 8) 1977–
1993 and tenth revision (ICD 10) thereafter [18]. During 1977–1993, only
in-hospital admissionswere registered, while from 1994 also out-patient
specialist clinic and emergency room visits were included.

Outcomes of CVD and follow-up

HI+ persons and comparators were followed from start date until the
first of themain outcome: CVD, emigration, death, or end of observation
time on December 31, 2018. We identified all defined CVDs in each of the
three cohorts in the DPNR and defined CVDs as registrations of acute
myocardial infarction (AMI), overall stroke, ischemic stroke, peripheral
arterial disease in lower extremities (PAD), venous thromboembolism
(VTE), or splanchnic vein thrombosis (SVT). We disregarded all patients
with CVD before start date. ICD diagnosis codes for inclusion and
exclusion are available in Supplementary Table 1.

Comorbidity

Information on comorbidity as registered in DNPRbefore and up to start
date were aggregated using the Charlson Comorbidity Index. The
included comorbid conditions and their ICD diagnosis codes are avail-
able in Supplementary Table 2.

Statistical analyses

All data management and statistical analyses were performed using
Stata 16.1 [19]. We performed basic description of the HI+ cohort and
comparator cohorts including proportion of women, mean age at start
date (i.e., age at the second elevated HI), numbers of included patients
and persons in following periods: 2012–2013, 2014–2015 and 2016–2017,
and proportion of comorbidities. Estimates were provided with 95%
confidence intervals (CI). The proportion of children under 10 years of
age in each cohort is calculated to discuss a potential limitation of many
pediatric samples. Rawdata of HI readings are presented in box plots for
possible members of HI+ cohort and the blood sample comparator
cohort. The box plots are presentedwith themedian value, interquartile
ranges, lowest value, and highest value. To test the concept of fragile
erythrocytes as the reason for an elevated HI, we presented data on the
time between the first and the second elevated HI for possible members
of the HI+ cohort. These data are presented with median days between
the two measurements, interquartile range and the most frequent time
difference between two increased HI measurements.

Cumulative incidence offirst event of overall CVD aswell as isolated
arterial or venous CVD were estimated for HI+ persons and comparators
in competing risk settings. All cumulative incidences were estimated as
cumulative incidence proportions at 1 and 5 years after inclusion.
Competing events were death and loss to follow-up by emigration.

Semi-parametric Fine-Gray proportional subhazard ratios (subHR)
were estimated for the overall cumulative incidences of CVD, and isolated
arterial and venous CVD events using the blood sample comparator
cohort as reference. To assist the interpretation of subHR we estimated
cause-specific hazard ratios (csHR). Death and emigrationwere treated as
competing events when estimating subHR and censoring events for csHR.
All subHR and csHR were estimated unadjusted and subsequently
adjusted for inclusion date, sex, age, and comorbidities, see Supplemen-
tary Table 2.

Overall survival was assessed with the Kaplan-Meier estimator and
unadjusted coxproportional hazard ratios (HR) subsequently adjusted for
inclusion date, sex, age, and comorbidities, see Supplementary Table 2.

Results

Description of the HI reading values

Raw data of HI readings for the HI+ cohort and the blood
sample comparator cohort are shown in box plots in Sup-
plementary Figure 1. For the HI+ cohort, the HI values are:
Median value 0.3 g/L with interquartile range of 0.2–0.5 g/L.
The lowest value of 0.2 g/L, and the highest value of 111.3 g/L.
For the blood sample comparator cohort, the median value
is 0.1 g/L with interquartile range of 0.0–0.1 g/L. The lowest
value of 0.0 g/L, and the highest value of 0.2 g/L. The days
between the first and second increased HI value for
the possible members of the HI+ cohort are shown in
Supplementary Figure 2. The median value is 191 days
with interquartile range of 29–539 days. The most frequent
value is 1 day between the measurement in 3,678 (7.6%) of
the cases.
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Characteristics of the three cohorts

