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Background of the forced oscillation technique

Until recently, there was little information on the use of forced oscillatory mechanics technique (FOT) for the study of airway inflammatory diseases and bronchomotor tone in any species.  The concepts of FOT arose from hypotheses concerning electrical analogues of the respiratory system described by Otis (1956) and tested by Dubois (1956).  More recently there are excellent reviews by Peslin and Fredberg (1986) and Pride (1992), and excellent models described by Lutcheon (1997).   In humans, the FOT has been used to characterize bronchomotor tone during challenge testing (Weersink 1995, Kaczka 1997, Bohadana 1999), natural bronchoconstriction due to asthma (Ducharme 1997), and the effects of bronchodilators (Wouters 1989, Zerah 1995, Hayden 1998). In animals, there is less data; however, FOT has been used to study bronchomotor tone during challenge studies or bronchodilation or upper airway impedance alterations in calves (Gustin 1988, Reinhold 1996) and dogs (Pimmel 1977, Clercx 1993).   Various other applications of FOM in humans, include the study of respiratory complaints (Clement 1983), the effects of intoxicants on the lung (Pasker 1997), the effects of beclomethasone diproprionate on airway reactivity (Pennings 1997), and the influence of helium versus air breathing (Holle 1979) in human beings.

Although it has been possible to observe the coincidence of airway inflammation and recurrent airway obstruction or airway hyper-reactivity (Derksen 1985, Klein 1986, Doucet 1991) using conventional methods in horses, there is less information on behavior of FOT in these settings.  Young (1989, 1994) pioneered FOT in horses originally using random noise as an energy source, and later used high-energy monofrequencies.   Preliminary studies were also performed in Liege (LeNiven 1991).  Later, a technique of impulse oscillometry was adapted for use in equids (Van Erck 1998 & vida infra).    With better understanding of the basic behavior of FOT in horses, it was employed to probe lung function in horses with recurrent airway obstruction (Young 1997) and small airway inflammatory disease (SAID) (Hoffman 1998).   Being a new “tool”, there are many questions about the “readiness” of FOT for application in the research or clinical environment, so it is the intention of this paper to address some of the surrounding issues. 

Coherence, confounding variables, and repeatability of FOT:

Unlike data derived from conventional mechanics, FOT data can be noisy.   The signal arising from natural respiratory frequencies tends to interfere with the collection of the signal at the excitation frequency, principally with the flow channel (Young 1991). The degree of noise is expressed in terms of signal to noise ratio, or a coherence index (ranging 0 -1). Acceptable levels published for coherence range from >0.9 to >0.95.  In horses (n=143) presented to our clinic for lung function testing, we observed coherence values of <0.9 for RRS and XRS at input frequencies 1, 2, and 3 Hz, in 22/143 (15.4%), 4/143 (2.8%) and 2/143 (1.4%) cases, respectively.   In all cases, the test was repeated up to 4 times if RRS was not found at a coherence value > 0.9.    Hence, there is a high proportion of horses (15.4%) in which data at 1 Hz is unusable. The high prevalence of unusable data at 1 Hz has been a major drawback to the use of FOT.  Low coherence at 1 Hz was observed in 7/47 (14.9%) normal horses, 4/44 (9.1%) SAID horses, and 7/42 (16.7%) horses presenting with heaves or a recent history of heaves.   So, this problem did not relate to lower airway disease severity, nor was it influenced by upper airway obstruction or head position, age, breed, or sex of the horses.    Potential reasons for poor coherence in spontaneous breathers include shifts in lung volume and FRC, nonlinear detection of signals, harmonic cross-talk and overlap, cardiogenic oscillations, glottic closure, and noise created by the measurement system.   Authors have suggested various ways to combat low coherence, including the use of flow signal averaging method (Young 1991), and to increase the data collection period (Farre 1997). Since low coherence was most often found at low frequencies (e.g. 1 Hz), Young (1997) offset the lowest frequency recorded from 1 to1.5 Hz -- a practical solution. 


In examining the baseline data from a group of normal horses (n=40), defined as those that had no clinical, radiographic, or BAL cytologic abnormalities (i.e. BAL neutrophils <5%, mast cells <2%, eosinophils <0.5%), there was no association between age (mean + SD 6.5 + 4.84 yrs, range 2-27), sex, body weight, or breed, and baseline (1-7Hz) RRS, XRS, resonant frequency, or PC100RRS.   The coefficients of variation for RRS (1, 2, and 3 Hz) measured in 10 normal horses, were 42.7, 35.7, and 26.8.   In contrast, for conventional lung mechanics, the CV for RL, Cdyn, and dPPlmax were 56, 31.3, and 38 in 10 normal horses (from Mazan 1999); however, between breath CV’s were 1/10 of that.   Repeatability for FOT for sequential measurements of RRS was evaluated in 10 horses with a spectrum of baseline values.   The intraclass correlation coefficients (r2) for RRS were 0.83, 0.83, and 0.49 (0.91, with the omission of 1 outlying pair) for 1, 2, and 3 Hz data, respectively.   

