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Summary:

This project examined the different sources of uncertainty in both the apparatus used (SS11LA Airflow Transducer) and in the procedure of the measurement of a subject’s vital capacity.  It was found that noise was an insignificant source of uncertainty in the SS11LA Airflow Transducer when measuring volume, since an FFT curve showed that all frequency outputs greater than 2 Hz (noise) were significantly less than the signal due to the pump. The rate of airflow also did not significantly affect measurements as results obtained at minimum and maximum airflow rates of 12 L/min and 30 L/min both yielded mean measured values of 0.60 L ± 0.01L.   It was also found that the position of the airflow transducer was not a significant source of uncertainty as long as it is kept within ±5o of vertical, as displacements within this range resulted in mean values of 0.60 L ± 0.01L. When testing subjects for vital capacity, we observed that sitting in a slouched position increases variability due to freedom of movement allowed by the position.  Finally, we observed a decrease in vital capacity measurements >20% when the subject were in a constrained slouched position as compared to an upright position.  
OBJECTIVES/SPECIFIC AIMS:

As with any test that involves the use of electronic apparatus and different subjects, there are many factors that influence the outcome of the test.  It is important to examine each of these factors and determine how they affect measurements taken.  Our primary objective for this project was to determine specifications for an optimal setup that a physician could use in a vital capacity measurement test.  Our specific aims in order to accomplish our primary objective are:

· To identify factors that could potentially change the values of the vital capacity measured by the apparatus (both with the subject and with the apparatus)

· To quantify the effects of the following factors on the measured values of vital capacity and determine if they are statistically significant (p < 0.05) or comply with accepted medical standards: noise, airflow rate, relative angle, subject posture, and physical activity.

BACKGROUND:

The respiratory system performs the vital roles of bringing oxygen into the body, delivering it to the blood so that it can be distributed to cells, and disposing of CO2 in order to maintain the acid-base balance of the body.  Thus, it is clinically important to be able to compare the relationships between measurements of recognized lung volumes (see Figure 1).  

Measurement standards are well agreed-upon in the medical community and there are thus a large number of sources that further elucidate key lung volume relationships, as well as methods for obtaining data on lung volumes.  Our protocol for testing vital capacity was derived from the American Association of Respiratory Care (AARC) Guidelines
.  This source also stated that ±5% is a clinically acceptable degree of variance between the two highest vital capacities measured.  Additional information about lung volume relationships for ‘normal’ healthy individuals was found in M. Andrews, 1996
.

THEORY AND METHODS OF CALCULATION

Vital capacity was chosen as an important representative lung volume to measure because of its clinical relevance.  Vital capacity (VC) is defined as Tidal Volume (TV) + Inspiratory Reserve Volume (IRV) + Expiratory Reserve Volume (ERV):  VC = TV + IRV + ERV

VC measurements were obtained by breathing into the BioPac SS11LA Airflow Transducer, which measures airflow (L/S) based on a pressure drop across the transducer.  Airflow is then converted to volume by BioPac software, which integrates airflow with respect to time to arrive at volume in Liters.

Measured vital capacities were compared to those based on two equations that predict VC as a function of age (A) and height (H):

(Male)     
VC = 0.052H –0.022A – 3.60
(Female)  
VC = 0.041H – 0.018A – 2.69


These equations can be found in the BioPac manual, Lessons 12-13.

MATERIALS & METHODS:
In addition to the materials listed in the Biopac Student Lab Manual (Lesson 12), a small animal respirator (“respiration pump”) was used to provide smooth, consistent airflow rates and volumes.  The respiration pump was manufactured by Harvard Apparatus Co (Model No. 613 SN 198).  The apparatus has a dual rate control that allows the inspiration and expiration rates to vary independently, with a range of 0 to 50 cycles per minute.  Stroke volume varies from 0-700 ml.  The respiration pump was used in conjunction with the 0.6L Calibration Syringe to calibrate and study the airflow transducer. 