Construction of the three cohorts is depicted in Figure 1. During
the study period, 43,102 unique persons with HI+ (11.5% of
members of the laboratory population), 186,544 blood sample
comparators (50% of persons in the laboratory population), and
385,040 general population comparators (6.5% of the total pop-
ulation inDenmark)were included. Results ofHIwere available
for the entire laboratory population and no persons were
excluded. Basic description of the three populations is listed in
Table 1. Themeanageswere:HI+ cohort 52.8 years (interquartile
range (IQR) 52.5; 53.0 years), blood sample comparators 51.6
years (IQR 51.4; 51.7 years) and general population cohort 51.6
years (IQR 51.6; 51.7 years). The percentage of women in the
three groupswere 49.5% (95% CI: 49.1; 50.0), 50.3% (95% CI: 50.1;
50.5), and 51.0% (95% CI: 50.8; 51.1), respectively. The proportion

of children under 10 years of age were: Amongst HI+ cohort:
10.67% (95% CI: 10.38–10.97), amongst blood sample compara-
tors: 10.65% (95% CI: 10.51–10.79) and amongst the general
population comparators: 11.74% (95% CI: 11.63–11.84).

Overall, a larger proportion of the HI+ cohort had co-
morbidity at start date than comparators. Subtyping co-
morbidity showed that this applied to all diseases except
connective tissue disease, renal disease, and metastatic
cancer disease, which were more frequent in the matched
blood sample cohort (Table 1).

Risk of overall CVD

The cumulative incidence of CVD in the HI+ cohort
remained higher during the study period than for the two

Table : Basic description of the populations at inclusion date in a study of cardiovascular disease risk among persons with an elevated Hemolysis Index
(HI+) in blood samples analyzed on immunochemistry equipment and age-sex matched comparators subjected to blood sampling and from the general
population.

HI+ cohort Blood sample comparator
cohort

General population comparator
cohort

n=, n=, n=,

Women, % [% confidence interval] . [.; .] . [.; .] . [.; .]
Age at time of positive HI, years (mean interquartile
range)

. (.; .) . (.; .) . (.; .)

Numbers of included
2012–2013, n/% ./. ./. ./.
2014–2015, n/% ./. ./. ./.
2016–2017, n/% ./. ./. ./.

Comorbidity, % [% confidence interval]
Any comorbidity . [.;

.]
. [.; .] . [.; .]

HIV infection . [.; .] . [.; .] . [.; .]
Antiphospholipid syndrome . [.; .] . [.; .] . [.; .]
Atrial fibrillation . [.; .] . [.; .] . [.; .]
Chronic pulmonary disease . [.;

.]
. [.; .] . [.; .]

Coagulopathy . [.; .] . [.; .] . [.; .]
Congestive heart failure . [.; .] . [.; .] . [.; .]
Connective tissue disease . [.; .] . [.; .] . [.; .]
Dementia . [.; .] . [.; .] . [.; .]
Diabetes . [.;

.]
. [.; .] . [.; .]

Dyslipidemia . [.; .] . [.; .] . [.; .]
Hemiplegia . [.; .] . [.; .] . [.; .]
Hypertension . [.;

.]
. [.; .] . [.; .]

Ischemic heart disease . [.;
.]

. [.; .] . [.; .]

Liver disease . [.; .] . [.; .] . [.; .]
Renal disease . [.; .] . [.; .] . [.; .]
Obesity . [.;

.]
. [.; .] . [.; .]

Metastasis . [.; .] . [.; .] . [.; .]
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comparator groups (Figure 2). For the HI+ cohort, the cumu-
lative incidence of CVD was 3.5% (95% CI: 3.3; 3.6) after one
year and 9.4% (95% CI: 9.1; 9.7) after five years (Table 2). In
comparison, the corresponding 1-year and 5-year cumulative
incidences were 2.9% (95% CI: 2.8; 2.9) and 7.5% (95% CI: 7.4;
7.7) in the blood sample cohort and 1.3% (95% CI: 1.3; 1.4) and
5.8% (95% CI: 5.8; 6.0) amongst general population compara-
tors (Table 2). The adjusted csHRs for CVD were 1.13 (95% CI:
1.08; 1.17) forHI+ cohort and0.73 (95%CI: 0.70; 0.73) for general
population both using the blood sample comparator as
reference (Table 2). The adjusted subHRs and associated 95%
CIs were 1.06 (1.02; 1.10) for HI+ cohort and 0.77 (0.76; 0.79) for
general population both using the blood sample comparator
as reference (Table 2).

