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ABSTRACT

Using the ECG and the Korotkoff sounds, as measured by BioPac software and accessories, a systematic approach for determining blood pressure was developed in the form of a pseudo code and a Visual Basic Program.  To ensure the accuracy of the two-point BioPac pressure cuff calibration, 6 and 11 point calibrations were performed yielding linear regressions of the data with square correlation coefficients of .9975 and .9987, respectively.  A drift of 12 mmHg/hour drift indicated that the strain gauge in the pressure cuff was near malfunction.  The time relationship between the ECG and the Korotkoff sounds was found to be 0.250983 second with a standard deviation of 0.03072 second.  The pseudo code incorporating the ECG was found to best simulate an experimenter manually determining blood pressures from BioPac data with 3/23 trials not within 10% of the Manual BioPac readings.

OBJECTIVES

· Using the BioPac software and its accessories, to find a systematic approach for determining blood pressure.
SPECIFIC AIMS

· Establish acquisition settings (i.e. BioPac channel settings for data collection) to minimize undesired signals while maximizing the desired signals (i.e. Korotkoff sounds with no baseline or interference and ECG signals reduced to QRS peaks).
· Determine the type of relationship (i.e. constant, subject-dependent, etc.) for the time interval between the 3-Lead ECG and the Korotkoff sounds.

· Determine the pseudo code best able to simulate an experimenter’s assessment of systolic and diastolic pressures, as given by the BioPac channels (Note: This may not incorporate the ECG channel).
BACKGROUND


The BioPac Lessons and Manual1 outlined the methods for measuring blood pressure using the BioPac unit and accessories.  Specifically, the procedures adopted include the Lead II placement of the electrodes for the ECG (negative electrode on the right arm and positive electrode on the left leg) and the methods for using the pressure cuff and stethoscope to find the Korotkoff sounds and their corresponding pressures.  The first and last Korotkoff sounds mark the systolic and diastolic pressures, respectively. Furthermore, as given in the BioPac Lesson 16, the Korotkoff sounds should follow the QRS wave of the ECG as the QRS wave corresponds to the contraction of the ventricles, which pumps blood into the aorta and through the body.  The time interval between the QRS wave and the proceeding Korotkoff sound should be constant for each trial.1  Also, potential methods for minimizing undesired signals while maximizing the desired ECG and Korotkoff sounds signals stemmed from information found in the manual regarding calculation channels and acquisitions settings.  


Guyton’s “Textbook of Medical Physiology”, chapter 112, explains how the P – QRS – T waves of the ECG are produced.  Specifically, the vector analysis of ECGs was described, which confirmed that Lead II would be the most appropriate electrode configuration for providing the QRS wave of the ECG (the Lead II vector direction is closest to the direction of depolarization of the ventricles).
 

THEORY AND METHODS OF CALCULATIONS


As given in BioPac Lesson 16, the time delay between the QRS wave of the ECG and the Korotkoff sounds is constant for each trial.  Although this time interval may vary from subject to subject, (depending on many factors, including body size and compliance of arteries), if the intervals for different subjects are all contained within a certain range that is still small in comparison to the pulse interval, then the interval can be taken to be a constant for the purposes of determining blood pressure.  If making this assumption is valid, the pseudo code to be developed could implement this interval in defining the systolic and diastolic pressures for an individual.  The process by which these time delays were determined follows:

Firstly, ECG output and Korotkoff sounds were measured simultaneously.  Baseline noise was eliminated from the Integrated Korotkoff sound channel (The integrated channel was found to be the setting that minimized undesired signals while maximizing the desired signals.) by defining the noise to be all data below the threshold of the mean plus 2 standard deviations of the integrated channel data.  For the Integrated ECG channel (The integration function was also found to be suitable for the ECG channel) the lower limit of the peaks was set to be the mean of the noise plus 5 standard deviations (this is due to the extremely small noise to peak ratio).  The time interval between the QRS wave of the Integrated ECG channel and the following Korotkoff sound was measured using the “Find Peak” function in BioPac.  The “Find Peak” function requires that the lower limits (threshold voltage) for the peaks to be found are specified, both for the Integrated Korotkoff and Integrated ECG channels.  For both channels, the peak threshold was defined to be the same threshold as that found for baseline noise.
MATERIALS AND APPARATUS


All materials and apparatus used are listed in the BioPac Lesson 5: Electrocardiography I and Lesson 16: Blood Pressure.

METHODS


The testing methods used to determine the blood pressure and ECG of subjects is outlined in BioPac Lesson 5: Electrocardiography I and Lesson 16: Blood Pressure.


