Spirometry

 Measurements of pulmonary function are useful in a diagnostic sense and are useful in following the history of disease over a period of time, assessing preoperative risk and in quantifying the effects of treatment. The presence of pulmonary abnormalities can be inferred if any of FEV1, FVC, FEV1/FVC, FEF 25/75 or PEF are outside normal ranges.

 A reduction in FEV1 in relation to forced vital capacity will result in a low FEV1/FVC ratio and is typical of obstructive disease defects (e.g. asthma and emphysema). The lower limit of normal for FEV1/FVC is around 70-75% but the exact limit is dependent on age.

 The FEV1/FVC ratio remains normal or high (usually > 80%) with a reduction in both FEV1 and FVC in restrictive disease defects (e.g. interstitial lung disease, respiratory muscle weakness and thoracic cage deformities.

 A reduced FVC together with a low FEV1/FVC ratio is a feature of mixed pulmonary defect in which a combination of both obstruction and restriction appear to be present, or may in airflow obstruction as a consequence of airway closure resulting in gas trapping, rather than as a result of small lungs. It may be necessary to measure the patient’s total lung capacity to distinguish between these two possibilities. 

 The shape of the expiratory flow-volume curve varies between obstructive defect where maximal flow rates are diminished and the expiratory curve is scooped out or concave to the x-axis, and restrictive defect where flows may be increased in relation to lung volume (convex). A “tail’ on the expiratory curve as residual volume is approached is suggestive of obstruction in the small peripheral airways. Examination of the shape of the flow-volume curve can be helpful to distinguish different disease states, but the inspiratory curve is effort-dependent. The plateau of inspiratory flow may result in floppy extrathoracic airway. Both inspiratory and expiratory flows are truncated for fixed lesions. Expiratory flows alone are reduced for intrathoracic obstruction.

 To measure the degree of reversibility (typically increased in asthma) of airflow obstruction, perform spirometry before and 10-15 minutes after administering a bronchodilator by pMDI with a valved holding chamber (AeroChamber). Careful check of the patient’s pMDI and AeroChamber technique is required prior to giving the bronchodilator. Normal subjects generally exhibit a smaller degree of reversibility usually less than 8%. Significant reversibility is implied if there is an improvement of > 15-20% of baseline FEV1. 

 Accurate and reproducible measurements can be influenced by the amount of bronchodilator delivered to the airways. Studies have demonstrated that a reduced amount of bronchodilator to the airways can result in less than maximal bronchodilator improvement. As a result, patients tested would not demonstrate the optimal results, which the bronchodilator could deliver.

 When peak expiratory flow (PEF) is measured repeatedly over a period and plotted against time (e.g. asthma), the pattern of the graph can be very important in identifying particular aspects of the patient’s disease. Typical patterns are the “morning dip” pattern of some asthmatic patients due to a fall in PEF in the early morning hours. Isolated falls in PEF in relation to specific allergens or trigger factors can help to identify and quantify these for the doctor and patient. A downward trend in PEF and an increase in variability can identify worsening asthma and can be used to modify therapy.

 In patients with known infectious disease many pulmonary function laboratories prefer to measure pulmonary function using a pneumotachograph or other electronic sensor. These devices can be more easily cleaned and sterilized than conventional bellows or water-sealed spirometers. Although the transmission of respiratory pathogens (e.g. Mycobacterium avium, M. tuberculosis and aspergillus species) via spirometers has not been established, the potential risks are difficult to disprove.

 Mouthpieces must be disposed of or cleaned and disinfected between patients because of the greater danger of cross-infection is via direct contact with bodily fluids. Since it is usually impractical to effectively decontaminate the interior surfaces of spirometers between patients, most pulmonary function laboratories clean and disinfect their equipment periodically (weekly or monthly) and/or use a disposable, low-resistance micro-aerosol filter inserted between the subject and spirometers to prevent contamination. 

If disassembling the spirometers for cleaning, it is essential to thoroughly dry the components before reassembling, check the spirometers for correct operation and adjust the calibration. The calibration of the spirometer is also required daily. 

 The Pall Biomedical filter has been shown to have very low resistance to flow and not significantly affect the clinical measurements of pulmonary function. Many spirometers have specific micro-aerosol filters for their devices. Other laboratories use disposable mouthpieces containing a one-way valve to prevent inspiration from equipment, but this is only possible when performing solely expiratory spirometry.

 Measurements of pulmonary function should be part of the routine assessment of patients with pulmonary diseases. Patient self-monitoring with a PFM or similar device is now an accepted part of the day-to-day management of asthma. Spirometry measurements performed in the general practitioner or specialist’s office can detect pulmonary abnormalities and help differentiate the various disease processes, which result in pulmonary impairment. They also have an important role in following the natural history of pulmonary diseases and its treatment.

Measurement of Pulmonary Function

 Conventionally, a spirometer is a device used to measure timed expired and inspired volumes, and from these we can calculate how effectively and how quickly the lungs can be emptied and filled. A spirogram is a volume-time curve and Figure 1 shows two commonly recorded curves. 

The measurements, which are usually made, are as follows: 

1. VC (vital capacity) is the maximum volume of air that can be exhaled or inspired during either a forced (FVC) or a slow (VC) maneuver. 

2. FEV1 (forced expired volume in one second) is the volume expired in the first second of maximal expiration after a maximal inspiration and is a useful measure of how quickly full lungs can be emptied. 