Risk of arterial CVD

The cumulative incidence of arterial CVD in the HI+ cohort
remained higher during the study period than for the two
comparator groups (Supplementary Figure 3). For the HI+

cohort, the cumulative incidence of arterial CVD was 2.6%
(95%CI: 2.4; 2.7) after one year and 7.1% (95%CI: 6.8; 7.4) after
five years (Supplementary Table 3). The corresponding 1-
and 5-years cumulative incidenceswere 2.1% (95%CI: 2.1; 2.2)
and 5.6% (95% CI: 5.6; 6.0) among blood sample comparators
and 1.0% (95% CI: 1.0; 1.1) and 4.5% (95% CI: 4.5; 4.6) amongst
general population comparators. The adjusted csHRs for
arterial CVD were: 1.11 (95% CI: 1.06; 1.16) for HI+ cohort and
0.75 (0.73; 0.77) for the general population using the blood

Figure 2: Cumulative incidences of
cardiovascular disease in persons with
elevated Hemolysis Index (HI+) in blood
samples analyzed on chemistry equipment
and age-sex matched persons from the blood
sample comparator cohort and general pop-
ulation comparator cohort.

Table : Risk of cardiovascular disease in a study of cardiovascular disease risk among persons with an elevated Hemolysis Index (HI+) in blood samples
analyzed on immunochemistry equipment and age-sex matched comparators subjected to blood sampling and from the general population.

HI+ cohort Blood sample comparator
cohort

General population comparator
cohort

n=, n=, n=,

Numbers with cardiovascular disease . , ,
Cumulative incidence, %

One year . [.; .] . [.; .] . [.; .]
Five years . [.; .] . [.; .] . [.; .]

Cause-specific hazard ratio and sub hazard
ratio

csHR (95% CI)
Unadjusted/adjusted . [.; .]/. [.;

.]
. [.; .]/. [.; .] . [.; .]/. [.; .]

subHR (95% CI)
Unadjusted/adjusted . [.; .]/. [.;

.]
. [.; .]/. [.; .] . [.; .]/. [.; .]

csHR, cause-specific hazard ratio; subHR, subdistribution hazard ratio.
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sample comparator cohort as reference (Supplementary
Table 3). With blood sample comparators as reference the
adjusted subHRs and associated 95% CIs were 1.04 (1.00; 1.09)
for HI+ cohort and 0.81 (0.78; 0.83) for the general population
(Supplementary Table 3).

Risk of venous CVD

The cumulative incidence of venous CVD in the HI+ cohort
remained higher during the study period than for the two
comparator groups (Supplementary Figure 4). For HI+

cohort, the 1- and 5-years cumulative incidence of venous
CVD was 1.0% (95% CI: 0.9; 1.0) and 2.6% (95% CI: 2.4; 2.8),
respectively (Supplementary Table 4). The corresponding 1-
and 5-years cumulative incidences were 0.8% (95% CI: 0.7;
0.9) and 2.1% (95% CI: 2.0; 2.2) among blood sample com-
parators and 0.3% (95% CI: 0.3; 0.3) and 1.5% (95% CI: 1.5; 1.5)
amongst general population comparators. The adjusted
csHRs for venous CVD were: 1.15 (95% CI: 1.07; 1.24) for HI+

cohort and 0.65 (0.62; 0.68) for the general population, using
the blood sample comparators as reference (Supplementary
Table 4). The adjusted subHRs (95% CIs) were 1.09 (1.01; 1.17)
for HI+ cohort and 0.69 (0.66; 0.72) for the general population
using blood sample comparators as reference (Supplemen-
tary Table 4).