Vital capacity measurements were performed according to guidelines in the BioPac Lesson 12 – Pulmonary Function (following confirmation with AARC guidelines).   After calibration, the airflow transducer was subjected to three tests – noise, rate of airflow, and relative angle.  Noise measurements were recorded by placing the transducer in an upright position and recording the data for five minutes.  Rate of airflow was varied between 12 L/min and 30 L/min using the respiration pump operating at a volume of 600 ml/stroke. Relative angle was measured using the upright transducer as a reference angle of 0o.  The transducer was then tilted 5o, 10o, and 45o, based on an angle measured by protractor and the average of three trials was recorded
.  

Two variables related to clinical protocol were then examined – posture of the subject, and whether or not the subject had recently been physically exerted.  Two seated positions were examined for posture – an exaggerated ‘slouch,’ with back bent and shoulders angled in towards the chest, and ‘upright,’ sitting on the edge of the chair with back straight.  Three subjects were examined in each position.  Finally, one subject was studied after strenuous exercise – sprinting up and down 10 flights of stairs.  Vital capacity measurements were recorded immediately after the subject finished his activity, and then at 5 minute increments for the next 15 minutes.     

RESULTS:
Optimization of Airflow Transducer for Vital Capacity Testing

Noise

During testing, it was observed that values measured for airflow were not smooth, but instead varied from the expected or ‘ideal’ values by 0.02-0.05 L/sec for the airflow curves with amplitudes of approximately 0.55 L/sec (Figure 2).  Since these deviations appeared to account for up to 9% of the total amplitude, we were concerned that signal noise may have a significant effect on the measured volume.

In order to discover if signal noise from the SS11LA Airflow Transducer had an effect on measured volume, the following steps were taken: 

· Unmodified data produced peak-to-peak volumes of 0.59L.  The data were then transformed using mean value smoothing, with a factor of 20 samples.  This resulted in smooth curves, eliminating the visible noise effect.  The modified data produced peak-to-peak volumes of 0.59L.  Therefore, machine noise has no significant effect on measured volume.

· To confirm this finding, an FFT was performed (see Figure 3).  From the figure, it was obvious that all frequency outputs greater than 2 Hz (noise) were significantly less than the signal due to the pump and could therefore be ignored. 

Since airflow measurements (L/sec) are integrated by Biopac to determine volume, this eliminates the effect of random noise in measured airflow.

Rate of Airflow


It was also determined that the rate of airflow did not affect volume measurements.  Two trials – with 10 volume measurements recorded per trial – were run on the respiration pump at 12 L/min and 30 L/min (the minimum and maximum rates).  Both yielded a mean measured value of 0.60 L ± 0.01L.  Since the difference between the two means was 0, with relatively large sample size (n=30) and high degree of precision (± 0.01L), it can be concluded that the rate of airflow does not have a significant effect on volume measurements over the range 12-30 L/min.  

Effect of Position of Airflow Transducer

The effect of the positioning of the airflow transducer relative to the vertical position at which it was calibrated was also examined.  As Table 1 illustrates, clinically significant (>±5%) variation occurred when the reference angle was 10o or greater (p<0.001).  Variations increased with increasing angle, which led to a substantial increase in measured volume, despite the fact that the same volume of air was being pumped into the airflow transducer.  Tilting the transducer 45 degrees resulted in a measured volume of 0.71L – an 18.3% change from the known value of 0.60 L.
Further examination concluded that the transducer could be displaced up to 5 degrees in either direction with no significant effect (p<0.001) on measured volume.  The measurement was highly precise, with a mean value of 0.60 L ± 0.01L.  Thus, it can be concluded that the position of the airflow transducer will not affect clinical results as long as it is kept within ± 5 degrees of vertical.