3. FEV1/FVC is the FEV1 expressed as a percentage of the FVC and gives a clinically useful index of airflow limitation. 

4. FEF25-75% is the average expired flow over the middle half of the FVC maneuver and is regarded as a more sensitive measure of small airways narrowing than FEV1. Unfortunately FEF25-75% has a wide range of normality, is less reproducible than FEV1, and is difficult to interpret if the FVC is reduced or increased. 

5. PEF (peak expiratory flow) is the maximal expiratory flow rate achieved and this occurs very early in the forced expiratory maneuver. Alternatively, measures of flow can be made either absolutely (e.g. peak expiratory flow) or as a function of volume, thus generating a flow-volume curve the shape of which is reproducible for any individual but varies considerably between different lung diseases. A poorly performed maneuver is usually characterized by poor reproducibility. 

 All pulmonary function should be reported at body temperature and pressure saturated with water vapor (BTPS). If this is not done the results will be underestimated because when the patient blows into a "cold" spirometer, the volume recorded by the spirometer is less than that displaced by the lungs.

Measuring Devices

 Volume-Displacement Spirometers commonly used devices include volume-displacement and flow sensing spirometers for use in the office or laboratory and portable devices suitable for personal use. 

 

Volume-Displacement Spirometers conventional spirometers provide a direct measure of respired volume from the: displacement of a bell (water sealed), piston (rolling seal) or bellows (e.g. wedge bellows). The results are normally presented as a graphic display of expired volume against time (a spirogram). 

 The index of FEV1, FVC and are generally manually calculated (including correction to BTPS) from the spirogram by the operator and for these reason volume-type spirometers are considered time consuming and less convenient for routine use in the doctor office. FEV25-75% is also sometimes measured as an index of early disease in the peripheral airways. Some volume spirometers are computer assisted to reduce testing time as all computations, including correction to BTPS, are performed automatically. An important advantage of computerized volume spirometers that incorporate a kymograph (rotating drum to move the recording paper) is that the operator can manually verify the accuracy of the computer-derived results from the recorded spirogram. 

 Generally, volume spirometers are cheaper, simple to use, accurate, reliable, and easy to maintain and provide a clear and permanent record of the test. They are, however, less portable than flow spirometers, and more difficult to clean and disinfect, and have relatively poor dynamic characteristics. While the response characteristics of the mechanical bellows and pen assembly are adequate for faithful recording of events occurring over seconds (FVC, FEV1) they are not usually sufficiently fast to accurately record rapid events (e.g. PEF measurements). Volume spirometers have been, and continue to be, widely used in respiratory laboratories, general practice clinics and epidemiologic surveys of lung function and are the instruments most familiar to the majority of operators. 

Flow-Sensing Spirometers

 Over recent years advances in electronics and microprocessor technology have led to the development of a new range of portable spirometers. Flow spirometers generally utilize a sensor that measures flow as the primary signal and calculate volume by electronic (analog) or numerical (digital) integration of the flow signal. The most commonly used flow sensors detect and measure flow from: the pressure drop across a resistance (e.g. pneumotach or orifice); cooling of a heated wire (anemometer); or by electronically counting the rotation of a turbine blade. 

 For the family practitioner these devices have largely replaced the volume spirometer because they automatically calculate a large range of pulmonary indexes, assess the acceptability of each blow, store patient results, calculate reference values for the patient being tested and provide a print-out of the results including the spirogram and flow-volume loop. Some also provide an interpretation of the results, but the appropriateness of these comments depends on the use of correct predicted normal values and criteria employed to classify the defect and grade severity. These features, together with their portability, ease of use and maintenance (e.g. cleaning and disinfections) have resulted in the increasing popularity of flow-based spirometers. 

 

 A hard copy of the volume-time (spirogram) or flow volume curve gives valuable shape information and should be retained as a permanent test record.
 Some flow spirometers have disposable sensors, which may be replaced between patients, effectively eliminating the need for cleaning and disinfection. However, the accuracy of each new sensor may need to be established. Accuracy and reproducibility depend on the stability and calibration of the electronic circuitry and appropriate correction of flow and volume to BTPS conditions. For example, a small error when detecting zero flow can cause these devices to produce large errors in the measurement of FVC, as the error is continually added during the time needed to complete the blow. With heavy use, the sensor may also change its calibration due to the condensation of water vapor. Further, not all electronic spirometers provide flexibility in the choice of predicted values relevant to all populations or allow the operator to manually enter personally selected predicted equations. 

Portable Devices

 Mechanical devices for personal use by patients, such as the peak flow meter, have been available for several decades for serial monitoring of lung function and have proven useful in the management of asthma. Most peak flow meters are robust and provide reproducible results essential for serial monitoring. However, they can have limited accuracy and, because they provide only a single effort-dependent index of pulmonary function, they have limited application in the initial assessment of respiratory diseases. 

 Measurements of PEF are reduced in diseases causing airways obstruction. Peak flow monitoring is particularly useful for following trends in lung function; quantifying response to treatment and identifying trigger factors in asthma. 

 Peak flow meters vary considerably in accuracy between brands and this is sometimes due to the complex (e.g. non-linear) physical characteristics of the spring component. One way of overcoming this problem and thus enhancing their accuracy is to use a flow-proportional measurement scale and most manufacturers of peak flow meters now use them. 

 

Portable peak flow meters are a reasonably reliable tool for patients to monitor their own airway function.
 Recently several small, inexpensive yet very accurate battery-powered devices have been developed, some of which can store the test data, which can be downloaded onto a computer for review and statistical analysis. With continued advances in flow sensor technology, the traditional peak flow meter may well be replaced by inexpensive electronic portable spirometers capable of accurately measuring several indices of ventilatory function and storing the results together with the date and time, thus allowing subsequent analysis by the physician. 