Survival

Survival was lowest among HI+ cohort compared with the
other two groups with one-year survival in the HI+ cohort of
91%, compared to 94 and 98% for blood sample and general
population comparator cohorts, respectively. The same
overall trend was seen for five-years survival, where sur-
vival proportions were 80 vs. 86% and 91% (Table 3 and
Figure 3), p<0.001 (Table 3). The adjusted HRs for deathwere:
2.24 (95% CI: 2.18; 2.29) for HI+ cohort members and 1.81 (95%
CI: 1.78; 1.84) for the blood sample cohort members using
general population comparators as reference (Table 3).

Table : Survival rates and risk of death in a study of cardiovascular disease risk among personswith an elevated Hemolysis Index (HI+) in blood samples
analyzed on immunochemistry equipment and age-sex matched comparators subjected to blood sampling and from the general population.

HI+ cohort Blood sample comparator
cohort

General population comparator
cohort

p-Values

n=, n=, n=,

Survival rates, %
One year . [.; .] . [.; .] . [.; .] <.
Five years . [.; .] . [.; .] . [.; .] <.

Hazard ratio of death [% confidence
interval]
Unadjusted/adjusted . [.; .]/. [.;

.]
. [.; .]/. [.;

.]
. [.; .]/. [.; .]

Figure 3: Overall survival for persons with
elevated Hemolysis Index (HI+) in blood
samples analyzed on chemistry equipment
and age-sex matched persons from the blood
sample comparator cohort and general pop-
ulation comparator cohort.
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Discussion

We here show that a widely used quality assurance param-
eter, the Hemolysis Index (HI), may also serve as a biomarker
for CVD risk. In the present study, elevated HI levels were
associatedwith increased cumulative incidence of CVDoverall
when comparing with both comparator groups. The risk of
developing CVD was 40% higher in individuals with an
elevated HI level compared with a general population, and
13% higher compared with the matched blood sample cohort.
ElevatedHI levelswere also associatedwith isolated increased
cumulative incidences of arterial and venous CVD. In addition,
overall mortality risk was higher amongst persons with an
elevated HI level than in the two comparator groups.

Several characteristics of HI as an analyte makes its use
as a predictive CVD biomarker promising. This includes a
high analytical performance [17, 20–24], existing standard
material for quality control [25, 26] and a well-established
reference interval [17]. Furthermore, the HI is easy acces-
sible in modern laboratories, can be measured in the same
sample used for many other analyses – and at a very low
cost. Also, many studies have shown that the HI reliably
reflects the concentration of cell-free hemoglobin in plasma
or serum and measurement of cell-free hemoglobin is
considered the most reliable marker of erythrocyte injury
and breakdown, both in vitro and in vivo [17, 27, 28].

The mechanisms behind the association of an elevated HI
and increased risk of CVD are unknown. However, it is
conceivable that an elevated HI may be associated with cell-
freehemoglobin in theblood streamwhichmaypromote apro-
thrombotic state through several pathophysiological pathways:

It has been shown that cell-free hemoglobin, seen in the
presence of hemolysis or hemorrhagic episodes, are often
associated with inflammation and atherosclerosis [8].
Luminal thrombosis triggered by rupture of atherosclerotic
plaques, plaque neovascularization, and intraplaque hem-
orrhage has been linked to plaque progression, vulnera-
bility, and rupture [9, 10]. It has been demonstrated,
microscopically, that intraplaque hemorrhages consist of
intact and destroyed erythrocytes and cell-free hemoglobin
[8–10]. Outside the protective environment of the erythro-
cyte, hemoglobin is prone to oxidation and when the he-
moglobin molecule is oxidized, the capacity to carry oxygen
is lost and oxidation leads to formation of methemoglobin
and oxyhemoglobin [12, 13]. In addition, methemoglobin and
oxyhemoglobin accumulate within atherosclerotic lesions
due to intraplaque hemorrhage, hemolysis, and presence of
cell-free hemoglobin [14]. Also, the hemoglobinmolecule has
a direct effect on NO, as cell-free hemoglobin reacts with NO.
Diminishment of NO, in the presence of hemolysis, is thought

to be an additional mechanism behind the chronic vascular
damage that is linked to intravascular hemolysis [5, 15].

