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Introduction 
Spontaneous breathing presents a number of obstacles to the forced oscillation technique (FOT), such as shifting lung volume and volume history, the added resistance and capacitance of the upper airways and chest wall, and interference between the breathing and excitatory frequencies (Peslin and Fredberg, 1986).  These problems are minimized when subjects are anesthetized, intubated, relaxed, and ventilated with known volumes.  The chest wall contribution to total impedance can be subtracted by probing trans-pulmonary rather than trans-respiratory pressure, by use of an esophageal balloon catheter.   Under these conditions, measurements can be made at various frequencies, including those surrounding the subject’s tidal breathing frequency.  However, there are still a number of problems, including harmonic distortion, and the long data collection time necessary to perform FOT using a simple ventilator mode. 

 Lutcheon and coworkers (1993a, 1993b, 1994) made elegant modifications to FOT to address these and other problems, greatly enhancing the fidelity of FOT derived data. They developed a sophisticated device (‘Optimal Ventilatory Waveform’) that can be employed in voluntary apneic humans, or anesthetized-relaxed animals.  The device functions as a mechanical ventilator and oscillator, forcing sinusoidal waveforms at prescribed frequencies into the respiratory system.   Because the waveforms, including the ventilatory waveform, are sinusoidal, they minimize non-linearity in the measurements that generally rely on electrical analogues the respiratory system for analysis.  To further avoid the problem of harmonic distortion, frequencies can be selected that do not contain energy at an integer multiple of the fundamental frequency, or the sum or difference of any of the other frequencies (e.g,  0.0781 Hz as the fundamental frequency, and 0.2344, 0.5469, 1.4844, 2.8906, and 4.7656 Hz).  Another interesting modification included in the OVW technique, is the flexibility to manually redistribute the power of the individual forcing frequencies, yet keep constant the total energy produced by the ventilator / oscillator, This permits one to enhance the energy used for forcing the lung at higher frequencies, by lowering the energy at the fundamental (ventilatory) frequency, thus improving signal to noise ratio at the higher frequencies when desired.   The fundemental frequency is also adjustable to obtain better data in certain subjects.   Since the subject is ventilated in the relaxed state, it has also been possible to introduce positive end-expiratory pressures, and thus examine the effects of increasing lung volume on resistance or elastance.   In summary, because the OVW technique avoids a number of technical pitfalls in measuring lung mechanics with FOT, and is highly flexible, it is possible to examine sophisticated hypotheses concerning frequency dependence and tissue versus airway contributions to impedance. 

Using OVW, the frequency dependent behavior of resistance (RL) and elastance (EL) at low frequencies has been explored in dogs during histamine infusion (Lutcheon 1994), normal humans during methacholine challenge (Kaczka 1997), and during treatment with albuterol in humans with acute asthma (Kaczka 1999).   In these in vivo experiments, it was found that frequency dependence, spanning the lower frequencies, was a characteristic of mild to moderate constriction or peripheral airways. Following comparisons between OVW and earlier alveolar capsule data (Petak 1993), it has been possible to employ OVW to partition pulmonary resistance into airway (Raw) and tissue (Rti) components using this method.  In doing so, it was found that experimental bronchoconstriction primarily effected Raw, although in human asthmatics, both Raw and Rti were found to be elevated, and they decreased proportionally with bronchodilation (Kaczka 1997,1999).    

It is of considerable interest to understand the effects of specific parenchymal disease on airway and tissue resistance and elastance, since diseases such as emphysema may harbor airway and tissue abnormalities concomitantly.  We employed the OVW for measurement of lung mechanics in sheep with experimentally reduced elastic recoil (elastance). The aim of developing such an animal model, was to investigate various medical and surgical interventions for human emphysema, specifically techniques of lung volume reduction. 

Materials and methods:   

All procedures followed a protocol approved by the Tufts University School of Veterinary Medicine Institutional Animal Care and Use Committee.  

Subjects:  Heathy crossbred sheep (n=12, 32-60 kg) were used.  

Sudy protocol:  Sheep were exposed to nebulized (Pari LC star nebulizer, 0.3 ml/min; Pari compressor, 30 psi, 8-9 L/min) aerosols of papain (7000 IU, Sigma Chemicals).  The aerosols were delivered using two different methods, either through a facemask with sedation (diazepam, 25 mg/hr IM) (n=7, Group 1) or through an endotracheal tube under general anesthesia (n=5, Group 2) with propofol  (Propoflo, Abbot Laboratories; 5 ml or 50 mg/kg/hr).   In either method, sheep were exposed weekly for 4 weeks.   