 

Factors to Consider when Choosing a Spirometer

 A spirometer must: be simple to use; be safe and effective. Ensure compliance with spirometer and electrical safety standards. The relevant electrical safety standard is to be capable of simple routine calibration checking and have stable calibration which allows adjustments by the operator; be robust and reliable, with low maintenance requirements and minimum of 5 to 7 years' design life; provide graphic display of the maneuver; utilize a sensor which is disposable or can be cleaned and disinfected; be purchased from a reputable supplier who can provide training and servicing/repair; be provided with a comprehensive manual describing its operation, routine maintenance and calibration; use relevant normal predicted values; and be reasonably priced. Faced with such a large variety of spirometers, general practitioners have to choose an instrument suitable for use in their own office. 

The Technique- 

How To Do It and Common Pitfalls and Problems
How to Do It

 To ensure an acceptable result, the FVC maneuver must be performed with maximum effort immediately following a maximum inspiration; it should have a rapid start and the spirogram should be a smooth continuous curve. 

 To achieve good results, carefully explain the procedure to the patient, ensuring that he/she is sitting erect with feet firmly on the floor (the most comfortable position, though standing gives a similar result in adults, and in children the vital capacity is greater in the standing position). 

 Apply a nose clip to the patient's nose (this is recommended but not essential) and urge the patient to breathe in fully; seal his/her lips around the mouthpiece; blast air out 'as fast and as far as you can' until the lungs are completely empty; breathe in again as forcibly and fully as possible. 

 If only peak expiratory flow is being measured then the patient need only exhale for a couple of seconds. Essentials area good seal on the mouthpiece and very vigorous effort right from the start of the maneuver and continuing until absolutely no more air can be exhaled; no leaning forward during the test. 

 Remember, particularly in patients with airflow obstruction, that it may take many seconds to fully exhale. It is also important to recognize those patients whose efforts are reduced by chest pain or abdominal problems, or by fear of incontinence, or even just by lack of confidence. There is no substitute for careful explanation and demonstration - demonstrating the maneuver to the patient will overcome 90% of problems encountered and is critical in achieving satisfactory results. Observation and encouragement of the patient's performance are also crucial. Be sure to examine the spirogram for acceptability and reproducibility, and to correct the measurements to BTPS.

 Attention to fine detail in the performance of the breathing maneuver is critical to obtaining reliable results. At least three technically acceptable maneuvers should be obtained, ideally with less than 0.2 L variability for FEV1 (and FVC) between the highest and second highest result. Quote the largest value. The American Thoracic Society (ATS) provides the following guidelines for maneuver performance. 
FVC 

· Minimum of 3 acceptable blows 

· A rapid start is essential: this is defined as a back-extrapolated volume of <5% of FVC or 0.15 L, whichever is greater

· At least 6-second expiration 

· End of test - no change in volume for at least 1 second after exhalation time of 6 seconds; or FET >15 seconds; or stopped for clinical reasons 

· Spirometer temperature between 17 and 40 degrees Celsius; measure spirometer temperature to one degree Celsius 

· Use of nose clip is encouraged 

· Sitting or standing 

· Reproducibility: the highest and second highest FVC should agree to within 0.2L 

            Largest VC or FVC is recorded 

FEV1 

As for FVC 

· Take largest FEV1 even if not from the same curve as the best FVC 

· "Zero time" determined by back-extrapolation - extrapolated volume should be <5% of FVC or 0.15 liters, whichever is greatest.

· Smooth, rapid take off with no: hesitation, cough, leak, tongue obstruction, glottic closure, valsalva or early termination 

· Reproducibility: the highest and second highest FEV1 should agree to within 0.2L

· FEF25-75% and Expiratory Flows from the single spirogram with the largest sum of FEV1 + FVC 

PEF (Using a peak flow meter) 

· Minimum of 3 acceptable blows 

· Standing position is preferred 

· Nose clip not necessary 

· No cough 

· Blow duration 1 to 2 seconds 

 It is useful to learn how to recognize inadequacies in the performance of spirometry and the recordings as these can greatly affect the accuracy, reproducibility and hence interpretation of the results. 


Patient-Related Problems

The most common patient-related problems when performing the FVC maneuver are: 

· Sub-maximal effort 

· Leaks between the lips and mouthpiece 

· Incomplete inspiration or expiration (prior to or during the forced maneuver) 

· Hesitation at the start of the expiration 

· Cough (particularly within the first second of expiration) 

· Glottic closure 

· Obstruction of the mouthpiece by the tongue 

· Vocalization during the forced maneuver 

· Poor posture. 

 Once again, demonstration of the procedure will prevent many of these problems, remembering that all effort-dependent measurements will be variable in patients who are uncooperative or trying to produce low values. 

 Glottic closure should be suspected if flow ceases abruptly during the test rather than being a continuous smooth curve. Recordings in which cough, particularly if this occurs within the first second, or hesitation at the start has occurred should be rejected. Vocalization during the test will reduce flows and must be discouraged - performing the maneuver with the neck extended often helps. 

 Instructing the subject to place the mouthpiece well into the mouth and to bite it lightly can significantly reduce the problem of obstruction of the mouthpiece by the tongue.