Frequency dependence as a measure of airway obstruction 

Frequency dependence (FD) is parincipally an effect of lower airway constriction, particularly peripheral constriction (Peslin 1986).   FD is observed for resistance and elastance, the extent to which depends on the frequencies tested, and the nature of constriction.  Based on modelling experiments, the greatest degree of FD occurrs with intense constriction of a few peripheral airways (i.e. inhomogeneous constriction) (Lutcheon 1997).   The bulk of FD is observed in and around breathing frequencies, which are hard to test in spontaneous breathers.   Previous investigators have computed FD in horses, by taking simple ratios between RRS at lower (1 Hz) versus higher (2,3 Hz) frequencies (Young 1997, Mazan 1999), none of which incorporate the breathing frequency.   Although 1 Hz may be low enough to ‘tease out’ the peripherally constricting component, FD between 1-3 Hz may be more reflective of homogeneous, or central airway constriction.   In our laboratory, the ratios (1:2, 1:3 Hz) for RRS did indeed change significantly (P<0.05) with histamine challenge (Mazan 1999), bronchodilator treatment of heaves, and with prednisone treatment and environmental management for heaves.  As an alternative to examining ratios, we developed a method for modeling frequency dependence of RRS that describes the curve as a hyperbolic function.  The slope of this curve at a standard distance from the vortex was defined as the variable “FDRRS.”   In this way, the slope of FD could be compared in a consistent fashion.  Changes in FDRRS correlated well (r>0.9) with change in the ratio of RRS at 1:2 Hz or 1:3 Hz or conventional mechanics during bronchodilator (albuterol, 450 (g aerosol).    The index FDRRS differentiated horses classified as heaves from normals (chi sq = 9.5, P = 0.007), but not between the SAID classification and heaves or controls.  In cases defined as SAID, FDRRS did not correlate with the degree of airway reactivity or BAL cytology.   Hence, it appears that an index such as FDRRS could be developed to measure FD in ‘heavy’ horses.  However, the sensitivity of FDRRS for indices of SAID was poor. 

FOT for measurement of airway reactivity

Although many horses will tolerate FOT without sedation to obtain a baseline (1-7 Hz), the duration that it takes to perform a histamine challenge (20-40 min) is too long for many to maintain consistent breathing.  Head-neck angle also effects RRS, a problem accentuated by sedation; however, sedation does permit one to steady the head-neck angle better, perhaps giving more consistency in this regard.  Because safety of personnel is critical, and available assistants are scarce at times, we have found the use of sedation a reality of clinical testing.  The effects of xylazine were studied in normal horses (n=6) and we found a slight but significant decrease in RRS (2 and 3 HZ), and a drop at 1 Hz by 5 minutes post-injection (Hoffman et al, Proc WEAS 1998).  This could definitely alter the baseline results that we are observing, so when possible, we attempt to measure baseline without sedation first, followed by histamine challenge under sedation.  From 5-40 min post xylazine the RRS values reached a steady state, during which time histamine effects can be studied.  To avoid horses waking up during the challenge, we have truncated the test by starting at 2mg/ml.  In many cases, horses can be tested in 20 min up to a dose of 8 mg/ml.  Practically, a horse that is not reacting to 8 mg/ml is not considered ‘reactive,’ and the test can be stopped.   We use 1-3 Hz during bonchoprovocation, because greater bandwidths take too long to accurately probe the dynamics of the histamine response. 

We observed the effects of saline vehicle on FOT.  Saline was associated with an increase in RRS ranging 8-74% in 9/20 horses, and a decrease ranging 5-28% in 11/20 horses (Hoffman 1997).  Interestingly, saline aerosol was associated with improved CV for RRS in a group of normal horses; values were 24.3, 26.9 and 22.9 for 1, 2, and 3 Hz data, respectively after saline.  At the present time, we employ the average between the post-sedation pre and post saline RRS values for baseline used to construct a dose-response curve.  

Following histamine administration, there is an expected dose-related increase in RRS , predominantly at the lowest frequency (i.e. FD), an increase in Fres, and a decrease in XRS.  In most horses, it is feasible to observe a doubling of RRS, at least at 1 Hz.   At doubling, clinical signs may not be obvious.  In some horses, a plateau is observed prior to doubling, and clinical signs of histamine bronchoconstriction can be evident prior to the doubling of RRS. An earlier endpoint can be used, such as a 50% (i.e. PC50RRS) or 75% (PC75RRS) increase in RRS.   In a study which compared FOT with conventional mechanics during histamine bronchoprovocation (Mazan 1999), PC65 Cdyn was found to correlate well with PC50RRS or PC75RRS (1Hz), correlation coefficients being 0.96 and 0.93 (P<0.01), respectively.   For clinical testing, we employ PC100RRS, using RRS at 1 Hz, as an index of airway reactivity.   When the repeatability of histamine responses was evaluated in normal (n=7) Standardbred mares tested 3 months apart, we found no significant changes in PC100RRS between tests, with an intraclass correlation coefficient of 0.66 (P = 0.027).  If the tests had been done closer in time,  (e.g. 2 weeks), perhaps repeatability would have been better.    