An important pathogenic component in atherosclerosis is
inflammation orchestrating all stages of atherosclerosis [5, 7].
Several endogenous molecules can activate cellular receptors
leading to inflammation. Heme, the prosthetic group of he-
moglobin and present in plasma in hemolytic conditions, can
activate cellular receptors leading to inflammation [14].
Therefore, this heme-triggered event has a pathogenic role in
vascular damage, inclusive atherosclerosis [14]. Also, defi-
ciency of the heme-catabolizing enzyme heme oxygenase-1 in
humans is associated with elevated plasma heme levels,
endothelial damage, and accelerated atherosclerosis [29].

The key role of inflammation in the initiation and
development of atherosclerosis and CVD encourages research
after new inflammatory biomarkers. In a recent American
College of Cardiology/American Heart Association Guideline
on the Primary Prevention of Cardiovascular Disease, mea-
surement of C-reactive protein (CRP) is recommended [30].
Previously, it has been shown that pooled odds ratio for CVD
comparing persons with CRP concentration in the top tertile
with the bottom tertile was 1.58 [31]. An elevated HI as a
biomarker of CVD provides a result comparable to CRP levels
since we found a cause-specific hazard ratio of 1.55 in the
population of patients with elevated HI.

Regarding venous CVD, routine blood tests have been
investigated as predictive markers of venous CVD [32]. The
predictive value of coagulation factors for VTE was evalu-
ated in patients aged 18–70 years. Increased concentration of
coagulation factor VIII (CF VIII) predicted recurrent deep
venous thrombosis with a hazard ratio of 1.7 in the lowest
concentration for CF VIII above the reference interval
compared with normal concentrations of CF VIII [33].

D-dimer is a global biomarker of activation of the
coagulation and fibrinolytic systems. D-dimer can be used in
the risk assessment of VTE recurrence, but there are only
few studies on the association between d-dimer and risk of a
first lifetime VTE event [34]. In a prospective study of the
association between d-dimer levels and the risk of VTE, a
hazard ratio of 1.5 was found for the lowest increase of
d-dimer and VTE compared with normal levels of d-dimer
[34]. Elevated HI in our study was associated with VTEwith a
hazard ratio of 1.77 compared to the background population.
We did however not perform a dose-response analysis of
increasing HI levels and corresponding HR as was evident in
the association between elevated d-dimer and VTE [34].

Our study does have some limitations: The association of
HI and arterial CVD was not adjusted for traditional or non-
traditional risk factors for arterial CVD meaning that we
cannot conclude whether other factors could modify the as-
sociation. The same applies for the association of HI and
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venous CVD, where we only partly adjust for known acquired
or inherited risk factors for venous CVD. In terms of arterial
CVD, we did not perform the analysis of free hemoglobin in
plasma as an add-on risk factor to the existing risk assess-
ment. Our laboratory data were based on routine registra-
tions, and we did not include any additional biochemical
analyses. Therefore, we cannot conclude whether elevated HI
modifies clinical risk assessment for arterial CVD indepen-
dently. Tominimize confounding, we constructed two cohorts
from the laboratory cohort to adjust for an expected elevated
risk of CVDdue to e.g., hypercholesterolemia, renal failure etc.
among persons subjected to blood sampling. Despite this
procedure, we cannot exclude residual confounding i.e., that
HI+ persons are disproportionally selected for other factors
associated with CVD risk. To improve the results of our study,
further studies with simultaneous registration and adjust-
ment for other biomarkers and known risk factors are needed
to conclude whether HI has an independent predictive value.