Preliminary BioPac testing was conducted in order to determine the acquisition settings for the ECG, Cuff Pressure, and Stethoscope raw channels.  The acquisition settings altered for the Korotkoff sound channel were the gain, which was changed to x1000 (from x2000, which had considerably more noise), and the vertical scaling, which was changed to mV instead of Volts (in order to increase BioPac’s default precision).  The calculation channels, which apply functions to the raw channels listed above, used were the integrations of the Korotkoff and ECG channels.  The Integrated Korotkoff channel was set to rectify each sample.  The purpose of this channel was to facilitate analysis, by converting the alternating signal to a rectified signal, by reducing the number of peaks (a peak may be distributed among the positive and negative values.  Rectifying reforms this peak to the positive value).  Also, rectification is necessary in order to be able to calculate mean values of baseline noise (the mean of an alternating signal is zero).  The ECG integration was set to RMS with the remove baseline option turned on.  This was necessary because the original signal was not rectified, in addition to the fact that the baseline of the raw ECG wavered with body movements.  Integrating the raw ECG channel facilitates analysis by providing a single peak (from the QRS wave) and replacing the wavering baseline with a constant one.

The blood pressure cuff was calibrated using the options built into the BioPac software.  The built-in calibration used only two points.  More extensive calibrations were conducted by finding the voltage output at various cuff pressures to ensure that the linear calibration was valid over the range of 40 to 180 mm Hg.

Blood pressure and ECG measurements were taken simultaneously. Five trials were performed on each of nine subjects, with approximately a two minute break in between trials to ensure that the heart rate of the subject did not fluctuate, due to arterial constriction. Data collected for each trial was used to find blood pressures via manual blood pressure readings (using the stethoscope and sphygmomanometer), blood pressure readings by qualitative use of the BioPac data, and electronic blood pressure readings from the pseudo code candidates.

RESULTS

Cuff Pressure Calibration


The relationship between the voltage outputs from BioPac and the pressure given by the manual sphygmomanometer was found to be linear as shown in Figure 1.  From the four calibrations in Figure 1, the average slope defining this linear relationship was found to be 0.024675 mV/mmHg with a standard deviation of 0.000395 mV/mmHg.  As shown in Figure 2, the change in the slope with time was not found to be significantly correlated with the log of time (95% confidence) while the change in the intercept was found to be correlated with the log of time (95% confidence).    

Figure 1: Voltage from BioPac vs. Cuff Pressure
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Figure 2: Slopes and Intercepts of Voltage vs. Manual Cuff Pressure plots vs. log (Time).
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Time Lapses of Korotkoff Sounds Following QRS Waves of ECG


The time lapses of the Korotkoff sounds following the QRS wave of the ECG were measured from the data from 5 trials for each of the 9 subjects as described above.  The time lapse distribution, for the majority of the Korotkoff sounds in all trials from all subjects combined, is presented in the histogram in Figure 3 below.  The average and standard deviation of the measured time lapses for all subjects were calculated and found to be 0.250983 sec with a standard deviation of 0.03072 sec.  The 95% confidence interval was 0.189543 sec ≤ t ≤ 0.312422 sec.  The average time interval of each test subject fell within the 95% confidence interval of the overall mean.  Figure 4 presents the mean time lapses between the ECG QRS wave and Korotkoff sounds for each subject.  

Figure 3: Time Lapses of Korotkoff Sounds after ECG QRS peaks Distribution.
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Figure 4: Mean time lapses between ECG QRS peaks and Korotkoff sounds for each subject.  The bars shown are the 95% confidence intervals of the subject-specific data.  Each subject’s statistics are based off at least 55 time lapses.
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Automated Blood Pressure measurements using the Korotkoff data with and without incorporating the ECG
Blood pressure measurement data for all method types of blood pressure readings are listed in Table 1.  All red data points within the automated measurements were values not within ±10% of the Manual BioPac readings.  The code using the ECG signals in combination with the Korotkoff sounds contained 3 readings not within the ±10% of the manual BioPac reading, while the Korotkoff code, independent of ECG signals, yielded 4, 4, and 6 readings outside the ±10% range.  The 3 Korotkoff code readings differ in the strictness of the limiting range for valid time intervals between Korotkoff peaks found above the threshold described in Methods.

Table 1:  Cumulative data of blood pressure measurements.  Manual refers to the physical taking of blood pressure by an experimenter.  Manual BioPac refers to the strict use of only BioPac data to determine blood pressure.  All the auto channels are based on code developed by the group, described in the Appendix.  The Auto ECG incorporates ECG signals into a new code.  The Auto Korotkoffs each have a degree of strictness regarding the limits of the time intervals between Korotkoff sounds, based on the standard deviations of the time intervals found between peaks.