Instrument-Related Problems

 These depend largely on the type of spirometer being used. On volume-displacement spirometers look for leaks in the hose connections; on flow-sensing spirometers look for rips and tears in the flow-head connector tube; on electronic spirometers be particularly careful about calibration, accuracy and linearity. Standards recommend checking the calibration at least daily and a simple self-test of the spirometer is an additional, useful daily check that the instrument is functioning correctly. 

 When using the volume-displacement Vitalograph spirometer it is very important to continue to record expired volume until the patient's lungs are empty and not to discontinue once the chart carrier stops moving, otherwise you will underestimate FVC. The American Thoracic Society suggests that VC is likely to be a more useful measure than FVC if the exhalation time is longer than 15 seconds. When using a volume spirometer that utilizes a rotating drum (kymograph) to move the recording paper, it is important to allow the paper to reach the correct speed before the patient begins to blow. Switch on the kymograph a couple of seconds before the patient blows. 

Demonstrating the test you often facilitates the vigorous effort required for spirometry. 

Predicted Normal Values

 To interpret ventilatory function tests in any individual, compare the results with reference values obtained from a well-defined population of normal subjects matched for gender, age, height and ethnic origin and using similar test protocols; and carefully calibrated and validated instruments. 

Normal predicted values for ventilatory function generally vary as follows:

· Gender: For a given height and age, males have a larger FEV1, FVC, FEF25-75% and PEF but a slightly lower FEV1/FVC%. 

· Age: FEV1, FVC, FEF25-75% and PEF increase and   FEV1/FVC% decrease with age until about 20 years old in females and 25 years in males. After this, all indices gradually fall, although the precise rate of decline is probably masked due to the complex interrelationship between age and height. The fall in FEV1/FVC% with age in adults is due to the greater decline in FEV1 than FVC.

· Height: All indices other than FEV1/FVC% increase with standing height.

· Ethnic Origin: Caucasians have the largest FEV1 and FVC and, of the various ethnic groups, Polynesians are among the lowest. The values for African-Americans are 10-15% lower than for Caucasians of similar age, sex and height because for a given standing height their thorax is shorter. Chinese have been found to have an FVC about 20% lower and Indians about 10% lower than matched Caucasians. There is little difference in PEF between ethnic groups. 

 There is a vast literature of normal population studies, many of which have deficiencies in sample size, definition of normality, inclusion of smokers and choice of equipment. 

Interpretation of Pulmonary Function Tests

 Measurements of ventilatory function may be very useful in a diagnostic sense but they are also useful in following the natural history of disease over a period of time, assessing preoperative risk and in quantifying the effects of treatment. The presence of ventilatory abnormality can be inferred if any of FVC, FEV1, PEF or FEV1/VC% is outside the normal range.

Classifying Abnormal Ventilatory Function
· A reduction of FEV1 in relation to the forced vital capacity will result in a low FEV1/FVC% and is typical of obstructive defects (e.g. asthma and emphysema). The lower limit of normal for FEV1/FVC is around 70-75% but the exact limit is dependent on age. In obstructive lung disease the FVC may be less than the slow VC because of earlier airway closure during the forced maneuver. This may lead to an overestimation of the FEV1/FVC%.

· The FEV1/FVC% ratio remains normal or high (typically > 80%) with a reduction in both FEV1 and FVC in restrictive ventilatory defects (e.g. interstitial lung disease, respiratory muscle weakness, and thoracic cage deformities such as kypho-scoliosis). 

· A reduced FVC together with a low FEV1/FVC% ratio is a feature of a mixed ventilatory defect in which a combination of both obstruction and restriction appear to be present, or alternatively may occur in airflow obstruction as a consequence of airway closure resulting in gas trapping, rather than as a result of small lungs. It may be necessary to measure the patient's total lung capacity to distinguish between these two possibilities. 

· The shape of the expiratory flow-volume curve varies between obstructive defects where maximal flow rates are diminished and the expiratory curve is scooped out or concave to the x-axis, and restrictive diseases where flows may be increased in relation to lung volume (convex). A "tail" on the expiratory curve as residual volume is approached is suggestive of obstruction in the small peripheral airways. 

· Examination of the shape of the flow-volume curve can help to distinguish different disease states, but note that the inspiratory curve is effort-dependent. For example, a plateau of inspiratory flow may result from a floppy extrathoracic airway, whereas both inspiratory and expiratory flow are truncated for fixed lesions. Expiratory flows alone are reduced for intra-thoracic obstruction.

Measuring Reversibility of Airflow Obstruction

 To measure the degree of reversibility (typically increased in asthma) of airflow obstruction, perform spirometry before and 10-15 minutes after administering a bronchodilator by pMDI with a valved holding chamber (AeroChamber). Careful check of the patient’s pMDI and AeroChamber technique is required prior to giving the bronchodilator. Normal subjects generally exhibit a smaller degree of reversibility usually less than 8%. Significant reversibility is implied if there is an improvement of > 15-20% of baseline FEV1. 

 Accurate and reproducible measurements can be influenced by the amount of bronchodilator delivered to the airways. Studies have demonstrated that a reduced amount of bronchodilator to the airways can result in less than maximal bronchodilator improvement. As a result, patients tested would not demonstrate the optimal results, which the bronchodilator could deliver.

Peak Flow Monitoring

 When peak expiratory flow (PEF) is measured repeatedly over a period and plotted against time (e.g. asthma), the pattern of the graph can be very important in identifying particular aspects of the patient’s disease. Typical patterns are the “morning dip” pattern of some asthmatic patients due to a fall in PEF in the early morning hours. Isolated falls in PEF in relation to specific allergens or trigger factors can help to identify and quantify these for the doctor and patient. A downward trend in PEF and an increase in variability can identify worsening asthma and can be used to modify therapy.



