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ABSTRACT. This study designs and validates a calibration method for patient simu-lators measuring Heart Rate, Non-Invasive and Invasive Blood Pressure via electri-cal simulation, enhancing reliability in medical equipment adjustment and verifica-tion. Proper calibration prevents adverse events by ensuring device accuracy. Themethod selects clinically relevant values based on medical significance and interna-tional standards. Validation used three-year calibration data analyzed with ANOVAto confirmmeasurement significance, Tukey’s method for confidence intervals, andthe Brown-Forsythe test for variance equality. Results demonstrated strong re-peatability and reproducibility, proving the method’s effectiveness for patient sim-ulator calibration. This approach reduces risks associatedwith uncalibratedmedicaldevices, improving diagnostic reliability and patient safety.
keywords: Statistical analysis; Methodological design; Calibration; Healthcare equip-ment; Assessment.
RESUMEN. Este estudio diseña y valida unmétodo de calibración para simuladoresde pacientes que miden la frecuencia cardíaca, la presión arterial invasiva y no in-vasiva mediante simulación eléctrica, lo que mejora la confiabilidad en el ajuste yla verificación de los equipos médicos. Una calibración adecuada previene eventosadversos al garantizar la precisión de los dispositivos. El método selecciona valoresclínicamente relevantes basándose en su importancia médica y en las normas inter-nacionales. La validación se llevó a cabo utilizando datos de calibración de tres años,analizados mediante ANOVA para confirmar la significancia de las mediciones, elmétodo de Tukey para los intervalos de confianza y la prueba de Brown-Forsythepara la igualdad de varianzas. Los resultados demostraron una alta repetibilidady reproducibilidad, lo que comprobó la eficacia del método para la calibración desimuladores de pacientes. Este enfoque reduce los riesgos asociados con los dis-positivos médicos no calibrados, lo que mejora la confiabilidad del diagnóstico y laseguridad del paciente.
Palabras clave: Análisis estadístico, Diseño Metodológico, Calibración, Equipo San-itario, Valoración.

1 | INTRODUCTION
Clinical engineers play a fundamental role in ensuring the quality of medical devices used in hospitals. Pa-tient simulators are vital tools for the design and evaluation of medical equipment in different applications,such as electrocardiographs [1] and invasive pressure monitors [2]. Quality control of biomedical equipmentis one of the main functions within the context of the use and application of biomedical technology in hos-pitals. Metrology, expressed as the science of measurement [3], has been used for several decades in the
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quality control of industrial processes and the assurance of commercial transactions worldwide. In the field ofhealthcare, the metrology of medical equipment, as an essential component and safeguard of quality controlfor medical products, is increasingly valued by medical institutions at all levels [4]. Metrology, applied to thebiomedical field, know as biomedical metrology, provides a valuable tool to determine the real condition ofbiomedical diagnostic and treatment equipment, preventing erroneous readings of the physical magnitudesmeasured in patients for diagnosis, and ensuring the accuracy of the physiological quantities measured bybiomedical equipment and used by healthcare professionals to support patient diagnosis and treatment. Tocontrol biomedical equipment, reference standards [3] with known values ofmagnitudes such as the heart rate,noninvasive blood pressure, and invasive blood pressure, must be available. These standards, which in the fieldof biomedical equipment are known as patient simulators, must comply with all the requirements indicatedby the science of metrology, such as traceability [3], repeatability [3], and reproducibility [3] to guarantee thequality of themeasurements performed on biomedical equipment. To complywith the necessary requirementsfor the proper use of biomedical simulators, they must be calibrated with methods designed and validated ac-cording to their use [5], including the periodic calibration of biomedical equipment, functional testing of newequipment and scientific research. It is for the aforementioned reasons that the design and validation of acalibration method for patient simulators becomes relevant in preventing potential adverse events [6], misdi-agnoses, and erroneous treatments that may be caused by these kinds of medical devices. However, whilemethods for calibrating ECG simulators currently exist [7] [8], these methods are not based on measurementsat clinically relevant points, such as when a physician changes a diagnosis from "normal" to "bradycardia" or"tachycardia" [9] [10]. This study aimed to close this technical gap by developing and validating a calibrationmethod that combines clinically relevant calibration points with a metrologically sound validation procedure,thereby ensuring that the simulator performance is evaluated at thresholds that are meaningful for clinicaldecision making.