	 
	Manual
	Man. BioPac
	Auto ECG
	Auto Korot (std dt =1)
	Auto Korot (std dt =1.5)
	Auto Korot (std dt =2)

	Subject
	Sys
	Dia
	Sys
	Dia
	Sys
	Dia
	Sys
	Dia
	Sys
	Dia
	Sys
	Dia

	DK
	110
	80
	110
	80
	117
	74
	118
	103
	118
	69
	118
	69

	2
	110
	82
	108
	92
	141
	119
	114
	75
	117
	75
	142
	68

	3
	116
	74
	116
	76
	115
	75
	109
	90
	116
	90
	116
	90

	4
	118
	76
	118
	76
	105
	77
	107
	84
	107
	78
	107
	78

	JM
	126
	62
	126
	60
	120
	58
	121
	58
	121
	58
	121
	43

	2
	126
	64
	122
	52
	112
	53
	114
	56
	114
	56
	114
	56

	3
	126
	64
	124
	58
	120
	62
	120
	65
	120
	65
	120
	58

	4
	128
	64
	132
	62
	121
	62
	123
	65
	123
	65
	123
	65

	5
	126
	64
	132
	60
	132
	68
	132
	110
	132
	71
	132
	71

	LW
	112
	82
	110
	82
	111
	77
	103
	81
	111
	81
	111
	81

	2
	110
	78
	108
	78
	106
	75
	108
	67
	108
	61
	108
	61

	3
	112
	76
	104
	72
	107
	65
	138
	125
	138
	125
	138
	125

	4
	110
	78
	110
	80
	113
	77
	113
	81
	113
	81
	113
	81

	5
	112
	78
	114
	76
	115
	69
	102
	71
	115
	71
	115
	71

	DO
	116
	82
	118
	82
	107
	82
	109
	89
	109
	89
	109
	89

	2
	116
	82
	108
	74
	105
	74
	110
	77
	110
	77
	110
	73

	3
	116
	82
	108
	74
	105
	72
	112
	73
	112
	73
	112
	79

	4
	116
	82
	106
	72
	102
	71
	95
	74
	102
	74
	102
	74

	5
	116
	82
	106
	76
	98
	73
	99
	75
	99
	75
	99
	75

	RM
	108
	78
	110
	84
	109
	84
	110
	84
	113
	84
	113
	84

	2
	104
	76
	112
	78
	113
	76
	113
	79
	113
	79
	113
	79

	3
	110
	80
	130
	102
	129
	117
	135
	102
	135
	102
	135
	102

	4
	106
	80
	126
	102
	125
	89
	117
	82
	125
	82
	125
	82

	Total Errors
	 
	 
	 
	 
	3
	 
	6
	 
	4
	 
	4
	 


ANALYSIS AND DISCUSSION
Cuff Pressure Calibration


Figure 1 shows that the two point calibrations are not significantly different than the calibrations using 6 and 11 points.  The square correlation coefficients of the calibrations using 6 and 11 points are .9975 & .9987, which statistically approximates the proportion of the data that is represented by the regression.  Thus, if more than 99% of the data is represented by either regression, then that suggests that any two points should give equivalent slopes.  As shown in Figure 1, neither of the two-point calibration slopes differ from the 6 and 11 point calibration slopes by more than 3%.  This is important because BioPac only uses two points to form a linear calibration equation.


As presented in Figure 2 above, the change in the slope, of the various voltage and cuff pressure calibrations, with time was not found to be significantly linearly correlated with the log of time (95% confidence).  In fact, no relationship is evident since the slope is zero.  However, the change in intercept of the separate trials was found to be correlated with the log of time (95% confidence) as shown by the positive linear relationship presented in Figure 2.   This positive linear relationship demonstrates that a drift in the intercept, which corresponds to the offset of zero cuff pressure, is occurring with time.  The change in intercept is equivalent to approximately 12 mm Hg per hour of use.  To correct this drift in the measurements given by BioPac, the cuff was recalibrated every hour.  Further testing, however, showed that this drift was a sign of strain gauge wear, often leading to malfunction.


If this equipment were to be implemented in a real world application, it is suggested that the pressure gauge be recalibrated before every blood pressure reading.  A reference pressure capsule or a similar apparatus can be used inside the machine to calibrate against.  One would hope that more reliable equipment would be used.