PEF self-monitoring is very useful in asthma management, particularly in those with poor perception of their own airway caliber.

Infection Control Measures

 In patients with known infectious disease many pulmonary function laboratories prefer to measure pulmonary function using a pneumotachograph or other electronic sensor. These devices can be more easily cleaned and sterilized than conventional bellows or water-sealed spirometers. Although the transmission of respiratory pathogens (e.g. Mycobacterium avium, M. tuberculosis and aspergillus species) via spirometers has not been established, the potential risks are difficult to disprove.

 Mouthpieces must be disposed of or cleaned and disinfected between patients because of the greater danger of cross-infection is via direct contact with bodily fluids. Since it is usually impractical to effectively decontaminate the interior surfaces of spirometers between patients, most pulmonary function laboratories clean and disinfect their equipment periodically (weekly or monthly) and/or use a disposable, low-resistance micro-aerosol filter inserted between the subject and spirometers to prevent contamination. 

 If disassembling the spirometers for cleaning, it is essential to thoroughly dry the components before reassembling, check the spirometers for correct operation and adjust the calibration. The calibration of the spirometer is also required daily. 

Choosing an Appropriate Test

 It is worth trying to recognize clinical situations and choosing the appropriate test for each. For example, if upper airway obstruction is suspected, flow-volume curve with particular emphasis on inspiration is the best test. 

 For the diagnosis of asthma, spirometry before and after the administration of a bronchodilator, looking for an obstructive pattern with significant improvement, would apply. It is usually necessary to repeat spirometry assessment of airway function at follow-up visits in asthma and other lung conditions where change can occur over short periods of time.

  In patients suspected of having asthma but in whom baseline spirometry is normal, it is appropriate to try bronchial challenge testing with measurement of spirometry before and after provocation by exercise or by inhalation of histamine, methacholine or hypertonic saline. 

To identify asthma triggers or treatment responses over long periods of time, regular PEF monitoring by the asthmatic patient is best.

 

Spirometry

· Detection of disease and its severity

· Identification of asthma triggers

· Progress/natural history monitoring

· Treatment response assessment

· Preoperative assessment 

Calibration Checks

 An accurate and reliable spirometer is the result of an ongoing program of preventative maintenance that includes regular calibration checks, cleaning and verification that it is operating correctly. 

 From a practical point of view it is necessary to perform calibration checks on spirometers and flow measuring devices: a calibration syringe is generally needed. The frequency of performing checks will vary with the clinical setting and the type of instrument being used, and the need to adjust the calibration will depend on whether it is outside control limits. 

 If a volume-displacement spirometer is being used, then the frequency of calibration may be less frequent (weekly) with daily checks for leaks. Flow-type spirometers generally require daily calibration checks. An important determinant is the stability of the calibration over time and this can only be established with hindsight, having performed many calibration checks on the instrument. All spirometers must be recalibrated after cleaning or disinfection, or if an unusual or unexpected result indicates a problem. 

 Typically, spirometers should be accurate (volume to within ± 0.05 L or ±3%, whichever is greater; flow to within ±0.2 L/sec or ±5%, whichever is greater) and calibrated with an accurate 3-liter syringe. When a spirometer is moved into a cooler or hotter environment, it is important to allow time for it to reach the new temperature and to measure it, otherwise the BTPS correction factor will be incorrect. Similarly, the calibration syringe needs to be at the same temperature as the spirometer and for this reason it is usually stored near the spirometer. In order to detect changes in overall spirometer performance, the pulmonary function of one or more subjects with stable respiratory function should be measured and recorded regularly as part of an ongoing quality control program. 

 Records of calibration checks, quality control and service history should be kept with the equipment. Testing yourself (if you have stable function) on your spirometer every week or two is a practical way of ensuring quality control. A variation of >5% in FEV1 or FVC should alert you to a problem and the need to have your instrument properly checked and serviced. 

 Volume-displacement spirometers should be checked daily for leaks by filling the spirometer and applying a weight to the spirometer bell (or pressure to the spirometer piston) with the tubing attached and plugged, and observing any volume change. In practice, a volume change of less than 0.02 liters over a 30 second period is acceptable. The recording paper speed should also be checked with a stopwatch quarterly or when an error is suspected. An accuracy of 2% is acceptable. 

 Flow measurement devices (e.g. pneumotachograph, turbinometers) should be checked regularly for linearity over the physiological range of flows (0-14 liters per second). A good test of linearity is to deliver a given volume (e.g. with a 3 liter syringe) at a wide variety of flows, ensuring that the volume recorded by the instrument is close to 3.00 liters over the whole range of flows (± 0.05 liter or ± 3%, whichever is greater, in this case 2.91 - 3.11 liters). 

Validation Procedures

 The ATS also describes validation procedures to assess the accuracy and reproducibility of both volume-displacement and flow-sensing spirometers. This requires the use of an expensive computer-controlled syringe, which can produce a variety of FVC curves with accurately known values for FVC, FEV1, FEF25-75% and PEF. Validation is normally carried out by the manufacturer (or an independent testing laboratory) and it is important for prospective purchasers to ensure that the spirometer meets the ATS criteria and that clear documentation of this is provided.