2 | DESIGN AND METHODOLOGY
For the design of the calibration method, three common magnitudes in critical patient monitoring were con-sidered: heart rate, noninvasive blood pressure, and invasive blood pressure using electrical simulations [11].The calibration points for the patient simulator were selected based on the clinical relevance of eachmeasuredquantity. The selection considered the physiological conditions and potential pathologies associated with spe-cific values of each quantity. When applicable, the selected values were also based on recommendationsissued by internationally recognized organizations.

2.1 | Heart rate
For Heart Rate, the following measurement points were chosen to cover all stages of life, from neonates toadults:The first measurement point was 60 beats/min, which is the minimum normal heart rate for resting adults.Beyond this point, if the resting heart rate increases, the risk of total and cardiovascular mortality increases[9]. The secondmeasurement point was 120 beats/min, which is the normal maximum heart rate for preschoolchildren [10]. Third measurement point: 180 beats/min, which is the maximum heart rate for an infant andnormal for neonates [10].

2.2 | Non-invasive blood pressure
For the non-invasive blood pressure magnitude (NIBP), the calibration points described in OIML Recommen-dation R149-3 Paragraph 8 [12].The calibration points were used as follows: the first measurement point was50 mmHg. The second measurement point was set at 150 mmHg. The third measurement was performed at250 mmHg.
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2.3 | Invasive blood pressure
For the invasive blood pressure magnitude (IBP) through electrical simulation, the same points as for nonin-vasive blood pressure were used, having a gain of 5 µV/V/mmHg for the simulation values in mV and theirexpression in mmHg as follows: first measurement point: 50 mmHg. The second measurement point was setat 150 mmHg. The third measurement was performed at 250 mmHg.

2.4 | Validation
To validate the patient simulator calibration method in terms of repeatability and reproducibility, three patientsimulators of the same reference were used with five measurements under the same conditions in a short pe-riod of time to check for repeatability, and the process was repeated over three years, once a year, to check forreproducibility. Heart rate, noninvasive blood pressure, and invasive blood pressure were measured using elec-trical simulations. The measurements were analyzed using the following statistical tools: standard deviation todetermine the repeatability [13]; one-way analysis of variance (ANOVA) [14] to validate the significance of theresults of the measurement means; Tukey method to evaluate the confidence intervals between the means ofthe factor levels in the measurements [15]; and Brown-Forsythe test for the equality of measurement meanswhen there is inequality of variances (heteroscedasticity) [16], using Excel® Microsoft 365.

3 | RESULTS AND DISCUSSION

The hypothesis was that the mean values of the measurements were statistically equal, for which the datawere analyzed using the following statistical techniques: ANOVA, Tukey’s method, and the Brown-Forsythetest (Tables 1-3).
TABLE 1 Obtained data in the magnitude Heart - Rate

HR Measurement point 180 beats/min Measurement 1 Measurement 2 Measurement 3
179.64 179.64 179.64
179.64 179.64 179.64
179.64 179.64 179.81
179.64 179.81 179.64
179.64 179.64 179.81

Standard deviation 0 0.0077 0.095
TABLE 2 Obtained data in the magnitude NIBP

HR Measurement point 180 beats/min Measurement 1 Measurement 2 Measurement 3
50.1 50.0 50.0
50.0 50.0 50.1
50.0 50.1 50.1
50.0 50.0 50.1
50.0 50.1 50.0

Standard deviation 0.044 0.0548 0.054
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TABLE 3 Obtained data in the magnitude IBP
HR Measurement point 180 beats/min Measurement 1 Measurement 2 Measurement 3

49.66 49.62 49.66
49.66 49.62 49.66
49.66 49.62 49.66
49.66 49.66 49.66
49.62 49.66 49.66

Standard deviation 0.017 0.021 0

3.1 | ANOVA analysis
In the ANOVA analysis, for all magnitudes and all measurement points of each magnitude, an Fcalculated <
Fcritical was found, confirming the corresponding hypotheses that the means of the measurement valueswere statistically equal (Tables 4-6).