One finding could disprove our hypothesis of an elevated
HI as an expression of a fragile erythrocyte population; Most
(7.6%) of the repeated elevated HI were found in two consec-
utive days. We consider 7.6% as an insignificant low number.
The median value was 191 days which indicates that many of
the repeated elevated HI were far apart from each other.

There was no significant difference in the analytical per-
formance in terms of imprecision of HI results in the HI+ and
blood sample comparator cohort. The inter-serial imprecision of
the HI analysis was assessed in a verification study by Gils et al.
[35]. At the level of 0.2 g/L, corresponding to the lowest value in
the range of HI results in the HI+ cohort, the intra-serial
imprecision was 0.3%. We did not assess the analytical perfor-
mance at the levels of the reference interval,whichwas used for
thebloodsample comparator cohort. Thiswashoweverassessed
by Lippi et al. who investigated the intra-assay imprecision ofHI
by measuring in-house prepared control material. They found
an imprecision of 1.6% at the level of 0.16 g/L, corresponding to
the upper limit of the reference interval [36].

More capillary samples in the HI+ cohort is a potential
limitation in our study as haemolysis is more frequent in
capillary blood sampling. The same limitation applies formore
pediatric blood samples in the HI+ cohort as capillary blood
sampling is an essentialmethod of blood collection in pediatric
patients [37].We are not able to gain information of the sample
matrix from our laboratory information system but the pro-
portionof childrenunder 10years of agedidnot differ between
the three populations. Actually, the lowest proportion was
found in the HI+ cohort. Numerous studies have shown that
haemolysedblood samples aremore frequent fromemergency
departments as well as from pediatrics [37, 38]. We elucidated
that the proportion of smaller children did not differ between
the study groups. However, we are not able to identify if more

blood samples in the HI+ cohort are requested from specific
departments, e.g. the emergency department. Therefore, it is
unknown whether the differences in the risk estimates are
affected by the composition of the patient population.

To our knowledge, this is the first study to evaluate the use
andvalueof an increasedHIas apredictor of CVD.We conclude
that an elevated HImay be associatedwith arterial and venous
CVD and increased mortality. However, more detailed studies,
including known biomarkers and risk factors, are needed to
elucidate potential mechanisms behind the association.

Research funding: None declared.
Author contributions: All authors have accepted respon-
sibility for the entire content of this manuscript and
approved its submission.
Competing interests: Authors state no conflict of interest.
Informed consent: Not applicable.
Ethical approval: The local Institutional Review Board
deemed the study exempt from review.

References

1. Simundic AM, Baird G, Cadamuro J, Costelloe SJ, Lippi G. Managing
hemolyzed samples ind clinical laboratories. Crit Rev Clin Lab Sci 2020;
57:1–21.

2. Beckwith B. Commentary. Clin Chem 2018;64:1695.
3. Barbhuiya MA, Pederson EC, Straub ML, Neibauer TL, Salter WF,

Saylor EL, et al. Automated measurement of plasma cell-free
hemoglobin using the Hemolysis Index check function. J Appl Lab Med
2020;5:281–9.

4. Petrova DT, Cocisiu GA, Eberle C, Rhode KH, Brandhorst G, Wlason PD,
et al. Can the Roche Hemolysis Index be used for automated
determination of cell-free hemoglobin? A comparison to photometric
assays. Clin Biochem 2013;46:1298–301.

5. L’Acqua C, Hod E. New perspectives on the thrombotic complications of
haemolysis. Br J Haematol 2014;168:175–85.

6. Frostegård J. Immunity, atherosclerosis and cardiovascular disease.
BMC Med 2013;11:117.

7. Badimon L, Vilahur G. Thrombosis formation on atherosclerotic lesions
and plaque rupture. J Intern Med 2014;276:618–32.

8. Libby P. Inflammation during the life cycle of the atherosclerotic
plaque. Cardiovasc Res 2021;117:2525–36.

9. Jeney V, Balla G, Balla J. Red blood cells, hemoglobin and heme in the
progression of atherosclerosis. Front Physiol 2014;5:379.