Time Lapses of Korotkoff Sounds Following QRS Waves of ECG

The histogram shown in Figure 3, which combines all the subjects’ time lapses between ECG QRS waves and Korotkoff sounds, has a centered peak with an apparent normal distribution.  Although there are many physiological reasons for why one individual may have a longer or shorter time lapse in comparison to another individual, the data shows that only 6 out of the 520 (1.15%) time lapses measured are not contained within the 0.14 – 0.37 seconds time interval.  Since this interval is only 27.7% of an average 72 bpm (the average adult heart rate)2 ECG QRS-to-QRS interval, it is feasible to use this interval as positive identification for Korotkoff sounds (testing for Korotkoff peaks within that time interval, but not considering peaks or noise that may be outside that time interval turns out to be adequate).  Thus, since this range encompasses virtually all of the test subjects’ time lapses, the same interval can be used for the determination of blood pressure for any subject in a pseudo code (pseudo code and Visual Basic code included in Appendix).
Automated Blood Pressure measurements using the Korotkoff data with and without incorporating the ECG

When comparing the code incorporating ECG signals to that just utilizing Korotkoff sounds (Table 1), it is evident that the code incorporating ECG signals better simulates an experimenter reading the BioPac data.  The code incorporating ECG signals only yielded 3 blood pressure readings not within 10% of the Manual BioPac readings.  The success of the ECG code is most likely a result of multiple factors.  Firstly, a time interval between Korotkoff peaks does not need to be statistically approximated from the peaks themselves (which may include noise, before or after the Korotkoff sounds, which have a large effect on the mean value).  This is an integral part of the code for blood pressure measurements that only use the Korotkoff sounds.  Rather, the ECG is a direct measure of the heartbeat and therefore will directly synchronize an experimenter or code’s search for Korotkoff sounds with the heart rate.  The ECG signals are more distinct: ~16:1 peak:noise for ECG versus ~8:1 peak:noise for Korotkoff.  In fact, the given peak:noise for the Korotkoff disregards external noise and only considers baseline noise, which is present at all times.  ECGs are not susceptible to external noise due to the manner in which this information is obtained.  As observed in preliminary trials, however, ECG signals are vulnerable to body movements.  This was remedied by RMS integration with baseline removal, as specified in Methods.
It must be noted that these findings do not suggest anything about the accuracy of the readings.  Both an experimenter reading BioPac data and software interpreting BioPac data are limited to the ability of the equipment and acquisition settings to capture the physical phenomena.  The best measurement of accuracy is a comparison of the Manual and Manual BioPac readings (physical readings versus readings by an experimenter only using BioPac data), given in Table 1.  Analysis of these two types of reading is not feasible for two reasons.  Firstly, many of the electronic readings were affected by defects in the cuff strain gauge, therefore making comparison of the pressures infeasible.  Also, the Manual data is limited by the fact that the experimenters have not been professionally trained to take clinically acceptable blood pressure readings.


If the software is implemented in a real world application, it is suggested that more rigorous investigation of both forms of the code (with ECG and without ECG) be completed.  The time interval constants can be adjusted by statistically pooling larger samples of subjects and reassigning appropriate values reflecting their true blood pressures as taken by a professional.  However, the system developed through this project has shown to be a practical process through which blood pressure measurements can be obtained.  As determined by the evaluation of the developed code, a 3-Lead ECG setup is not required for blood pressure measurements.  Rather, a device to record an individual’s pulse, possibly a small device that can simply be attached to the index finger, should do!  An individual’s pulse could be used in the same manner as the data from the ECG to determine the time constants between blood pumping out of the left ventricle through the body (the QRS wave of the ECG) and the Korotkoff sounds(
CONCLUSIONS
1. The pseudo code incorporating ECG signals with Korotkoff sounds was found to best simulate an experimenter manually determining blood pressures from BioPac data.  For pseudo code incorporating ECG signals, 3 out of 23 blood pressures readings were not within 10% of Manual BioPac readings, as compared to 6/23, 4/23, and 4/23 error rates for other pseudo codes tested.

2. The average time lapse of Korotkoff sounds following QRS waves of the ECG was found to be 0.250983 second with a standard deviation of 0.03072 second.
3.  The pressure cuff strain gauge demonstrated a 12 mmHg/hour drift, evident prior to strain gauge malfunction.
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APPENDIX
Pseudo code incorporating ECG

1. Find the maximum pressure obtained by the blood pressure cuff.

2. Find the mean and standard deviation of the Integrated Korotkoff channel, starting from the maximum pressure found and ending at a pressure of 40 mmHg.  The threshold, or baseline noise, for this channel is the mean plus 2 standard deviations.

3. Find the mean and standard deviation of the Integrated ECG channel.  The threshold for this channel is the mean plus 5 standard deviations.

4. Find the peaks in the Integrated ECG channel.  Any peak found above the threshold defined in step 3 is considered to be a QRS peak in the Integrated ECG channel. The final ECG QRS integration peaks are defined as the maximum points found above the threshold.

5. Use the lower and upper bounds of the time lapse constant determined between the ECG QRS integration peaks and Korotkoff sounds integration peaks as the limiting factor in determining peaks in the Korotkoff sound integration channel. 

