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Simple Summary: The metabolic profile implies simultaneous determination of carbohydrate, fat,
protein, and mineral metabolism parameters as well as endocrinological parameters in the blood
of cows. Blood is exposed to a variety of preanalytical factors during sampling, transport to the
laboratory, and laboratory preparation for analysis, which may cause hemolysis of the sample. As
hemolysis affects the values of the metabolic profile, the analyzed blood parameters may falsely
increase or decrease, and the metabolic status of the cows may be misinterpreted. Preventing
hemolysis is important because severe hemolysis requires discarding the sample and resampling,
which is very resource-intensive. In this paper, three levels of hemolysis were determined for each
blood parameter tested: (a) a hemolysis level that does not affect the values of the parameters and
allows the results to be issued without restriction; (b) a hemolysis level that affects the values of
the parameters but remains within the acceptable biological variability and permits the results to
be issued along with a note in the form of a correction formula; and (c) a hemolysis level at which
the obtained values of the parameters or the entire sample must be discarded. The results are
presented graphically using interferograms, which can be easily implemented in every laboratory
after validation.

Abstract: Hemolysis is a common cause of errors in laboratory tests as it affects blood parameters and
leads to a positive or negative bias. This study aims to examine the relationship between the level of
hemolysis (expressed as cell-free hemoglobin concentration, g/L) and the variability of metabolic and
endocrine parameters and to determine the threshold level of hemolysis that causes an analytically
and clinically significant bias for the twenty most frequently examined blood parameters in cows.
Paired blood samples of 10 mL each were obtained from 30 cows. One was subjected to mechanical
trauma and plasma was extracted directly from the other. Hemolyzed and non-hemolyzed samples
from the same animal were mixed to obtain final samples with cell-free hemoglobin concentrations
of 0, 1, 2, 4, 6, 8, and 10 g/L. Metabolic and endocrine parameters were measured in the samples
and their deviation and the linear equation between the level of hemolysis and the deviation were
determined. The following threshold values of hemolysis were determined, which correspond to the
acceptable analytical (lower value) and clinical (upper value) levels of parameter variability: BHB
0.96 and 4.81; NEFA 0.39 and 3.31; GLU 0.38 and 3.90; ALB 1.12 and 6.11; TPROT 1.40 and 6.80; UREA
6.62 and 20.1; TBIL 0.75 and 5.65; AST 0.11 and 2.18; GGT 1.71 and 8.90, LDH 0.01 and 0.11, ALP 0.97
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and 2.95; TGC 1.56 and 15.5; CHOL 1.29 and 8.56; Ca 5.68 and 25.7; P 0.57 and 8.43; Mg 1.10 and
8.47; INS 1.15 and 3.89; T3 8.19 and 15.6; T4 8.97 and 18.5; and CORT 2.78 and 11.22 g/L cell-free
hemoglobin. Three decision levels are available for each metabolic and endocrine parameter: if
hemolysis is below the lower (analytical) threshold value, results can be reported without restriction;
if hemolysis is between the lower and upper thresholds, the results can be issued with guidance in
the form of corrective linear equations; and if hemolysis is above the upper (clinical) threshold, the
results and sample must be discarded. This method contributes to an optimal approach to hemolysis
interference with metabolic profile parameters in blood samples from cows.

Keywords: cows; metabolic profile; hemolysis; variability; interference; interferogram

1. Introduction

The first scientific papers on metabolic parameters in cattle were published more than
100 years ago, and since then the blood metabolite assessment has been an indispensable
tool for evaluating the health and productivity of cows [1]. The possibility of applying
a metabolic profile that implies the simultaneous determination of a number of blood
parameters in cows was described in the early seventies [2].

The determination of biochemical and endocrinological parameters is of irreplaceable
importance in research and practice for at least two reasons: (a) a clear connection has
been established in cows between the metabolism of polysaccharides, proteins, and lipids
and measurable blood parameters, from the nutritional level to the monomer level in
the anabolic and catabolic process, and (b) high milk production and high nutritional
requirements of cows lead to an increase in subclinical and clinical metabolic disorders that
can only be diagnosed by analyzing the cows’ blood metabolic parameters using metabolic
profiles [3–6].

A comprehensive metabolic profile includes parameters measured in the blood in or-
der to determine energy metabolism (glucose, nonesterified fatty acids—NEFA, and beta-
hydroxybutyrate—BHB), protein metabolism (total protein, albumin, and urea), mineral
metabolism (Ca, P, and Mg), functional status of hepatocytes (aspartate aminotrasferase—AST,
gamma-glutamyl transferase—GGT, alkaline phosphatase—ALP, total bilirubin—T.Bil, choles-
terol, and triglycerides), and hormonal profile related to metabolism (insulin, cortisol,
triiodothyronine—T3, and thyroxine—T4) [7,8]. Modern veterinary medicine recommends
routine testing of the metabolic profile during the four seasons and in cows in different periods
of lactation, as well as when dietary or certain conditional changes occur on the farm or when
a disease is suspected. It is recommended to take as many individual samples as possible,
especially frequently around calving [9,10].