10. Michel J-B, Martin-Ventura JL. Red blood cells and hemoglobin in
human atherosclerosis and related arterial diseases. Int J Mol Sci 2020;
21:6756.

11. Parma L, Baganha F, Quax PHA, de Vries MR. Plaque angiogenesis and
intraplaque hemorrhage in atherosclerosis. Eur J Pharmacol 2017;816:
107–15.

12. Michel J-B, Virmani R, Arbustini E, Pasterkamp G. Intraplaque
haemorrhages as the trigger of plaque vulnerability. Eur Heart J 2011;
32:1977–85.

13. Wolf D, Ley K. Immunity and inflammation in atherosclerosis. Circ Res
2019;124:315–27.

1504 Gils et al.: Hemolysis Index and risk of cardiovascular diseases



14. Alonso-Piñeiro JA, Gonzalez-Rovira A, Sánchez-Gomar I, Moreno JA,
Durán-Ruiz MC. Nrf2 and heme oxygenase-1 involvement in
atherosclerosis related oxidative stress. Antioxidants 2021;10:1463.

15. Byrnes RJ, Wolberg AS. Red blood cells in thrombosis. Blood 2017;130:
1795–9.

16. Bøcker Pedersen C. The Danish civil registration system. Scand J Publ
Health 2011;39:22–5.

17. Gils C, Boysen Sandberg M, Nybo M. Verification of the Hemolysis
Index measurement: imprecision, accuracy, measuring range,
reference interval and impact of implementing analytically and
clinically derived sample rejection criteria. Scand J Clin Lab Invest
2020;7:580–9.

18. Schmidt M, Schmidt SA, Sandegaard JL, Ehrenstein V, Pedersen L,
Sorensen HT. The Danish National Patient Registry: a review of content,
data quality, and research potential. Clin Epidemiol 2015;7:449–90.

19. StataCorp LP. Stata statistical software: release 16 [Computer
Program]. College Station, TX: StataCorp LLC; 2017.

20. Aloisio E, Carnevale A, Pasqualetti S, Bringdelli S, Dolci A,
Panteghini M. Random uncertainty of photometric determination of
Hemolysis Index on the Abotte Architect c16000 platform. Clin
Biochem 2018;57:62–4.

21. Capoferri A, Aloisio E, Pasqualetti S, Panteghini M. More about the
random uncertainty of photometric determination of Hemolysis
Index on Abbott Alinity c platform. Clin Biochem 2022;105–106:
94–5.

22. Petrova DT, Cocisiu GA, Eberle C, Rhode K-H, Brandhorst G, Walson PD,
et al. Can the Roche Hemolysis Index be used for automated
determination of cell-free hemoglobin? A comparison to photometric
assays. Clin Biochem 2013;46:1298–301.

23. Barbhuiya MA, Pederson EC, Straub ML, Neibauer TL, Salter WF,
Saylor EL, et al. Automated measurement of plasma cell-free
hemoglobin using the Hemolysis Index check function. J Appl Lab Med
2020;5:281–9.

24. Gabaj NN, Miler M, Vrtarić A, Hemar M, Filip P, Kocijančić M, et al.
Precision, accuracy, cross reactivity, of serum indices measurement on
Architect Abbott c8000, Beckman Coulter AU5800 and Roche Cobas
6000 c501 clinical chemistry analyzers. Clin Chem Lab Med 2018;56:
776–88.

25. Marzinke MA, Mitchell S, Ness MA, Tenney BJ, Neil R, Vandepoele N.
Evaluation and operationalization of commercial serum indices quality
control material in the clinical laboratory. Clin Chim Acta 2022;526:1–5.

26. Report guidance for “HIL-index and interference” no. 4131 DK. The
Danish quality assurance programs. Available at: Report guidance for
“HIL-index and interference” no. 4131 DK (deks.dk).