6. Use the time lapse constant bounds previously determined to find the peaks in the Integrated Korotkoff channel.  Find peaks above the threshold calculated in step 2 and consider the maximum point found in that range to be a Korotkoff sound. Begin counting the peaks previously defined, taking the first peak found to be the systolic blood pressure. 

7. If more than 5 peaks are found consecutively, define the last peak in the set as diastolic.

8. If less than 5 peaks are found consecutively, repeat step 6 with the remaining peaks until 5 successive peaks are found.  Define the first peak found as systolic and the final peak found as diastolic.
Pseudo code without ECG

1. Find the maximum pressure obtained by the blood pressure cuff.

2. Find the mean and standard deviation of the Integrated Korotkoff channel, starting from the maximum pressure found and ending at a pressure of 40 mmHg.  The threshold, or baseline noise, for this channel is the mean plus 2 standard deviations.

3. Find all peaks above the threshold defined in step 2. 

4. Find the time interval between peaks (basically the interval between pulses) defined in step 3. If the time interval is found to be less than 0.3 secs/beat (200 bpm) for any two peaks, discard the left peak.  Continue this process until a cuff pressure of 40 mmHg is reached.  The final peak is defined as the right most point of the curve above the threshold.

5. Find the mean and standard deviation of the time intervals by considering only the intervals that are less than 3 secs/beat (20 bpm).  The limiting range of the time lapses is the mean ± 1.5 standard deviations (This is the value that is varied in Table 1, values of 1, 1.5, and 2 are tested). 

6. Determine if the time intervals between the peaks are within the limiting range by applying the definition of the limiting range from step 5 over the interval of 2 seconds after the maximum cuff pressure to 40 mmHg.

7. If more than 5 peaks are found consecutively, define this range as the Korotkoff sounds.  If 5 consecutive peaks are not found, then decrease the number of successive peaks required to N-1 (where N is the # of successive peaks required to define the Korotkoff interval; No=5) and repeat step 6 until such a range is found.

8. Define the first peak in this range as the systolic pressure and the last peak as the diastolic pressure.

Code as Defined for Tony’s Blood Pressure Program

Dim filename As String 'The file being read

Dim mean As Double 'The mean of the Korotkoff Sounds used to find the baseline

Dim stdev As Double 'The standard deviation of the Korotkoff Sounds

Dim ECGBaseline As Double 'The baseline for the ECG integration curve

Dim max As Long 'The index of the maximum pressure used as the starting point

Dim numlines As Long 'The number of data points collected in BioPac

Dim myarray() As String 'Each line of the data file is stored here

Dim mmHg() As Double 'The pressure data is stored here

Dim Sounds() As Double 'The sound data is stored here

Dim ECG() As Double 'The ECG data is stored here

Dim ECGPeaks() As Double 'The ECG Peaks are stored here

Dim ECGTime() As Double 'The ECG Peak index locations

Dim corrmmHg() As Double 'The Pressures that correspond to each found peak in the Korotkoff Sound channel

Dim deltaTs() As Double 'Time between each found peak in the Korotkoff Sound channel

Dim AvgDeltaT As Double 'The mean of the delta t's found for the peaks

Dim DeltaTStdev As Double 'The standard deviation for the delta t's found for the peaks

Dim systolic As Double 'The Systolic Pressure

Dim diastolic As Double 'The Diastolic Pressure

Dim offset1, offset2 As Double 'What the zero value is at the beginning and the end

Private Sub chkOffset_Click()

'If checked the offsets are used in the determination of the systolic and diastolic pressures

  If chkOffset.Value = 1 Then 'Case that the offset button is checked

    systole.Caption = systolic - offset1 & " mmHg": diastole.Caption = diastolic - offset2 & " mmHg"

  Else 'Case that the offset button is not checked

    systole.Caption = systolic & " mmHg": diastole.Caption = diastolic & " mmHg"

  End If

End Sub

Private Sub cmdAdv_Click()

  frmAdv.Visible = True

End Sub

Private Sub Command1_Click()

'Event that the calculate button is clicked

  If Not (filename = "") Then Calculate 'Calculates if there is a file given

End Sub

Function Calculate()

'Calculates the Systolic and Diastolic Pressures

getData (filename)

MeanStdev (filename)

If chkECG.Value = 1 Then getECGData: getECGPeak Else AvgDeltaT = FindAvgDeltaT(): findpressure

End Function

Function getData(strfilename As String)

Dim FF As Long

FF = FreeFile

Dim i As Long

i = 0

Open strfilename For Input As #FF

'Gets all the data in the data file and stores it in the myarray array

Do While Not EOF(FF)

ReDim Preserve myarray(i)

Line Input #FF, myarray(i)

i = i + 1

Loop

numlines = i

Close #FF

ReDim mmHg(numlines): ReDim Preserve Sounds(numlines): ReDim Preserve ECG(numlines) 'resizes the arrays

'Loop splits all the data so that it can be stored in arrays

For X = 0 To UBound(myarray)

  temparray = Split(myarray(X), vbTab) 'splits each line of data where ever there is a tab

  'checks to make sure that the channel exsists for the cuff pressure.