The blood from cows is usually sampled at their dwelling place on farms or in pastures
and subsequently transported to laboratories where the samples are further processed and
prepared for analysis. This phase is called the preanalytical phase, and a variety of factors
can affect the value of the parameters tested in the sample during this phase. Most preana-
lytical factors, such as poor selection of the vacuum tube/anticoagulant or venipuncture
needle, inadequate filling of the vacuum tube, high or very low transport temperature
and long transport, or inadequate separation of the serum in the laboratory will lead to
erythrocyte damage and hemolysis [11]. Hemolysis is the result of the adverse impact of
preanalytical factors, and directly affects the values of biochemical and endocrinological
parameters in the blood in the form of an increase or decrease in their values, which leads to
further errors during interpretation. In a hemolyzed sample, blood parameters deviate from
the true value due to spectrophotometric interference, chemical interference, the release of
intracellular substances from the erythrocytes or dilution of the sample [12]. In addition,
hemolysis also affects the stability of blood parameters in already-separated serum, so the
preservation of hemolyzed samples is a problematic procedure with limitations [13].
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Hemolysis is detected via visual assessment of the sample (which is discouraged)
or by determining the cell-free hemoglobin concentration as an independent index of
hemolysis (H-index), and if the level of hemolysis in the sample is high, the sample must
be discarded [12,14]. Discarding a cow’s blood samples is particularly complex as it
requires redeployment of human and material resources on the farm for blood sampling
and re-transportation of the sample, which consequently reduces operational efficiency and
increases costs. By using the cell-free hemoglobin concentration (H-index), it is possible to
make the following decisions: (1) if the level of hemolysis is such that the bias caused by
hemolysis does not exceed the allowable analytical variability (CVa), the results obtained
can be freely issued to the user; (2) if the level of hemolysis is such that the bias exceeds
the analytical variability but is within the allowable intraindividual variability (reference
change value, RCV), the report can be issued with the note that “hemolysis could affect
the value of the parameter” with the possible use of corrective formulas; (3) if the level of
hemolysis exceeds the intraindividual variability, the results sensitive to hemolysis will be
suppressed; and (4) if the level of hemolysis is so high that there is more than 10 g/L of
cell-free hemoglobin, the sample must be discarded without analysis and a new sample
must be taken [15].

To make the aforementioned decisions, it is necessary to examine the linear relationship
between cell-free hemoglobin concentration and the variability of selected biochemical
and endocrinological parameters of the metabolic profile, which are expressed as CVa and
RCV. These linear relationships must be determined separately for each parameter and are
presented on the interferogram, where the value of the cell-free hemoglobin concentration
is on the X-axis, and the variability of the parameter (with CVa and RCV values plotted) is
on the Y-axis [16]. By plotting the regression line derived from the interference experiment,
one can easily determine the hemolysis level above which the values of CVa and RCV for
each analyte separately are exceeded and make an informed judgement about the sample.

The aim of this research is to determine the aforementioned linear relationships
between the level of hemolysis and the variability of blood parameters through a controlled
interference experiment. Another goal is to demonstrate the variability and the hemolysis
levels on the interferogram and to identify, for each parameter, the hemolysis level that
significantly biases the value of an analyte in the sample. Thus, for the first time in dairy
cows, it will be determined for each parameter of the metabolic profile which level of
hemolysis is considered acceptable, which level of hemolysis requires certain corrective
measures, and when it is necessary to reject the results of individual analytes or the sample
without further analysis. This will contribute to improving the management of hemolyzed
samples and increase the efficiency and profitability of metabolic profiling in cows.

2. Materials and Methods
2.1. Blood Samples

Blood samples were obtained from 30 healthy cows in early, mid, and late periods of
lactation (100–200 days in milk), aged between 2 and 4 years with optimal body condition
scores. The blood samples were collected from the coccygeal vein (according to standard pro-
cedures: https://www.bristol.ac.uk/vet-school/research/comparative-clinical/veterinary-
education/clinical-skills-booklets/cow/ (accessed on 5 March 2024)) and placed in 10 mL
heparin collection tubes (Becton, Dickenson and Company, Franklin Lakes, NJ, USA).

2.2. Interference Experiment

One of the paired tubes was centrifuged to obtain hemolysis-free samples. Blood
from the other tube was passed through the needle 10 times using a syringe to achieve
mechanical hemolysis. The mechanical trauma method was preferred to obtain samples
similar to the hemolyzed samples sent to the laboratory and containing leukocytes and
thrombocytes [12,15]. The tubes were centrifuged at 2000× g for 10 min following the
manufacturer’s recommendation. In one of the tubes, the cell-free Hb concentration was
0. In the second tube, the cell-free Hb concentration was >10 g/L. The samples with and

https://www.bristol.ac.uk/vet-school/research/comparative-clinical/veterinary-education/clinical-skills-booklets/cow/
https://www.bristol.ac.uk/vet-school/research/comparative-clinical/veterinary-education/clinical-skills-booklets/cow/
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without hemolysis were diluted, so that samples with a cell-free Hb concentration of 10 g/L
were obtained for each cow. Next, we mixed samples with 10 g/L cell-free Hb with samples
with 0 g/L to obtain samples with 8, 6, 4, 2, 1, and 0 g/L of cell-free Hb [16]. The hemolyzed
samples were diluted with non-hemolyzed samples from the same animal for each of the
30 cows.