TABLE 4 ANOVA analysis in the Heart Rate magnitude
Heart Rate Measurement point 180 beats/min

ANOVA Single Factor
Summary

Average Variance
179.6407186 0.000
179.6754149 0.006
179.7101111 0.009

ANOVA
F Calculated P-value F Critical

1.2 0.33 3.88

TABLE 5 ANOVA analysis in the NIBP magnitude
NIPB Measurement point 50mmHg

ANOVA Single Factor
Summary

Average Variance
50.02 0.002
50.04 0.003
50.06 0.003

ANOVA
F Calculated P-value F Critical

0.75 0.49 3.88
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TABLE 6 ANOVA analysis in the IBP magnitude
IPB Measurement point 50mmHg

ANOVA Single Factor
Summary

Average Variance
49.652 0.0003
49.636 0.0004
49.660 0.000

ANOVA
F Calculated P-value F Critical

2.8 0.1 3.88

3.2 | Tukey analysis.

Applying the Tukey method, the differences between the groups in pairs were lesser than the honestly signif-icant difference (HSD), from which it was concluded that there were no differences between groups (Tables7-9).
TABLE 7 Tukey method in the Heart Rate magnitude
Heart Rate Measurement (Meas) Point 180 beats/min
Pairwise Group Differences

Meas. 1 – Meas. 2 0.034
Meas. 1 – Meas. 3 0.069
Meas. 2 – Meas. 3 0.034

HSD 0.119

.
TABLE 8 Tukey method in the NIBP magnitude

NIBP Measurement (Meas) Point (50mmHg)
Pairwise Group Differences

Meas. 1 – Meas. 2 0.02
Meas. 1 – Meas. 3 0.04
Meas. 2 – Meas. 3 0.02

HSD 0.087

.
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TABLE 9 Tukey method in the IBP magnitude
IBP Measurement (Meas) Point (50mmHg)
Pairwise Group Differences

Meas. 1 – Meas. 2 0.016
Meas. 1 – Meas. 3 0.008
Meas. 2 – Meas. 3 0.024

HSD 0.0275

.

3.3 | Brown-Forsythe test

The Brown-Forsythe test confirmed that the variances were equal as the probability of applying ANOVA onthe deviation from the means was greater than the significance level α = 0.052 (Tables 10-12).
TABLE 10 Brown Forsythe test in the Heart Rate magnitude

Heart Rate Measurement Point 180 beats/min
Medians

Measurement 1 Measurement 2 Measurement 3
179.64 179.64 179.64

Deviation from medians
0.00 0.00 0.00
0.00 0.00 0.00
0.00 0.00 0.17
0.00 0.17 0.00
0.00 0.00 0.17

ANOVA Single Factor Summary
Average

0 0.034 0.069
Variance

0 0.006 0.009
ANOVA

F Calculated P-value F Critical
1.20 0.33 3.88
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TABLE 11 Brown Forsythe test in the NIBP magnitude
NIBP Measurement Point (50mmHg)

Medians
Measurement 1 Measurement 2 Measurement 3

50.0 50.0 50.1
Deviation from medians

0.1 0.0 0.1
0.0 0.0 0.0
0.0 0.1 0.0
0.0 0.0 0.0
0.0 0.1 0.1

ANOVA Single Factor Summary
Average

0.02 0.04 0.04
Variance

0.002 0.003 0.003
ANOVA

F Calculated P-value F Critical
0.25 0.78 3.88

TABLE 12 Brown Forsythe test in the IBP magnitude
IBP Measurement Point (50mmHg)

Medians
Measurement 1 Measurement 2 Measurement 3

49.66 49.62 49.66
Deviation from medians

0.00 0.00 0.00
0.00 0.00 0.00
0.00 0.00 0.00
0.00 0.04 0.00
0.04 0.04 0.00

ANOVA Single Factor Summary
Average

0.008 0.016 0.00
Variance

0.0002 0.0004 0.0000
ANOVA

F Calculated P-value F Critical
1.20 0.33 3.88
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3.4 | Repeatability and reproducibility r&R

RepeatabilityThe repeatability is defined by (Eq. 1).

r =
√
σ2 (1)

ReproducibilityThe reproducibility is defined by (Eq. 2).