Optimization of Procedure for Subject Testing 


In order to examine the effect of the positioning of the subject, six total trials measuring vital capacity were run with subjects sitting upright and slouching. When comparing the results of slouched vs. upright positions, a 12.86% decrease was observed in the vital capacity of subject A, whereas a 4.46% and a 8.52% increase was observed in the vital capacity of subject B and C respectively.  Subject A’s increased measurements led to further examination of the effect of mobility during slouched breathing.  Two sets of data were taken, one in which straightening up was allowed and another in which it was not (Table 3).  In this case, it was shown that there was an increase in the vital capacity measurements (24.7% in subject A and 14.1% in subject B) when the subjects were allowed to move during deep inhalation (slouch to sitting upright) and exhalation (slouching further).   The percent difference in each of the subjects cannot be accurately quantified since the amount of motion that occurred in each of the subjects could not be measured.  Finally the rigid-slouched position was compared to the upright position.  Both subjects showed an increase in vital capacity when sitting in an upright position, subject A 
having an increase of 20.0% and subject B one of 20.8%.

Another test was performed to determine the effect of strenuous exercise shortly before testing.  After exercising for 15 minutes, subject C was tested at five-minute intervals after remaining at rest.  It was found that exercising only had an effect on his Vital Capacity immediately after finishing the work out (Table 4), and resulted in a 9.11% increase in vital capacity.  After 5 minutes of rest, the variations of Vital Capacity can be compared to the variations obtained when the subject was at rest, and shown to be insignificant.  

DISCUSSION/ANALYSIS:

As stated in ‘Results,’ three equipment-based effects were examined – noise, airflow rate, and angle of the transducer relative to vertical.  An FFT revealed no noise effect, and this was further confirmed since airflow measurements were integrated to determine volume.  The flow rate was measured to be 0.60 ± 0.01L (±1.7%).  The angle of the device, on the other hand, yielded up to an 18.3% change, depending on the angle of the device.  Therefore, the contribution of noise (0.0%) and flow rate (±1.7%) to equipment-based deviation in measured vital capacities is minimal in comparison to the measured angle effect.  If the angle of the device is within 45o of vertical, it can be said with a 95% confidence level that the accuracy of the measured vital capacity is ±18.3%.  In a subject with a 5.0 L vital capacity, this translates into ±0.915 L, which is an unacceptable level of inaccuracy.  The clinically acceptable amount is ±5%.  To bring the equipment-based inaccuracy to a clinically accepted level, the angle must be reduced to less than 10o, which yields ±5% deviation.  As stated above, if the airflow transducer is within 5o of vertical, measured values are highly accurate – 0.60 ± 0.01 L, or ±1.7%.  

Based on these considerations, the maximum fractional uncertainty can be calculated using the equation:

Y/Y)max  =   (Xi/Xi( = (0.0+0.017+0.017) = 0.034, or 3.4%
This shows that the maximal uncertainty attributable to the equipment factors studied (noise, airflow rate and relative device angle) is ±3.4%.  The practical uncertainty indicates an even higher accuracy:  

Y/Y)pract =  { (Xi/Xi()2}1/2 = (0.0172+0.0172)^.5 = 0.024, or 2.4%

Both of these uncertainties are within the clinically acceptable level of ±5%.  Based on these calculations, it can be concluded that if the airflow transducer is used within ±5o of vertical, the values obtained accurately reflect the volume of air expelled by the subject or device. 

In order to strengthen this conclusion, future studies should examine other relevant equipment-based variables such as drift, agitation of the transducer during testing, and which direction air is blown through the device.
The airflow rate during exhalation and inhalation may have varied outside of the range studied using the animal respirator.  As a result, the variance due to these airflows may not be represented by the range that was determined to be negligible.  For instance, if an adult male with a vital capacity of 5 L exhales forcefully over a period of 3 seconds, the rate of airflow is closer to 100 L/min.  Future studies should span a greater range of airflow rates to ensure that their effects are negligible.