2.3. Laboratory Analysis

Analyses were performed for the following biochemical parameters (method/substrate
given in parentheses): nonesterified fatty acids, NEFA (acyl-CoA oxidase), beta-hydroxybutyrate,
BHB (3-hydroxybutyrate dehydrogenase), glucose, GLU (glucose oxidase), calcium, Ca (Arse-
nazo III), inorganic phosphates, P (phosphomolybdate), total protein (TPROT), albumin, ALB
(green bromocresol), urea, triglycerides (TGC), cholesterol (CHOL), total bilirubin, TBIL (diazo
sulfanilic acid), aspartate aminotransferase, AST (2-oxoglutarate, oxalacetate), gamma-glutamyl
transferase, GGT (L-γ-glutamyl-3-carboxy-4-nitroanilide/glycylglycine), lactate dehydrogenase
LDH (pyruvate reduction), alkaline phosphatase, ALP (4-nitrophenylphosphate), cortisol, CORT
(immunoenzyme method), triiodothyronine T3 (immunoenzyme method), and thyroxine T4
(immunoenzyme method) and insulin, INS (immunoenzyme method). Standard kits from
Randox (Crumlin, UK) for NEFA and BioSystem (Barcelona, Spain) for other parameters were
used on a Rayto Chemray 120 spectrophotometer (Rayto Life and Analytical Sciences, Shenzhen,
China). An automated immunoassay analyzer TOSOH AIA-360 (Tosoh Bioscience, Tokyo,
Japan) was used for endocrinological analyses.

2.4. Statistical Analysis and Interferograms

The percentage difference was calculated for the samples from each cow. Next, the
mean percentage differences were calculated for each Hb concentration using the percent-
age differences for 30 different cows. The following formula was used: percent difference
(%) = (results of hemolyzed sample—result of non-hemolyzed sample)/result of non-
hemolyzed sample × 100. An ANOVA analysis with a post hoc LSD test was used to
evaluate the difference between the means of blood metabolic and endocrine parameters
in seven different groups, divided according to cell-free hemoglobin concentration. The
formula for CVa and RCV was used, as in previous experiments [17,18]. Interferograms
are presented as graphs, with the concentration of cell-free hemoglobin on the X axis, and
the percentage of deviation of the parameter values on the Y axis. The allowed analytical
variability (CVa) and the allowed individual clinical variability (RCV) are presented on
the Y axis. The parameter values are plotted on the graph in the function of the cell-free
hemoglobin concentration. Then, the linear regression equation was determined and the
regression line was generated. Based on the intersection of the values on the X and Y
axes of the regression line, it is possible to determine above which level of the sample’s
hemolysis an analytically and clinically significant deviation of the parameters will occur
in relation to the value in the same sample without hemolysis.

3. Results

Table 1 shows the initial concentrations of the analytes as well as the values obtained
after dilution. An ANOVA analysis demonstrates substantial deviations in all analyzed
parameter values at a statistically significant level (p < 0.01) when non-hemolyzed and
hemolyzed samples from the same animal are mixed.

The percentage deviation of an analyte concentration in the samples to which cell-free
Hb was added compared to the paired sample in which no hemolysis occurred (0%) is
shown in Table 2. A positive bias was demonstrated by BHB, NEFA, ALB, TPROT, UREA,
AST, LDH, TGC, CHOL, Ca, P, and Mg and negative bias was detected for GLU, TBIL,
GGT, ALP, INS, T3, T4, and CORT. The SER for all parameters was between 0.07 and 0.14%.
Parameter deviations in the sample with the highest value of cell-free Hb were in the range
of 0–10% for UREA, Ca, and Mg; 11–50% for GLU, ALB, TPROT, GGT, ALP, TGC, CHOL, P,
T3, T4, and CORT; and 51–100% for BHB, TBIL, INS and >100% for NEFA, AST, and LDH.
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Table 1. Comparison of the initial concentrations of the analytes and the values obtained after dilution
using ANOVA.