  'if it doesn't sets the channel to channel 1

  If (cuff.Text > UBound(temparray) + 1) Then cuff.Text = 1

  mmHg(X) = temparray(cuff.Text - 1) 'stores the pressure data in the mmHg array

  'checks to make sure that the channel exsists for the Korotkoff Sounds

  'if it doesn't then set the channel to the last channel

  If (integration.Text > UBound(temparray)) Then integration.Text = UBound(temparray)

  Sounds(X) = temparray(integration.Text - 1) 'stores the Korotkoff data in the Sounds array

  If chkECG.Value = 1 Then

    If (txtECG.Text > UBound(temparray)) Then txtECG.Text = UBound(temparray): ECG(X) = temparray(txtECG.Text - 1) Else ECG(X) = temparray(txtECG.Text - 1) 'stores the ECG data in the ECG array

  End If

Next X

End Function

Function MeanStdev(strfilename As String)

'Calculates the mean and the standard deviation for the baseline

Dim temp1, temp2 As Double

temp1 = 0

'Loop finds the maximum pressure

For X = 0 To UBound(mmHg)

  temp2 = mmHg(X)

  If temp1 < temp2 Then 'compares the 2 stored values where temp1 is the current max value and max is the index of the current maximum value

    temp1 = temp2: max = X

  End If

Next X

mean = 0

'Adds all the data together

For X = max To UBound(Sounds)

  'if the pressure is less than 40 mmHg then stop adding to the mean

  If mmHg(X) <= 40 Then

    lastx = X: Exit For

  Else

    mean = mean + Sounds(X)

  End If

Next X

'divides by the total number data points summed

mean = mean / (lastx - max + 2)

For X = max To UBound(Sounds)

  If mmHg(X) <= 40 Then

    lastx = X: Exit For

  Else

    stdev = stdev + (Sounds(X) - mean) ^ 2

  End If

Next X

stdev = (stdev / (lastx - max + 2)) ^ (1 / 2)

offset1 = mmHg(0)

offset2 = mmHg(numlines - 1)

offsetl.Caption = "Lower Offset: " & offset1 & " mmHg      " & " Upper Offset: " & offset2 & " mmHg"

End Function

Function getECGData()

Dim ECGMean As Double

Dim ECGStDev As Double

Dim isPeakData As Boolean

ECGMean = 0

For X = max To UBound(ECG)

  ECGMean = ECGMean + ECG(X)

Next X

ECGMean = ECGMean / (UBound(ECG) - max + 2)

For X = max To UBound(ECG)

    ECGStDev = ECGStDev + (ECG(X) - ECGMean) ^ 2

Next X

ECGStDev = (ECGStDev / (UBound(ECG) - max + 2)) ^ (1 / 2)

ECGBaseline = ECGMean + ECGStDev * frmAdv.txtECGMult.Text

isPeakData = False

ind = 0

temp1 = 0

temp2 = -1

NewTime = 0

For X = max To UBound(ECG)

  ReDim Preserve ECGTime(ind)

  If ECG(X) > ECGBaseline And (isPeakData Or temp2 < temp1) Then

    temp1 = ECG(X): temp2 = temp1: NewTime = X: isPeakData = True

  ElseIf Not isPeakData And temp1 > 0 Then

    ECGTime(ind) = NewTime / txtSample.Text: ind = ind + 1: temp1 = 0: temp2 = -1

  Else

    isPeakData = False

  End If

Next X

End Function

Function getECGPeak()

Counte = 0

minsyst = 0

maxsyst = 0

mindiast = 0

maxdiast = 0

For X = 0 To UBound(ECGTime)

  lower = (ECGTime(X) + frmAdv.txtECGLower.Text) * 200

  upper = (ECGTime(X) + frmAdv.txtECGUpper.Text) * 200

  If isKorotkoff(lower, upper) Then

    Counte = Counte + 1: If minsyst = 0 Then minsyst = lower: maxsyst = upper

  ElseIf Counte > 5 Then

    mindiast = lower: maxdiast = upper: blah = getSysDiast(minsyst, maxsyst, mindiast, maxdiast): Exit For