Correction of Volume and Flow Measures to BTPS 

(Temperature, Pressure and Humidity)

 For most instruments, manual correction of measured volume and flow rates to body temperature and pressure saturated (BTPS) is usually necessary when these are calculated from conventional spirograms, as the expired gas contracts due to gas cooling and the condensation of water vapor. The appropriate correction factor to apply depends on the temperature and to a lesser extent on the pressure of the gas as it enters the spirometer or flows through the sensor. This correction assumes that expired air-cools instantly as it enters the spirometer. Electronic spirometers will usually automatically correct to BTPS but the operator will need to specify ambient temperature and barometric pressure unless these are measured directly by the instrument. 

 When we blow into a "cold" spirometer, the volume recorded by the spirometer is less than that displaced from the lungs. This is because: 1. Gas shrinks (Charles' Law) and 2. Water vapor condenses (vapor pressure falls). 

 Heated pneumotachographs partially overcome the need for the temperature correction by reheating expired gas to a temperature close to that of the body, but some further correction may still be required as the gas will have lost water vapor and will not be fully saturated. 

The equation for correcting FEV1, FEF25-75%, VC, FVC and PEF from ATPS (atmospheric temperature and pressure saturated) to BTPS is: 

 

Predicted Normal Values

 The use of a fixed percent of predicted (e.g. 80%) to define the lower limit of normal is widespread despite being shown to be statistically invalid. A more appropriate approach is based on the use of the residual standard deviation (RSD) from regression analyses (e.g. FEV1 versus Age) but this is only possible if the survey population data are normally distributed for subjects of all ages and heights. The addition or subtraction of 1.64 times the RSD from the mean predicted value results in an upper or lower limit of normality with a confidence level such that 95% of the subjects in the survey lie above the lower limit. 

 If the population data is not normally distributed then the 95th percentile may be used. This represents the point at which 95% of the normal population falls. Lower limits of normal are also given at the 95th percentile. 
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Pulmonary Function Testing

(Spirometry Expert Panel Report 2 Guidelines)

 Spirometry measurements (FEV1, FVC, FEV1/FVC) before and after the patient inhales a short-acting bronchodilator should be undertaken for patients in whom the diagnosis of asthma is being considered (Bye et al. 1992; Li and O’Connell 1996). This helps determine whether there is airflow obstruction and whether it is reversible over the short term. Spirometry is generally valuable in children over age 4; however, some children cannot conduct the maneuver adequately until after age 7.

 Spirometry typically measures the maximal volume of air forcibly exhaled from the point of maximal inhalation (forced vital capacity, FVC) and the volume of air exhaled during the first second of the FVC (forced expiratory volume in 1 second, FEV1). Airflow obstruction is indicated by reduced FEV1 and FEV1/FVC values relative to reference or predicted values. Significant reversibility is indicated by an increase of 12 percent and 200 ml in FEV1 after inhaling a short-acting bronchodilator (American Thoracic Society 1991). A 2- to 3-week trial of oral corticosteroid therapy may be required to demonstrate reversibility. The spirometry measures that establish reversibility may not indicate the patient's best lung function.

 Abnormalities of lung function are categorized as restrictive and obstructive defects. A reduced ratio of FEV1/FVC (i.e., <65 percent) indicates obstruction to the flow of air from the lungs, whereas a reduced FVC with a normal FEV1/FVC ratio suggests a restrictive pattern. The severity of abnormality of spirometric measurements is evaluated by comparison of the patient's results with reference values based on age, height, sex, and race (American Thoracic Society 1991).

 Although asthma is typically associated with an obstructive impairment that is reversible, neither this finding nor any other single test or measure is adequate to diagnose asthma. Many diseases are associated with this pattern of abnormality. The patient's pattern of symptoms (along with other information from the patient's medical history) and exclusion of other possible diagnoses also are needed to establish a diagnosis of asthma. In severe cases, the FVC may also be reduced, due to trapping of air in the lungs.

 Office-based physicians who care for asthma patients should have access to spirometry, which is useful in both diagnosis and periodic monitoring. Spirometry should be performed using equipment and techniques that meet standards developed by the (American Thoracic Society 1995). Correct technique, calibration methods, and maintenance of equipment are necessary to achieve consistently accurate test results. Maximal patient effort in performing the test is required to avoid important errors in diagnosis and management.

 Training courses in the performance of spirometry that are approved by the National Institute for Occupational Safety and Health are available (800-35NIOSH). When office spirometry shows severe abnormalities, or if questions arise regarding test accuracy or interpretation, the Expert Panel recommends further assessment in a specialized pulmonary function laboratory. 
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 Even though additional studies are not routine, they may be considered. No one test or set of tests is appropriate for every patient. However, the following procedures may be useful when considering alternative diagnoses, identifying precipitating factors, assessing severity, and investigating potential complications:

 Additional pulmonary function studies (e.g., lung volumes and inspiratory and expiratory flow volume loops) may be indicated, especially if there are questions about coexisting chronic obstructive pulmonary disease, a restrictive defect, or possible central airway obstruction. A diffusing capacity test is helpful in differentiating between asthma and emphysema in patients at risk for both illnesses, such as smokers and older patients. 

 Assessment of diurnal variation in peak expiratory flow over 1 to 2 weeks is recommended when patients have asthma symptoms but normal spirometry (Enright et al. 1994). PEF is generally lowest on first awakening and highest several hours before the midpoint of the waking day (e.g., between noon and 2 p.m.) (Quackenboss et al. 1991). Optimally, PEF should be measured close to those two times, before taking an inhaled short-acting beta2-agonist in the morning and after taking one in the afternoon. A 20 percent difference between morning and afternoon measurements suggests asthma. Measuring PEF on waking and in the evening may be more practical and feasible, but values will tend to underestimate the actual diurnal variation. 