The prevalence of non-specific airway hyper-reactivity is another issue to consider when testing.  In the group of normal horses (n=30) defined as those with normal BAL cytology and normal baseline RRS (0.2-0.6 cm H20/L/sec) and Fres (<2.5Hz), PC100RRS ranged 2.82-34.9 mg/ml, with a mean +SD of 11.32 + 6.53 mg/ml. Only 3/30 of the normal horses had PC100RRS <6 mg/ml; 12 were found between 6-10 mg/ml, and the remainder were >10 mg/ml.   Hence, we roughly ascribe 6 mg/ml as a cutpoint that distinguishes ‘normal’ from ‘abnormal’ reactivity, but this is arbitrary.  In controls, there was no correlation between PC100RRS and BAL cell types, so the reason for nonspecific increased reactivity was not disclosed.   SAID horses averaged 3.58 + 5.15 (range 0.349-34.84) mg/ml.  In horses with SAID, it was previous reported that there was a correlation found between the percentage of BAL mast cells and PC100RRS (Hoffman 1998).  In our updated database of SAID horses (n=71) there was a slight but significant (rs = -0.324, P = 0.0058) association between BAL mast cell% and the logPC100RRS, but not for other cell types.   The low, albeit significant correlation suggests that other factors are involved in airway reactivity.  

In summary, FOT appears as a promising method for bronchoprovocation testing, if the technical caveats are kept in mind.

FOT for measure of bronchodilator effects:


The effects of albuterol aerosol (450 (g) on FOT derived RRS were examined in horses with active heaves (n=7).  There was a significant (P<0.01) drop in RRS at 1,2 and 3 Hz,  FD, and Fres, and an increase in XRS that paralleled changes observed using conventional mechanics, and were similar in magnitude to changes observed by Derksen et al (1999).  There also appeared to be similar dose equivalence between our study and Derksen’s, suggesting that the delivery devices had similar efficiency.  In conclusion, FOT can be used to measure bronchodilator effects, with greater ease of serial testing due to the absence of an esophageal balloon catheter.

FOT for assessing anti-inflammatory effects:   


Changes observed in FOT variables in horses with spontaneous RAO were similar to those observed using conventional mechanics.   In one study (Paradis Proc ACVIM, 1996), horses with RAO (n=6) were monitored with both methods.   With 30 days of management including prednisone treatment, values for RL and Cdyn changed from1.71 (+0.52) to 1.42 (+0.47) cm H2O/L/sec (-17%), and from 1.09 (+ 0.59) to 1.53 (+0.61) L/cm H2O (+50%), respectively.  Values for RRS and CRS changed from 1.16 to 0.77 cm H2O/L/sec (-33%) and from 0.313 to 0.354 L/cm H2O (+13%).   As the chest wall of horses is relatively stiff and therefore contributes substantially to CRS, it is evident that CRS does not detect airway effects, nor does it follow the changes in Cdyn.   In contrast, chest wall comprises only about 10% of the total RRS.   

In horses with SAID that previously failed environmental management (n=14), PC100RRS (1Hz) changed significantly (P < 0.01) after 28 days of treatment with prednisone.   Other indices, such as RRS, Fres, and FDRRS did not change sufficiently to be significant.   

On that line, an additional study using FOT (Hoffman Proc WEAS 1998) demonstrated significantly greater quantities of BAL leukotriene C4 in horses with SAID (n=10), defined as those with a history of cough and exercise intolerance, versus controls (n=10).    It has been possible therefore to employ FOT in a small number of horses, to make inferences on the pathogenesis of airway reactivity in horses, but many more questions have arisen.   Mazan and coworkers have recently examined the relationship between FOT baseline data and airway reactivity (PC100RRS) and (1) EIPH and (2) radiographic findings (for 1 and 2, see Mazan et al, vida infra), and (3) exposure to air pollutants (unpublished data).    

Conclusions


The use of FOT for measurement of bronchoconstriction, bronchodilation, and effects of inflammation and antiinflammatory treatment in horses looks promising.   Various technical problems need to be resolved, in particular the etiology of low coherence at low input frequencies, and the choice of variables to describe lung dysfunction in the clinical setting.  However FOT will provide a clinical tool which is more tolerable than conventional mechanics, that provides additional information concerning the frequency spectrum. 
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