  Else

    Counte = 0: minsyst = 0

  End If

Next X

End Function

Function isKorotkoff(lower, upper) As Boolean

lowerlim = mean + frmAdv.txtBLMult.Text * stdev

For X = lower To upper

  If Sounds(X) > lowerlim Then

    isKorotkoff = True: Exit Function

  End If

Next X

isKorotkoff = False

End Function

Function getSysDiast(minsyst, maxsyst, mindiast, maxdiast)

temp1 = 0

temp2 = -1

press = 0

For X = minsyst To maxsyst

  If Sounds(X) > lowerlim And temp2 < temp1 Then

    temp1 = Sounds(X): temp2 = temp1: press = X

  End If

Next X

systolic = mmHg(press)

temp1 = 0

temp2 = -1

press = 0

For X = mindiast To maxdiast

  If Sounds(X) > lowerlim And temp2 < temp1 Then

    temp1 = Sounds(X): temp2 = temp1: press = X

  End If

Next X

diastolic = mmHg(press)

lblDeltaT.Caption = "Lower: " & Abs(AvgDeltaT - frmAdv.txtDTMult.Text * DeltaTStdev) & " sec " & vbCr & "Upper: " & Abs(AvgDeltaT + frmAdv.txtDTMult.Text * DeltaTStdev) & " sec"

lblBaseline.Caption = mean & " +/- " & 2 * stdev & " mV" & vbCr & vbCr & "Baseline:  " & mean + frmAdv.txtBLMult.Text * stdev & " mV"

lblMaxPress.Caption = mmHg(max) & " mmHg"

Text1.Text = ""

'For X = 0 To UBound(deltaTs)

'  Text1.Text = Text1.Text & "Delta T: " & deltaTs(X) & vbTab & vbTab & "  Cuff Pressure: " & corrmmHg(X) & vbCrLf

'Next X

chkOffset_Click

End Function

Function FindAvgDeltaT() As Double

'Locates the peaks and calculates the Average Time Difference and Standard Deviation

Dim deltat As Double 'current time difference

Dim lowerlim As Double 'The baseline, used to determine what is considered a peak

Dim ignoredpoints As Long 'How many points out of the total data were ignored

'resizes the arrays to the maximum that will possibly be stored

ReDim deltaTs(numlines - max + 1)

ReDim corrmmHg(numlines - max + 1)

lowerlim = mean + frmAdv.txtBLMult.Text * stdev 'the lower boundary is defined as the mean plus 2 times the standard deviation

val2 = 0

ignoredpoints = 0 'keeps tracks of all the peaks that were determined not to be Korotkoff sounds

'finds all delta t's

For X = (max + 400) To (numlines - 1)

  currentindex = X - (max + 400) - ignoredpoints

  'This is the condition for the first index

  If Sounds(X) > lowerlim And val2 = 0 Then

    val2 = X: corrmmHg(currentindex) = mmHg(X)

  'Tests if the korotkoff sound is above the baseline found

  ElseIf Sounds(X) > lowerlim Then

    val1 = val2: val2 = X: det = detIfPeak(X, currentindex, val1, val2, deltat, ignoredpoints)

  'terminates the loop when the pressure is less than 40 mmHg

  ElseIf mmHg(X) <= 40 Then

    ignoredpoints = ignoredpoints + (numlines - 1) - X: Exit For

  Else

    ignoredpoints = ignoredpoints + 1

  End If

Next X

index = UBound(deltaTs) - ignoredpoints - 400 - 4

ReDim Preserve deltaTs(index)

ReDim Preserve corrmmHg(UBound(corrmmHg) - ignoredpoints - 400 - 4)

ignored = 0 'points ignored for the mean delta t and its standard deviation (those over 3 beats/sec)

For X = 0 To UBound(deltaTs)

  If deltaTs(X) < 3 Then FindAvgDeltaT = FindAvgDeltaT + deltaTs(X) Else ignored = ignored + 1

Next X

FindAvgDeltaT = FindAvgDeltaT / (UBound(deltaTs) - ignored + 1)

For X = 0 To (UBound(deltaTs))

  If deltaTs(X) < 3 Then DeltaTStdev = DeltaTStdev + (deltaTs(X) - FindAvgDeltaT) ^ 2

Next X

DeltaTStdev = (DeltaTStdev / (UBound(deltaTs) - ignored + 1)) ^ (1 / 2)

End Function

Function detIfPeak(X, index, value1, value2, ByRef delta, ByRef ignored)

'Determines whether the found peak should be considered for the Korotkoff Sounds

'uses bounds that the delta t must be greater than 0.3 beats per second and that the mVs of the sound must be less than 6 mV

  delta = (value2 - value1) / txtSample.Text 'converts difference in samples into seconds

  If delta > 0.3 And Sounds(X) < 6 Then

    deltaTs(index - 1) = delta: corrmmHg(index) = mmHg(X)

  Else

    ignored = ignored + 1

  End If

End Function

Function findpressure()

'Calls function checkpressure to find the systolic and diastolic pressures.