R =
√
(variance)2 (2)

r&RThe r&R combination is defined by (Eq. 3) as the square root of the sum of repeatability (average internalvariability) and reproducibility (variability between conditions) variances (Table 13).

r&R =
√
r2 +R2 (3)

TABLE 13 Placeholder Caption
HR Meas 180 beats/min NIBP Meas (50mmHg) IBP Meas (50mmHg)

Repeatability 0.12 0.089 0.0282
Reproducibility 0.01 0.005 0.0005
r&R 0.12 0.089 0.0282

The utility of repeatability and reproducibility (r&R) studies in metrology lies in the processes of evaluation,validation, and analysis of measurements, particularly for the validation of calibration methods [13].To determine repeatability [3], "the closeness of agreement between the results of successive measurementsof the same measurand under the same measurement conditions is considered. These conditions are knownas the repeatability conditions. The repeatability conditions included the same measurement procedure, ob-server, and measuring instrument used under the same conditions, location, and repetition over a short period.Repeatability can be quantitatively expressed in terms of the characteristic dispersion of the results." The stan-dard deviation is a useful measure of repeatability, which is easily corroborated in each of the measurementstaken for the defined magnitudes during the same calibration, as observed in Table 1 for heart rate, where themaximum standard deviation is 0.0950197beats/min; noninvasive blood pressure, where the maximum stan-dard deviation is 0.05477mmHg; and invasive blood pressure via electrical simulation, where the maximumstandard deviation is 0.021909mmHg. These results directly demonstrate that the method is repeatable foreach evaluated magnitude.To determine reproducibility [3], a one-way analysis of variance (ANOVA) was initially applied to each magni-tude of interest, comparing three groups of data collected over three different years for the same equipmentduring calibration. The hypothesis that all measurements were statistically equal was confirmed because thecalculated F-value was less than the critical F-value, as shown in Table 2. For heart rate, the calculated F-valuewas 1.2, and the critical F-value was 3.88; for noninvasive blood pressure, the calculated F-value was 0.75, andthe critical F-value was 3.88; for invasive blood pressure via electrical simulation, the calculated F-value was
2.8, and the critical F-value was 3.88.Subsequently, Tukey’s method was applied to each magnitude of interest to compare the pairwise differencesbetween the groups. The differences were less than the honestly significant difference (HSD), as shown in
TECCIENCIA ● VOL.20 ● NO.38 ISSN:1909-3667(print) | 2422-3670 (electronic) Universidad ECCI
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Table 3. For the heart rate, the difference between measurements 1 and 2 was 0.03, between measurements1 and 3 was 0.07, and between measurements 2 and 3 was 0.03, whereas the HSD was 0.12 For noninvasiveblood pressure, the difference between measurements 1 and 2 was 0.02, between measurements 1 and 3 was
0.04, and betweenmeasurements 2 and 3 was 0.02, whereas the HSDwas 0.09. For invasive blood pressure viaelectrical simulation, the difference between measurements 1 and 2 was 0.016, between measurements 1 and3 was 0.008, and between measurements 2 and 3 was 0.024, and the HSD was 0.002666. These results indicateno significant differences between the groups, confirming that they were statistically similar. Finally, to ensurethat the analysis accounted for potential heteroscedasticity, the Brown-Forsythe test was applied to confirmequal variances in the deviations of the medians for the magnitudes of interest. The obtained p-values werecompared with the significance level (α), as presented in Table 4. For heart rate, the p-value was 0.33, and αwas 0.052; for noninvasive blood pressure, the p-value was 0.78, and α was 0.052; for invasive blood pressurevia electrical simulation, the p-value was 0.33, and α was 0.052. These results confirmed that the variances ofthe groups were equal.In the repeatability and reproducibility (r&R) analysis, the individual components of repeatability and repro-ducibility were calculated for each magnitude studied. The internal variability was estimated using the stan-dard deviation for each measurement condition. Repeatability (r) was derived from the p variances, whichestimated the variability for each condition. The following values were obtained for each magnitude (Table5): repeatability for heart rate: 0.12beats/min; for noninvasive blood pressure: 0.09mmHg; and for invasiveblood pressure via electrical simulation: 0.03mmHg. Reproducibility (R), or variability between conditions,was obtained through the variance of the p averages. The following values were obtained for each magnitude(Table 5): the reproducibility of heart rate was 0.01beats/min, noninvasive blood pressure was 0.005mmHg,and invasive blood pressure via electrical simulation was 0.0006mmHg. The reproducibility component wasevaluated relative to the repeatability component as an additional indicator of measurement system stability.Although international standards do not establish acceptance limits based on the ratio R/r, the interpretationadopted in this study follows the acceptance philosophy widely used in Measurement System Analysis (MSA)[17], where measurement system variation below 10% is considered acceptable, values between 10% and 30%may be acceptable depending on the application, and values above 30% indicate that improvements to themeasurement system are required. Accordingly, the following practical interpretation was adopted for theratio between reproducibility and repeatability [13]:

R < 0.1 ∗ r = acceptable (4)

0.1 ∗ r < R < r = may be acceptable depending on the application (5)

R > 0.3 ∗ r = improvements to measurement system are required (6)
The following results were obtained:

R&R Ratio for Heart Rate R = 0.01 and r ∗ 0.1 = 0.01 Because R < 0.1 ∗ r, and according to Eq. (4), thereproducibility of the heart rate was considered acceptable.
R&R Ratio for Non-Invasive Blood Pressure R = 0.004 and r ∗ 0.1 = 0.009 Because R < 0.1 ∗ r, and accordingto Eq. (4), the reproducibility of non-invasive blood pressure was considered acceptable.
R&R Ratio for Invasive Blood Pressure via Electrical Simulation R = 0.0006 and r ∗ 0.1 = 0.003, because
R < 0.1∗r, and according to Eq. (4), the reproducibility of invasive blood pressure via electrical simulation wasconsidered acceptable.
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4 | CONCLUSIONS
A calibration method for patient simulators was designed and validated for heart rate (HR), non-invasive bloodpressure (NIBP), and invasive blood pressure (IBP) through electrical simulation. The calibration points wereselected according to the clinical relevance of the measured quantities and, when applicable, recommenda-tions from internationally recognized organizations.
The repeatability results demonstrated low dispersion under the evaluated measurement conditions. The max-imum standard deviations were 0.095 beats/min for HR, 0.055mmHg for NIBP, and 0.022mmHg for IBP. Theseresults indicate consistent measurements across repeated measurements for the three evaluated quantities.
The reproducibility analysis showed no statistically significant differences among the measurement groups col-lected over the evaluated calibration periods. ANOVA resulted in F-values of 1.20, 0.75, and 2.80 for HR, NIBP,and IBP, respectively, all lower than the corresponding critical value of 3.88. The associated p-values were
0.33, 0.49, and 0.10, respectively. Tukey’s analysis also showed that the pairwise differences were lower thanthe corresponding honestly significant differences. In addition, the Brown-Forsythe test indicated no signif-icant differences in variance among the groups, with p-values of 0.335 for HR, 0.783 for NIBP, and 0.335 for IBP.
The combined repeatability and reproducibility analysis yielded values of 0.12 beats/min for HR, 0.089mmHgfor NIBP, and 0.028mmHg for IBP. The reproducibility component remained below 10% of the repeatabilitycomponent for all three quantities, according to the acceptance criterion adopted in this study. This resultindicates that the measurement method maintained stability under the evaluated conditions.
Overall, the experimental results support the validity of the proposed calibration method for the evaluatedpatient simulators and measurement points. The low dispersion, statistical equivalence among measurementgroups, homogeneous variances, and low reproducibility relative to repeatability demonstrate that themethodprovides consistent calibration results for HR, NIBP, and IBP under the conditions evaluated in this study.
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