Blood Parameters
Concentration

Cell-Free Hemoglobin Concentration (g/L)
SER

p-Value
(ANOVA)0 1 2 4 6 8 10

BHB (mmol/L) 0.74 a* 0.8 a 0.82 a 0.9 a 1 b 1.04 b 1.15 b 0.05 0.0012
NEFA (mmol/L) 0.63 a 0.7 a 0.79 b 0.9 b 1.03 b 1.13 c 1.26 c 0.05 0.0009
GLU (mmol/L) 2.91 a 2.83 a 2.62 b 2.48 c 2.35 c 2.22 d 2.01 d 0.14 0.0028

ALB (g/L) 38.9 a 39.5 a 40.2 a 41.5 a 42.2 b 42.5 b 43.2 b 2.35 0.0162
TPROT (g/L) 69.1 a 70.1 a 71.3 a 72.2 a 74.3 b 75.2 b 76.8 b 4.16 0.0182

UREA (mmol/L) 6.45 a 6.5 a 6.62 a 6.7 a 6.8 a 6.9 b 7.05 c 0.38 0.0413
TBIL (µmol/L) 7.02 a 6.51 a 6.12 a 5.51 b 4.38 b 3.8 c 3.39 d 0.30 0.0013

AST (IU/L) 78.6 a 95.5 b 110 c 129.5 d 163.2 e 181.1 f 202.2 f 7.84 0.0002
GGT (IU/L) 22.8 a 22.5 a 21.5 a 19.7 b 17.9 c 16.8 d 15.8 e 1.12 0.0057
LDH (IU/L) 351 a 490 b 590 c 720 d 900 e 1000 f 1120.0 g 42.21 0.0001
ALP (IU/L) 189 a 180 a 171 a 162 b 154 c 145 d 139 d 9.31 0.0056

TGC (mmol/L) 0.24 a 0.245 a 0.25 a 0.26 b 0.27 c 0.275 c 0.285 d 0.01 0.0072
CHOL(mmol/L) 3.75 a 3.8 a 3.95 a 4.15 b 4.29 b 4.45 c 4.62 d 0.24 0.0132

Ca (mmol/L) 2.59 a 2.59 a 2.6 a 2.6 a 2.61 a 2.63 b 2.65 b 0.15 0.0357
P (mmol/L) 2.27 a 2.3 a 2.35 a 2.4 b 2.45 b 2.5 c 2.55 c 0.14 0.0044

Mg (mmol/L) 1.04 a 1.05 a 1.06 a 1.094 b 1.095 b 1.13 c 1.14 c 0.06 0.0223
INS 8.71 a 7.9 a 7.2 b 6.3 c 5.4 d 4.5 e 3.80 f 0.36 0.0016
T3 0.96 a 0.95 a 0.93 a 0.91 a 0.89 b 0.87 b 0.86 b 0.05 0.0123
T4 28.4 a 27.8 a 27.5a 26.9 b 26.5 b 26.1 b 25.50 c 1.54 0.0250

CORT 25.6 a 24.8 a 22.9 b 22 b 20.9 c 19.9 c 19.30 c 1.27 0.0011

* different superscript letter means significant difference between group at minimal level p < 0.05.

Table 2. The percentage deviation (absolute values) of an analyte concentration in the samples to
which cell-free Hb was added compared to the paired sample in which no hemolysis occurred (0%).

Blood Parameters (% Bias)
Cell-Free Hemoglobin Concentration (g/L)

0 1 2 4 6 8 10

BHB 0.00 8.11 10.81 21.62 35.14 40.54 55.41
NEFA 0.00 11.11 25.40 42.86 63.49 79.37 100.05
GLU 0.00 −2.75 −9.97 −14.78 −19.24 −23.71 −30.93
ALB 0.00 1.54 3.34 6.68 8.48 9.25 11.05

TPROT 0.00 1.45 3.18 4.49 7.53 8.83 11.14
UREA 0.00 0.78 2.64 3.88 5.43 6.98 9.30
TBIL 0.00 −7.26 −12.82 −21.51 −37.61 −45.87 −51.71
AST 0.00 21.50 39.95 64.76 107.63 130.41 157.25
GGT 0.00 −1.32 −5.70 −13.60 −21.49 −26.32 −30.70
LDH 0.00 39.60 68.09 105.13 156.41 184.90 219.09
ALP 0.00 −4.76 −9.52 −14.29 −18.52 −23.28 −26.46
TGC 0.00 2.08 4.17 8.33 12.50 14.58 18.75

CHOL 0.00 1.33 5.33 10.67 14.40 18.67 23.20
Ca 0.00 0.39 0.77 0.39 0.77 1.54 2.32
P 0.00 1.32 3.52 5.73 7.93 10.13 12.33

Mg 0.00 0.96 1.92 5.19 5.29 8.65 9.62
INS 0.00 −9.30 −17.34 −27.67 −38.00 −48.34 −56.37
T3 0.00 −1.04 −3.12 −5.21 −7.29 −9.38 −10.42
T4 0.00 −2.11 −3.17 −5.28 −6.69 −8.10 −10.21

CORT 0.00 −3.13 −10.55 −14.06 −18.36 −22.27 −24.61

Linear equations and their coefficients of determination were established based on the
percentage change in analyte concentration and cell-free Hb concentration as independent
variables (Table 3). The hemoglobin concentration considerably (p < 0.01) impacted the
analyte bias reported as a percentage, and for the majority of the analytes undergoing anal-
ysis, exceptionally high coefficients of determination R2 >0.98 were observed. The degree
of hemolysis was calculated using these linear methods, which resulted in a percentage
deviation in the parameters that was greater than the analytically and clinically acceptable
variations (CVa and RCV). Table 3 displays the hemolysis thresholds determined. The
values of the analytical cut-off (CVa) and the clinical cut-off (RCV) were calculated and
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are presented in this Table. The Hb concentrations corresponding to these values were
calculated based on the regression equation (Table 3).