'Displays the Systolic and Diastolic Pressures and other values

  Dim lowerlim, upperlim, syst, diast As Double

  lowerlim = Abs(frmAdv.txtDTMult.Text * DeltaTStdev - AvgDeltaT)

  upperlim = Abs(AvgDeltaT + frmAdv.txtDTMult.Text * DeltaTStdev)

  syst = 0

  temp = checkpressure(syst, diast, lowerlim, upperlim, 5)

  systolic = corrmmHg(syst)

  If diast < UBound(corrmmHg) Then diast = diast + 1

  diastolic = corrmmHg(diast)

  lblDeltaT.Caption = "Lower: " & Abs(AvgDeltaT - frmAdv.txtDTMult.Text * DeltaTStdev) & " sec " & vbCr & "Upper: " & Abs(AvgDeltaT + frmAdv.txtDTMult.Text * DeltaTStdev) & " sec"

  lblBaseline.Caption = mean & " +/- " & 2 * stdev & " mV" & vbCr & vbCr & "Baseline:  " & mean + frmAdv.txtBLMult.Text * stdev & " mV"

  lblMaxPress.Caption = mmHg(max) & " mmHg"

  Text1.Text = ""

  For X = 0 To UBound(deltaTs)

    Text1.Text = Text1.Text & "Delta T: " & deltaTs(X) & vbTab & vbTab & "  Cuff Pressure: " & corrmmHg(X) & vbCrLf

  Next X

  chkOffset_Click

End Function

Function checkpressure(ByRef syst, ByRef diast, lowerlim, upperlim, countreq)

'Enter the systolic, diastolic variables, the lower and upper limits and the initial minimum peaks before considering the Korotkoff sound range

'Determines where the systolic and diastolic pressure is

  Dim counter

  req = countreq 'how many peaks in a row before considering the range the systolic and diastolic range

  counter = 0

  'Finds the Systolic Pressure

  For X = syst To UBound(deltaTs)

    If (deltaTs(X) >= lowerlim And deltaTs(X) <= upperlim) Then

      If (Not (syst = (X - 1)) Or (syst = 0 And (X - 1) <= 0 And deltaTs(0) > 3)) Then syst = X Else Exit For

    End If

  Next X

  'Finds the Diastolic Pressure and keeps track of the number of peaks in the range

  For X = (syst + 1) To UBound(deltaTs)

    If (deltaTs(X) >= lowerlim And deltaTs(X) <= upperlim) Then

      diast = X: counter = counter + 1

    Else

      Exit For

    End If

  Next X

  'if the systolic range is greater than the data range decrease the minimum peak count and set syst to zero (-1 but then 1 is added in the next segment of code)

  If syst > UBound(deltaTs) + 1 Then

    req = req - 1: syst = -1

  End If

  'Recursive call incrementing the systolic index by one until the peaks counted is greater than or equal to the minimum peaks required.

  If counter <= countreq Then syst = syst + 1: temp = checkpressure(syst, diast, lowerlim, upperlim, req)

End Function

Sub Command2_Click()

'Open File Dialog

    CommonDialog1.Filter = "Text Files|*.txt|All Files|*.*"

    CommonDialog1.ShowOpen

    If Not (CommonDialog1.filename = filename) Then 'Calculates the systolic and diastolic once the file is chosen

      filename = CommonDialog1.filename: If Not (filename = "") Then Form1.Caption = "Blood Pressure (" & filename & ")": Calculate

    End If

End Sub

Private Sub Command3_Click()

'Increases the size of the application to show more data

  If Command3.Caption = "More >>" Then

    Form1.Height = 8145: Command3.Caption = "Less <<"

  Else

    Form1.Height = 4080: Command3.Caption = "More >>"

  End If

End Sub

Private Sub cuff_LostFocus()

'Checks if the inputted channel is valid

  If cuff.Text = "" Then

    cuff.Text = 1

  ElseIf cuff.Text = 0 Then

    cuff.Text = 1

  End If

End Sub

Private Sub Form_Unload(Cancel As Integer)

  End

End Sub

Private Sub txtECG_LostFocus()

'Checks if the inputted channel is valid

  If txtECG.Text = "" Then

    txtECG.Text = 4

  ElseIf txtECG.Text = 0 Then

    txtECG.Text = 4

  End If

End Sub

Private Sub integration_LostFocus()

'Checks if the inputted channel is valid

  If integration.Text = "" Then

    integration.Text = 3

  ElseIf integration.Text = 0 Then

    integration.Text = 3

  End If

End Sub

Private Sub txtsounds_LostFocus()

'Checks if the inputted channel is valid

  If txtsounds.Text = "" Then

    txtsounds.Text = 2

  ElseIf txtsounds.Text = 0 Then

    txtsounds.Text = 2

  End If

End Sub