 Bronchoprovocation with methacholine, histamine, or exercise challenge may be useful when asthma is suspected and spirometry is normal or near normal. For safety reasons, bronchoprovocation testing should be carried out by a trained individual in an appropriate facility and is not generally recommended if the FEV1 is <65 percent predicted. A negative bronchoprovocation may be helpful to rule out asthma. 

Monitoring Pulmonary Function
 In addition to assessing symptoms, it is also important to periodically assess pulmonary function. The main methods are spirometry and peak flow monitoring.

 Regular monitoring of pulmonary function is particularly important for asthma patients who do not perceive their symptoms until airflow obstruction is severe. Currently, there is no readily available method of detecting the "poor perceivers." The literature reports that patients who had a near-fatal asthma exacerbation, as well as older patients, are more likely to have poor perception of airflow obstruction (Kikuchi et al. 1994; Connolly et al. 1994).

Spirometry
 The Expert Panel recommends that spirometry tests be done (1) at the time of initial assessment; (2) after treatment is initiated and symptoms and peak expiratory flow (PEF) have stabilized, to document attainment of (near) "normal" airway function; and (3) at least every 1 to 2 years to assess the maintenance of airway function.

 Spirometry may be indicated more often than every 1 to 2 years, depending on the clinical severity and response to management. Spirometry with measurement of the FEV1 is also useful; 

· As a periodic (e.g., yearly) check on the accuracy of the peak flow meter (Miles et al. 1995).

· When more precision is desired in measuring lung function (e.g., when evaluating response to bronchodilator or nonspecific airway responsiveness or when assessing response to a "step down" in pharmacotherapy) 

· When PEF results are unreliable (e.g., in some very young or elderly patients or when neuromuscular or orthopedic problems are present) and the physician needs the quality checks that are available only with spirometry (Hankinson and Wagner 1993).

 For routine monitoring at most outpatient visits, measurement of PEF with a peak flow meter is generally a sufficient assessment of pulmonary function, particularly in mild intermittent, mild persistent, and moderate persistent asthma. 

Peak Flow Monitoring 

 Peak expiratory flow provides a simple, quantitative, and reproducible measure of the existence and severity of airflow obstruction. PEF can be measured with inexpensive and portable peak flow meters. It must be stressed that peak flow meters are designed as tools for ongoing monitoring, not diagnosis. Because the measurement of PEF is dependent on effort and technique, patients need instructions, demonstrations, and frequent reviews of technique (see box 4-2, the patient handout How To Use Your Peak Flow Meter).

 Peak flow monitoring can be used for short-term monitoring, managing exacerbations, and daily long-term monitoring. When used in these ways, the patient's measured personal best is the most appropriate reference value. Four studies (Woolock et al 1988; Ignacio-Garcia and Gonzales-Santos 1995; Lahdensuo et al. 1996; Beasley et al. 1989) have found that comprehensive asthma self-management programs, in which peak flow monitoring was a component, achieved significant improvements in health outcomes. Thus far, the few studies that have isolated a comparison of peak flow and symptom monitoring have not been sufficient to assess the relative contributions of each to asthma management. The literature does suggest which patients may benefit most from peak flow monitoring. 

 The Expert Panel concludes, on the basis of this literature and the Panel's opinion, that:

 Patients with moderate-to-severe persistent asthma should learn how to monitor their PEF and have a peak flow meter at home. 

Peak flow monitoring during exacerbations of asthma is recommended for patients with moderate-to-severe persistent asthma to:

· Determine severity of the exacerbation

· Guide therapeutic decisions in the home, clinician's office, or emergency department

Long-term daily peak flow monitoring is helpful in managing patients with moderate- to-severe persistent asthma to:

· Detect early changes in disease status that require treatment

· Evaluate responses to changes in therapy

· Provide assessment of severity for patients with poor perception of airflow obstruction

· Afford a quantitative measure of impairment

 If long-term daily peak flow monitoring is not used, a short-term (2 to 3 weeks) period of peak flow monitoring is recommended to:

· Evaluate responses to changes in chronic maintenance therapy

· Identify temporal relationship between changes in PEF and exposure to environmental or occupational irritants or allergens. It may be necessary to record PEF four or more times a day (Chan-Yeung 1995).

· Establish the individual patient's personal best PEF

 The Expert Panel does not recommend long-term daily peak flow monitoring for patients with mild intermittent or mild persistent asthma unless the patient/family and/or clinician find it useful in guiding therapeutic decisions. Any patient who develops severe exacerbations may benefit from peak flow monitoring. 

 Limitations of long-term peak flow monitoring include:

· Difficulty in maintaining adherence to monitoring (Reeder et al. 1990; Chmelik and Doughty 1994; Malo et al. 1993), often due to inconvenience, lack of required level of motivation, or lack of a specific treatment plan based on PEF 

· Potential for incorrect readings related to poor technique, misinterpretation, or device failure 

 Whether peak flow monitoring, symptom monitoring, or a combination of approaches is used, the Expert Panel believes that self-monitoring is important to the effective self-management of asthma. The nature and intensity of self-monitoring should be individualized, based on such factors as asthma severity, patient's ability to perceive airflow obstruction, availability of peak flow meters, and patient preferences. 

 It is the opinion of the Expert Panel that, regardless of the type of monitoring used, patients should be given a written action plan and be instructed to use it. The Panel believes it is especially important to give a written action plan to patients with moderate-to-severe persistent asthma and any patient with a history of severe exacerbations. The action plan will describe the actions patients should take based on their signs and symptoms and/or PEF. The clinician should periodically review the plan, revise it as necessary, and confirm that the patient knows what to do if his or her asthma gets worse.