Table 3. Linear equations and their coefficients of determination based on the percentage change in
analyte concentration and cell-free Hb concentration as independent variables.

Blood
Parameters

Regression Equation
(y-% Bias, x-Hb Conc.) R2 CVa% HI Cut-off CVa% RCV HI Cut-off RCV

BHB y = 5.3201 x + 0.957 0.9913 6.15 0.96 26.5 4.81
NEFA y = 9.8218x + 2.5353 0.9972 6.42 0.39 35.1 3.31
GLU y = −2.9538x − 1.401 0.9794 2.55 0.38 12.9 3.90
ALB y = 1.0954x + 0.9147 0.9762 2.21 1.12 7.6 6.11

TPROT y = 1.0849x + 0.426 0.9893 2.08 1.40 7.8 6.80
UREA y = 0.8905x + 0.1979 0.9892 6.1 6.62 24.5 >10 (20.1)
TBIL y = −5.3246x − 1.6739 0.9861 5.82 0.75 31.75 5.65
AST y = 15.678x + 5.0673 0.9935 5.62 0.11 39.2 2.18
GGT y = −3.2805x + 0.3675 0.9874 5.25 1.71 28.9 8.90
LDH y = 21.27x + 16.265 0.9843 6.12 0.01 11.6 0.11
ALP y = −2.557x − 2.5083 0.9801 5.89 0.97 10.1 2.95
TGC y = 1.8558x + 0.4124 0.9936 3.29 1.56 23.6 >10 (15.5)

CHOL y = 2.3468x + 0.1215 0.9932 3.14 1.29 20.2 8.56
Ca y = 0.1944x + 0.0217 0.8343 1.13 5.68 10.8 >10 (25.7)
P y = 1.2163x + 0.4661 0.9919 1.15 0.57 10.7 8.43

Mg y = 0.9866x + 0.1498 0.9709 1.23 1.10 8.5 8.47
INS y = −5.5017x − 3.7803 0.9875 10.1 1.15 25.2 3.89
T3 y = −1.0701x − 0.4693 0.9816 9.22 8.19 16.8 >10 (15.6)
T4 y = −0.9452x − 0.8947 0.9797 9.31 8.91 17.5 >10 (18.5)

CORT y = −2.4264x − 2.5357 0.9434 9.28 2.78 27.1 >10 (11.22)

The interferograms of the blood biochemical and endocrine parameters in cows are
displayed in Figure 1a–t. A decision regarding the test results obtained, including direct
reporting, reporting with interpretation, and rejection of the tested parameters, can be
made based on the degree of hemolysis and the deviation in the values.

The parameters of energy metabolism exhibited the following level of sensitivity to
hemolysis. When Hb is below 0.96 g/L, the BHB results can be reported directly; when
Hb value is between 0.96 and 4.81 g/L, the results can be reported with interpretation (add
regression line); and when Hb is above 4.81 g/L, the results should be rejected (Figure 1a).
NEFA results can be reported directly for samples with Hb < 0.39 g/L; for Hb 0.39–3.31 g/L,
results can be reported with interpretation (add regression line); and for Hb > 3.31 g/L,
results should be rejected (Figure 1b). In cases where Hb is below 0.38 g/L, GLU results
can be reported directly; if Hb is between 0.38 and 3.90 g/L, the results can be reported
with interpretation (add regression line); and if Hb is above 3.90 g/L, the results should be
discarded (Figure 1c).

The degree of hemolysis in the sample must be taken into account when report-
ing the results of the protein status parameters. When Hb is below 1.12 g/L, the ALB
results can be reported directly; when the Hb value is between 1.12 and 6.11 g/L, the
results can be released with an interpretation (add regression line); and when the Hb
value is above 6.11 g/L, the results should be disregarded (Figure 1d). For samples con-
taining Hb < 1.40 g/L, the TPROT results may be issued directly; for samples containing
Hb 1.40–6.80 g/L, the results could be reported with an interpretation (add regression line);
and for samples containing Hb > 6.80 g/L, the results should be discarded (Figure 1e). For
samples containing Hb < 6.62 g/L, UREA results may be reported directly; for samples
containing Hb 6.62–20 g/L, results could be issued with interpretation (add regression line)
(Figure 1f); and results with Hb > 20 g/L should be discarded according to formula. UREA
exhibits a significantly lower sensitivity to hemolysis compared to ALB and TPROT.