Subjects were tested for vital capacity under two different posture conditions: slouched and upright.  Vital capacities were measured for each condition and the percent difference calculated.  Subject A had an approximately 13% decrease in vital capacity from slouch to upright.  In contrast, Subjects B and C had a 4.5% and 8.5% increase respectively, in vital capacity.  After reviewing Subject A's tests, we concluded that she had been raising her shoulders during the inhalation and exhalation portions of the protocol.  In order to determine the experimental significance of this event, additional experiments were completed with subjects slouched and still, and then again with subjects slouched but able to move during inhalation and exhalation.  The results of this experiment confirmed that movement when slouched, specifically raising of the shoulders, increased measured vital capacity (24.7% for Subject A and 14.1% for Subject B).  When the results from the upright position were compared to the results from the restrained slouched position, it was found that in both subjects tested there was above a 20% decrease in the vital capacity measurement when the subjects were slouched.  This decrease can be explained by the reduction of the volume of the chest cavity due to the curvature of the spine, which in turn causes compression on the lungs. In this position, the lungs are only able to intake 60% to 70% of their normal volume,
 thus decreasing vital capacity.  Despite trends that are evident in the subject-based data, we cannot draw any statistically significant conclusions because of the small sample size (n=3).  Future studies should incorporate a larger number of subjects in order to statistically justify the observed phenomenon.  
CONCLUSIONS:

1. The rate of airflow does not affect the measurement of vital capacity, from the range of 12 L/min to 30L/min as measurements as it yielded a mean measured value of 0.60 L ± 0.01L with a degree of precision of ± 0.01L.

2. The position of the airflow transducer will not affect clinical measurements of volume as long as it is kept within ±5o of the vertical neutral position (0.60 ± 0.01 L or ±1.7%).
3. A decrease in vital capacity measurements is found when the position of the subject is changed from sitting upright to slouching (20.0% in subject A and 20.8% in subject B).
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Figure 1 – Commonly measured Pulmonary Volumes and Capacities (Andrews, 1996).
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Figure 2: Airflow graph of trial run with 0.6 L volume of air at an airflow rate of 12 L/min with the small animal respirator.  Graph shows the noise observed and later concluded to be insignificant.  The x-axis is seconds, y-axis L/sec, and 4 seconds of data is shown.
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Figure 3: FFT of trial run with 0.6 L volume of air at an airflow rate of 12 L/min. Graph shows liters/sec (y-axis) vs. hertz.  For liters/sec, each solid gray line increases by 0.01 L/sec, and for hertz, each solid gray line increases by 10 hertz.
	Table 1

	ANGLE
	VOLUME READING

	0
	0.60 L 

	5
	0.60 L

	10
	0.63 L

	45
	0.71 L  


Table 1: Data showing the effect of the positioning of the transducer.
	SUBJECT
	SLOUCH
	STRAIGHT
	% DIFF.

	A
	3.31
	2.91
	-12.86%

	B
	3.50
	3.66
	+4.46%

	C
	5.28
	5.75
	+8.52%


Table 2: Data showing the difference observed when the subject was instructed to slouch while testing versus when the subject was instructed to sit up straight while testing.  The 12.86% change in subject A resulted in further investigation of the effect of movement during maximum inhalation and exhalation.

	SUBJECT
	SLOUCH STILL
	SLOUCH MOVE
	% DIFF

	A
	2.38
	3.05
	 +24.68%

	B
	2.97
	3.42
	+14.08%


Table 3:  Data showing the difference between the actual slouch position(without allowing movement), and when the subject was instructed to sit up straight while testing.

	SUBJECT
	SLOUCH STILL
	STRAIGHT
	% DIFF

	A
	2.38
	2.91
	 +20.00%

	B
	2.97
	3.66
	+20.80%


Table 4: Data showing the difference observed when the subject was instructed to slouch without movement while testing (slouch still) and when the subject was instructed to straighten up during maximum inhalation and slouch further during maximum exhalation (slouch move).

	TIME
	VITAL CAPACITY

	REST
	5.27

	0
	5.75

	5
	5.00

	10
	5.25

	15
	5.57


Table 5: Data showing measurements of vital capacity in 5-minute increments after 15 minutes of exercising.

	SUBJECT
	AGE (yrs)
	HEIGHT (cm)
	GENDER

	A
	20
	154
	Female

	B
	20
	172
	Female

	C
	22
	178
	Male


Table 6: Data on subjects that participated in testing
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