Recommendations on How To Monitor Peak Flow
The Expert Panel recommends that patients who are using a peak flow meter be instructed on how to establish their personal best peak expiratory flow and use it as the basis of their action plan. Meters used to measure PEF should meet American Thoracic Society recommendations for monitoring devices (American Thoracic Society 1995).

 The patient's personal best PEF can be estimated after a 2- to 3-week period in which the patient records PEF two to four times per day. The personal best value is usually achieved in the early afternoon measurement after maximal therapy has stabilized the patient (Quackenboss et al. 1991). A course of oral corticosteroids may be needed to establish the personal best PEF. The patient's personal best value should be reassessed periodically to account for progression of disease in children and adults and for growth in children. Occasionally, a PEF value is recorded that is markedly higher than other values. This may be due to "spitting" (especially if the peak flow meter mouthpiece is small) or coughing into the peak flow meter, as well as other reasons that are not well understood. Therefore, caution should be used in establishing a personal best value when an outlying value is observed. Children with moderate-to-severe persistent asthma should repeat the short-term monitoring period every 6 months to establish changes in personal best PEF that occur with growth.

 Patients requiring daily peak flow monitoring should measure their PEF on waking from sleep in the morning before taking a bronchodilator, if the patient uses a bronchodilator (Reddel et al. 1995; Morris et al. 1994). When the morning PEF is below 80 percent of the patient's personal best, PEF should be measured more than once a day (again, before taking a bronchodilator). This recommendation is based not on scientific data, but on the logic of reducing delays in treatment. 

 The additional measurements of PEF during the day will enable patients to detect if their asthma is continuing to worsen or is improving after taking medication. If their asthma is worsening, they will have the opportunity to quickly respond to this. In addition, periodically having patients take their PEF first thing in the morning and in the early afternoon for 1 to 2 weeks will assess airflow variability, which is an indicator of the current level of the patient's asthma severity.

 It is the Expert Panel's opinion that, in general, PEF below 80 percent of the patient's personal best before bronchodilator inhalation indicates a need for additional medication. PEF below 50 percent indicates a severe asthma exacerbation. These cut-points of 80 and 50 percent of the personal best are somewhat arbitrary. The emphasis is not on a specific PEF value but, rather, on a patient's change from personal best or from one reading to the next. Cut-points should be tailored to individual patients' needs and PEF patterns.

 Cut-points may be easier to use and remember when they are adapted to a traffic light system (Lewis et al. 1984; Mendoza et al. 1988; Plaut 1995). In this system, for example, the green zone (80 to 100 percent of personal best) signals good control, the yellow zone (50 to less than 80 percent of personal best) signals caution, and the red zone (below 50 percent of personal best) signals a medical alert. Because the yellow zone includes a wide spectrum of asthma severity, clinicians may consider recommending different interventions for a high yellow zone (e.g., 65 to less than 80 percent of personal best) and a low yellow zone (e.g., 50 to less than 65 percent of personal best).

 The Expert Panel recommends that patients use the same peak flow meter over time and bring their peak flow meter for use at every follow-up visit. Using the same brand of meter is recommended because different brands of meters can give significantly different values (Jackson 1995; Enright et al. 1995; Hegewald et al. 1995; Sly et al. 1994; Miller et al. 1992). and because lung function varies across racial and ethnic populations. (See box 4-4, Differences in Peak Flow Across Racial and Ethnic Populations.) Thus, there is no universal normative standard for PEF. In addition, brand-specific normative values are not available for most peak flow meters.

 Despite this variability across different brands of peak flow meters, measurements from the same meter and meters of the same brand are fairly consistent in measuring PEF (Jackson 1995; Enright et al. 1995; Hegewald et al. 1995; Sly et al. 1994; Miller et al. 1992). Thus, once patients establish their personal best PEF on their own meter, they can obtain reliable and clinically meaningful readings of their PEF. However, at each visit, the patient's peak flow meter should be inspected. At least once a year, or any time there is a question about the validity of peak flow meter readings, PEF values from the portable peak flow meter and from laboratory spirometry should be compared.

 When patients replace their peak flow meter, it is prudent to have them reestablish their personal best PEF with the new meter, regardless of whether the replacement meter is the same brand as the original. Action plan cut-points also may need to be modified. The durability and consistency over time of peak flow meters have not been adequately studied to provide guidance on when a peak flow meter needs to be replaced. 

Importance of Spirometry in Asthma Diagnosis

 Objective assessments of pulmonary function are necessary for the diagnosis of asthma because medical history and physical examination are not reliable means of excluding other diagnoses or of characterizing the status of lung impairment. Although physicians generally seem able to identify a lung abnormality as obstructive (Russell et al. 1986), they have a poor ability to assess the degree of airflow obstruction (Shim and Williams 1980) or to predict whether the obstruction is reversible (Russell et al. 1986).

 For diagnostic purposes, spirometry is generally recommended over measurements by a peak flow meter in the clinician's office because there is wide variability even in the best published peak expiratory flow reference values. Reference values need to be specific to each brand of peak flow meter, and such normative brand-specific values currently are not available for most brands. Peak flow meters are designed as monitoring, not as diagnostic, tools in the office (see component 1-Periodic Assessment and Monitoring). However, peak flow monitoring can establish peak flow variability and thus aid in the determination of asthma severity when patients have asthma symptoms and normal spirometry. 