It is crucial to report the parameters of the liver’s functional status and the enzyme
profile in relation to the degree of hemolysis. The parameters that are most sensitive
to hemolysis include LDH and AST, while TGC is the least sensitive. For samples con-
taining Hb <0.75 g/L, TBIL results can be reported directly; for samples containing Hb
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0.75–5.65 g/L, the results may be issued with an interpretation (add regression line); and
for samples containing Hb >5.65 g/L, the results are appropriate for rejection (Figure 1g). In
terms of enzymes, results with Hb (g/L) < 0.11 (AST), <1.71 (GGT), <0.01 (LDH), and <0.97
(ALP) can be reported directly; results with Hb (g/L) 0.11–2.18 (AST), 1.71–8.90 (GGT),
0.01–0.11 (LDH), and 0.97–2.95 (ALP) can be reported with interpretation (add regression
line); and the results are appropriate for rejection with Hb (g/L) > 2.18 (AST), >8.90 (GGT),
>0.11 (LDH), and <0.97 and >2.95 (ALP) (Figure 1h–k). Regarding the lipid parameters
of liver function, data with Hb (g/L) < 1.56 (TGC) and <1.29 (CHOL) could be reported
directly; data with Hb (g/L) 1.56–15.5 (TGC) and 1.29–8.56 (CHOL) could be reported with
interpretation (add regression line); and data with Hb (g/L) > 15.5 (TGC) and >8.56 (CHOL)
should be rejected (Figure 1l,m).
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The mineral status of the cows reflected in Ca, P, and Mg concentrations must also be
reported regarding the level of hemolysis in the sample. Ca is less sensitive to hemolysis
compared to P and Mg. For samples with Hb (g/L) < 5.68 (Ca), <0.57 (P), and <1.10
(Mg), the results can be reported directly; for samples with Hb (g/L) < 5.68–25.7 (Ca),
0.57–8.43 (P), and 1.1–8.47 (Mg), the results could be reported with interpretation (add
regression line); and results are appropriate for rejection when Hb (g/L) > 25.7 (Ca), >8.43
(P), and >8.47 (Mg) (Figure 1n–p).

Regarding hormones, insulin exhibits significant sensitivity to hemolysis, while T3,
T4, and CORT are analytically but not clinically sensitive to the level of hemolysis (cell-free
Hb) in the sample. INS results could be reported directly for samples with Hb < 1.15 g/L;
for Hb 1.15–3.89 g/L results could be reported with interpretation (add regression line);
and for Hb > 3.89 g/L, results should be rejected (Figure 1q). Concerning other hormones,
results could be reported directly for samples with Hb (g/L) < 8.19 (T3), <8.91 (T4), and
<2.78 (CORT); results could be issued with interpretation (add regression line) with Hb
(g/L) 8.19–15.6 (T3), 8.97–18.5 (T4), and 2.78–11.22 (CORT); and results are appropriate for
rejection with Hb (g/L) >15.6 (T3), >18.5 (T4), and >11.22 (CORT) (Figure 1r–t).

4. Discussion
4.1. Methods of Controlled Hemolysis Interference

The aforementioned study included cows whose endocrine and metabolic parameter
values fell within established reference ranges [19,20]. This indicates that the cows in the
study had good energy, protein, and mineral status, and their livers were not overburdened.
Determining whether in vivo hemolysis occurred in the samples is crucial information to
consider before interpreting the results.

In vivo hemolysis is characterized by a parallel increase in LDH and AST values [21],
and as the activity of the enzymes mentioned remained within the reference ranges (and
there were no hematological signs of in vivo hemolysis—the blood count results), it can
be concluded that no individuals or samples with in vivo hemolysis were used in this
experiment. Controlled interference experiments such as this one require samples with
consistent and non-extreme values of metabolic and endocrine parameters, as susceptibility
to hemolysis may depend on the initial concentration of a parameter. Thus, it has been
shown that samples with an initially low insulin value or with a high AST value, exhibit a
significantly lower sensitivity of these parameters to hemolysis [22,23]. The method used
to perform the hemolysis in the experiment affects the response to hemolysis as well.

The most common methods for performing hemolysis in experiments are the addition
of pure hemoglobin to the serum pool, osmotic shock, aspiration through a blood collection
needle, and freezing/thawing of whole blood. The aspiration method (used in this trial) is
considered the most sensitive to hemolysis, while the method involving the addition of
cell-free hemoglobin is the least sensitive [24]. Nevertheless, the aspiration method is the
closest to real in vitro hemolysis as it reflects the hemolysis that occurs during sampling
in the preanalytical phase. In our experiment, we used a sample from the same animal to
prepare different dilutions. In mechanically induced hemolysis, the use of a sample from
the same animal is crucial because it has a positive effect on the reproducibility of the bias
analytes, providing a more realistic representation of the impact of hemolysis in cattle [25].

4.2. Variation in Parameter Values as a Result of Hemolysis

Hemolysis led to a decrease in the values of GLU, TBIL, GGT, ALP, and hormones
(INS, T3, T4, and CORT), while the other parameters examined showed an increase with
increasing intensity of hemolysis. Similar results have been observed in a variety of
studies, with some discrepancies possibly attributable to the specifics of the equipment and
procedures used as well as the non-standardized presentation of the hemolysis level [26–29].