27. Lippi G, Favaloro EJ, Franchini M. Haemolysis Index for the screening of
intravascular haemolysis: a novel diagnostic opportunity? Blood
Transfus 2018;5:433–7.

28. Unger J, Filippi G, Patsch W. Measurements of free hemoglobin and
Hemolysis Index: EDTA- or lithium-heparinate plasma? Clin Chem 2007;
53:1717–8.

29. Zhang Q, Liu J, Duan H, Li R, Peng W, Wu C. Activation of Nrf2/HO-1
signaling: an important molecular mechanism of herbal medicine in
the treatment of atherosclerosis via the protection of vascular
endothelial cells from oxidative stress. J Adv Res 2021;34:43–63.

30. Arnett DK, Blumenthal RS, Albert MA, Buroker AB, Goldberger ZD,
Hahn EJ, et al. ACC/AHA guideline on the primary prevention of
cardiovascular disease: a report of the American College of Cardiology/
American Heart Association Task Force on Clinical Practice Guidelines.
Circulation 20192019;140:596–646.

31. Karakas M, Koenig W. CRP in cardiovascular disease. Herz 2009;34:
607–13.

32. Kruger PC, Eikelbook JW, Douketis JD, Hankey GJ. Deep vein
thrombosis: update on diagnosis and management. Med J Aust 2019;
2010:516–24.

33. Timp JF, Lijfering WM, Flinterman LE, van Hylckama Vlieg A, le Cessie S,
Rosendaal FR, et al. Predictive value of factor VIII levels for recurrent
venous thrombosis: results from the MEGA follow-up study. J Thromb
Haemostasis 2015;13:1823–32.

34. Hansen E-S, Rinde FB, Edvardsen MS, Hindberg K, Latysheva N,
Aukrust P, et al. Elevated plasmaD-dimer levels are associatedwith risk
of future incident venous thromboembolism. Thromb Res 2021;208:
121–6.

35. Gils C, Boysen-Sandberg M, Nybo M. Haemolysis index measurement:
verification, establishment of a reference interval and investigation of
the impact higher cut offs has on analysis rejection. Scand J Clin Lab
Invest 2020;80:580–9.

36. Lippi G, Cadamuro J, Danese E, Gelati M, Montagnana M, von Meyer A,
et al. Internal quality assurance of HIL indices on Roche Cobas c702.
PLoS One 2018;13:e0200088.

37. Joshi S, Vaitkute R, Jeffery J, Ayling RM. Haemolysis in neonatal blood
samples: a survey of practice. Ann Clin Biochem 2007;44:178–80.

38. Lippi G, Plebani M, Di Somma S, Cervellin G. Hemolyzed specimens: a
major challenge for emergency departments and clinical laboratories.
Crit Rev Clin Lab Sci 2011;48:143–53.

Supplementary Material: This article contains supplementary material
(https://doi.org/10.1515/cclm-2023-0114).

Gils et al.: Hemolysis Index and risk of cardiovascular diseases 1505

https://doi.org/10.1515/cclm-2023-0114

	Elevated Hemolysis Index is associated with higher risk of cardiovascular diseases
	Introduction
	Materials and methods
	Study population
	Hemolysis Index measurement
	HI+ cohort and comparator cohorts
	HI+ cohort
	Comparator cohorts

	Data sources
	The civil registration system (CRS) and the Danish national patient registry (DNPR)

	Outcomes of CVD and follow-up
	Comorbidity
	Statistical analyses

	Results
	Description of the HI reading values
	Characteristics of the three cohorts
	Risk of overall CVD
	Risk of arterial CVD
	Risk of venous CVD
	Survival

	Discussion
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Euroscale Coated v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 35
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1000
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.10000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /DEU <>
    /ENU ()
    /ENN ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName (ISO Coated v2 \(ECI\))
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName <FEFF005B0048006F006800650020004100750066006C00F600730075006E0067005D>
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 8.503940
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.276 841.890]
>> setpagedevice