Due to the analytes’ significantly lower concentration in erythrocytes than in serum or
plasma, there is a dilution effect when the constituents are released from the hemolyzed
erythrocytes, which causes the negative bias, or decrease in the values of GLU, TBIL, GGT,
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and ALP [30]. Furthermore, as cell-free Hb inhibits color development in the colorimetric
reaction, a lower TBIL value can also be recorded as a result of chemical interference [31]. At
concentrations of 2–5 g/L cell-free Hb, reduced values of various biochemical parameters
were observed at an analytically significant level. This is consistent with previous studies
that demonstrated visible dilution effects in severe hemolysis > 3 g/L Hb [30]. With respect
to hormones, INS showed the highest sensitivity to hemolysis. A significant decrease
in its value is due to the release of proteases from the erythrocytes during hemolysis,
which destroy peptide hormones such as INS [32]. In addition to the above, hemolysis
may interfere with the various methods of biochemical plasma analysis. Hemoglobin can
interfere with test reactions, such as bilirubin degradation, which is likely caused by an
oxidative reaction involving hydrogen peroxide (produced during hemoglobin oxidation)
and acid hematin, which acts as a pseudoperoxidase [33]. A change in the peroxidase
activity of the reagent when exposed to cell-free hemoglobin can lead to the degradation of
analytes such as GLU or NEFA.

When a hemolyzed sample is added, T3, T4, and CORT exhibit reduced concentra-
tions; nevertheless, a very high level of hemolysis is required to produce a bias that exceeds
the analytically or clinically allowable variability of these hormones. CORT and T4 are
highly protein-bound hormones in the bloodstream, so the accurate measurement of these
hormones depends primarily on the ability of the assay to separate the hormone molecules
from the binding proteins [34]. Hormone concentration has been reported to be signifi-
cantly affected by chemical interference caused by proteases that break down hormones,
antibodies, and other protein systems crucial for the accurate determination of hormones in
an assay. This has been confirmed in our research by using the chemiluminescence method
for hormone measurement, where hemolysis has no spectrophotometric interference [12].

An increase in the level of hemolysis results in a positive bias, or an increase in the
levels of BHB, NEFA, ALB, TPROT, UREA, AST, LDH, TGC, CHOL, Ca, P, and Mg. The
release of cellular components into the sample is one of the mechanisms leading to a
positive bias. Analytes such as LDH, AST, and P are particularly sensitive to hemolysis
as their concentration in erythrocytes is 40-fold (AST) or over 100-fold (LDH, P) higher in
RBC compared to plasma [35,36]. Previous research has revealed an increase in the NEFA
concentration value as a consequence of cell-free hemoglobin increasing the absorbance of
the sample during end-point reactions [37,38]. The prevention of an increase in the value of
NEFA due to hemolysis can be solved by subtracting the adsorbance value of the sample
(sample blank) when calculating the results in order to read the value that was created
solely as a result of the colorimetric reaction [36,37].

The concentration of BHB in relation to the intensity of hemolysis exhibited a pos-
itive bias in cattle [26,39] for similar reasons as NEFA. However, in certain assays, BHB
demonstrated stability and insensitivity to hemolysis [38]. A false increase in NEFA and
BHB values is very significant and must be corrected as it can lead to a false interpretation
of energy balance or detection of ketosis [40]. An increase in the values of other parameters
may occur as a result of the analytical interference of cell-free Hb [41,42]. Although Ca
concentration increases with the level of hemolysis, it exhibits the least linear relationship
with hemoglobin concentration, which is consistent with previous studies [26].

4.3. Analytical and Clinical Importance of Hemolysis

The bias values obtained correspond to previous results in cattle and other animal
species [22–40]. In addition to the above, numerous studies have established a linear
correlation between the level of hemolysis/hemolysis indices and the concentration of the
parameters studied [41,42]. The linear relationship between the initial concentrations of
the parameters and the level of hemolysis could not explain the effect of hemolysis on the
variation of the parameter. This problem was solved by creating linear formulas that linked
the level of hemolysis to the percentage of bias [28]. Such correlations made it possible to
determine hemolysis thresholds that would not exceed the permitted level of parameter
variation. Hemolysis and the method of its detection depended on the equipment and
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methods used, and it was necessary to establish universal methods for evaluating the
impact of hemolysis on analytes. Interferograms with bias on the Y axis and hemoglobin
concentration on the X axis have been generated for this purpose. The Y axis illustrates two
significant biases: the clinically significant bias, represented by RCV, and the analytically
significant bias, represented by CVa. By matching these biases to the Hb concentration via
the regression line obtained, we can infer the final effect of hemolysis on the variability of
the parameter. A threefold effect of hemolysis is possible, and our decision depends on
the type of the effect: if the level of hemolysis causes a bias that does not exceed CVa, we
release the results without restrictions; if the level of hemolysis causes a bias between CVa
and RCV, we release results with a comment that sample hemolysis may have a significant
impact; if the level of hemolysis causes a bias that exceeds the RCV we do not release the
results and suggest resampling.

The methods and recommendations mentioned correspond to the official recommen-
dations of the European Federation of Clinical Chemistry and Laboratory Medicine (EFLM)
Working Group for the Preanalytical Phase (WG-PRE) [15] and were applied as such in our
research procedure on samples originating from cattle. CVa, CVi, and RCV were obtained
in our experiment from original laboratory measurements in the assessment of internal
quality control, which have been monitored for several years and exhibit good stability
with only minor variations [18].

A very significant linear correlation (r2 > 0.98 for most of the examined parameters)
was determined between the level of hemolysis and the bias of the examined parameters.
High correlations and regression lines support the author’s previous results [16,43,44]
and provide a framework for the use of interferograms to evaluate the effect of hemolysis
on the development of bias. The concentration of cell-free Hb at which an analytically
and clinically significant bias occurs is the lowest in the case of LDH and AST. LDH
exhibits a clinically significant bias at concentrations of cell-free Hb = 0.11 g/L. High
sensitivity has also been confirmed in other experiments where an increase in the LDH
value was established at a concentration of Hb = 0.25 g/L to 0.5 g/L [16,42,43]. Clinically
significant deviations of AST due to hemolysis occur at a concentration of Hb = 2.18, while
other studies have reported that hemolysis has a clinically significant effect on AST at
Hb = 0.8–2 g/L [16,43,44].

At hemoglobin concentrations of 0–1.5 g/L, the sample may exhibit signs of a slight
yellow or orange discoloration. Macroscopically, this does not indicate hemolysis but may
show significant interference with LDH and AST. Regarding the other parameters, their
sensitivity to cell-free Hb is generally consistent with previously observed results [44],
meaning that a clinically significant bias occurs at Hb concentrations of 2 to 9 g/L; however,
these values are higher for triglycerides, as also confirmed by our experiment.

The same source found INS to be much more sensitive to hemolysis than other hor-
mones, which is consistent with our results. When samples with visible hemolysis (cell-free
Hb > 2 g/L) are encountered in daily work, it is important to handle them rationally because
we can provide results for a wide range of parameters even under such circumstances [29].
In such situations, corrected linear formulas can be provided with a comment on the results
to adjust the value obtained, presuming hemolysis has not resulted in a clinically significant
bias. For INS, the use of correction formulas to modify results in hemolyzed samples
is considered appropriate; however, due to the significant intraindividual variation, this
approach may result in inaccuracies for other parameters [45,46].

The rational use of correction formulas in bovine hemolytic samples has not been
investigated so far and presents a topic for future research. According to the recommenda-
tions of the Clinical and Laboratory Standards Institute (CLSI), it is necessary to regularly
validate hemolysis indices due to the potential clinical impact of hemolysis on the results
obtained [14]. In our veterinary clinical laboratory that analyzes bovine samples, this study
is a step towards the routine validation of hemolysis indices, as recommended by the CSLI.
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5. Conclusions

The research results demonstrate a significant linear relationship between hemolysis
(expressed as cell-free Hb concentration) and analytical and clinical parameter variability
(expressed as CVa and RCV), and these relationships can be represented by interferograms
and linear equations. By using interferograms and linear equations, it is possible to
separately determine the level of hemolysis that corresponds to the significant analytical
and clinical interference threshold for each parameter. The results indicate that AST, LDH,
NEFA, and INS are most sensitive to hemolysis, while other parameters can be measured
and reported using the correction formulas, even in cases of moderate to severe hemolysis.
Interferograms and linear equations are the result of simple and easily repeatable methods
that can be performed within each laboratory, which will contribute to developing an
optimal approach to sample the blood of dairy cows. By eliminating the effect of hemolysis-
related interference, these techniques will reduce the number of unnecessary sample
discards and improve the interpretation of results.
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authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Provincial Secretariat for Higher Education and Scientific
Research of Vojvodina, grant number 142-451-3035/2023-01/01, and Slovenian Research and Innovation
Agency (ARIS), research programme Animal health, the environment and safe food (P4-0092).

Institutional Review Board Statement: The animal study protocol was approved by the Institutional
Ethics Committee of Faculty of Agriculture (protocol code 04-150/28-0, 27 September 2022).

Informed Consent Statement: Agrocampus research center of Faculty of Agriculture Novi Sad
involved in this paper agreed to participate in the research, “Analytical and clinical interference of
sample hemolysis in evaluating blood biochemical and endocrine parameters in cows“ and have
agree to have detailed results of the research about them published. All samples come from our farm,
over which we perform regular veterinary surveillance.

Data Availability Statement: The data presented in this study are available in the article.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Overton, T.R.; McArt, J.A.A.; Nydam, D.V. A 100-Year Review: Metabolic health indicators and management of dairy cattle. J.

Dairy Sci. 2017, 100, 10398–10417. [CrossRef] [PubMed]
2. Payne, J.M. The compton metabolic profile test. Proc. R. Soc. Med. 1972, 65, 181–183. [CrossRef] [PubMed]
3. Arias-Islas, E.; Morales-Barrera, J.; Prado-Rebolledo, O.; García-Casillas, A. Metabolism in ruminants and its association with

blood biochemical analytes. Abanico Vet. 2020, 10, 1–24.
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