Lung mechanical testing:  Measurements were made prior to papain aerosolizations, and from 4-6 weeks post-papain exposure.  The OVW method was applied to obtain RL and EL over a range of frequencies (Group 1:  0.156, 0.391, 0.859, 1.484, 2.422, 8.047 Hz; Group 2: 0.05, 0.15, 1.5, 3, 6, 9 Hz)  in sheep made apneic with constant  infusions of propofol.   PEEP was set at 5 cm H2O for all measurements.  Raw was estimated by the plateau value of RL, essentially the average of the values for RL at the top 3 frequencies.   Rti was computed as the difference between RL and Raw.   Following OVW, sheep underwent lung inflation to total lung capacity (Vmax,approximately 30 cm H2O) using a precision volume syringe, and measurements of transpulmonary pressure were made during stepwise deflations (-0.25 L each) down to the FRC.   The pressure and volume data was acquired digitally (Buxco XA Biosystem, Buxco Electronics), and subjected post-hoc to an analysis of exponential decay (Salazaar and Knowles 1964) to obtain an index of quasistatic compliance (‘QCstat’).     Functional residual capacity was measured in a constant volume plethysmograph.  We performed airway occlusions at end-expiration using a pneumatic shutter (Hans Rudolph), whilst sheep made inspiratory efforts.  FRC was calculated by the Boyles law method, described by Dubois (1956).   Values are reported as mean(+SD).  Values of P<0.05 were considered significant.  

Results

Sheep did not develop clinical signs of respiratory disease, loss of body weight, or diminished appetite after exposures.  However, there were significant alterations in lung mechanics.  Similar results were found in Group 1 and 2, so the data was pooled for analysis. Pulmonary resistance increased uniformly at all frequencies.  The extent of the frequency dependence of resistance, did not appear to be affected by papain.  For example, the increase in RL at the lowest frequency [0.05 Hz: from 3.9 (+1.57) to 6.4 (+1.6) cm H2O/L/sec] was similar in magnitude to the change at the highest frequency [9 Hz:   from 0.50 (+ 0.23) to 1.11 (+ 0.35) cm H2O/L/sec].   There was an significant (P<0.05) elevation in Raw from 0.51 (+ 0.24) to 1.23 (+ 0.51) cm H2O/L/sec.  Rti (i.e., RL – Raw) increased from 3.4 to 5.4 cm H2O/L/sec.  Therefore, Raw increased on average to a greater extent (160%) than Rti (80%).    There was no change measured in EL, although there was significant frequency dependence noted before, as well as after exposure.  Mean FRC increased from 0.69 (+ 0.21) to 1.10 (+ 0.33) L (P=0.009) and Vmax ( i.e.,lung volume at TLC) increased from 2.49 (+ 0.58) to 3.02(+ 0.38) L (P = 0.006). QCstat increased in 7 of 11 sheep, decreased slightly in 3, and was unchanged in 1 sheep.  Mean QCstat increased from 0.108(+ 0.04) to 0.153(+ 0.059) L/cm H2O (P=0.09).  As a result, there was a net upward shift of the quasistatic P-V curve, as a group (n=11).

Discussion

Despite the absence of respiratory signs, lung mechanics in sheep were significantly altered with exposure to papain aerosols.  The upward shift in the quasistatic pressure-volume curve was due to both an increase in the slope of the curve (QCstat), as well as an increase in the Y intercept (FRC).  This was indicative of diminished elastic recoil, and presumably, air trapping.  The principal effect of this apparent loss of static elastance, was to increase RL homogeneously over the frequency bands tested.  Therefore, the primary effect was to increase Raw, although Rti increased to a lesser extent. These data would suggest that airway ‘tethering’ was disrupted, to the extent that a number of airways passively moved toward closure.  Lutcheon (1997) proposed that OVW FOT data might be interpreted by associating qualitative features of the data with categories of known lung conditions.   Accordingly, the data would be compatible with to mild-to-moderate homogeneous constriction in the periphery or central airways (Lutcheon 1997).   Hence, the degree to which static elastance increased (50%) in this animal model, caused an increase in Raw (160%) and Rti (80%). These FOT data are indistinguisable from the patterns for RL and EL observed in mild-to-moderate asthmatics (Kaczka 1999), and thus measures of static elastance and FRC were necessary to discern the etiology of airway constrictions.   The lung mechanical effects of papain were similar to that observed in naturally-occurring emphysema in humans.  However, a frequency dependence in dynamic elastance is also observed in severe human emphysema (Otis 1956, Mead 1956), but not in this study.   This is most likely a function of lesser severity, and a lack of airway changes in the ovine model, when compared to human emphysema, which is also complicated by COPD.  In COPD, airway wall compliance (dilation proximal to the obstruction) augments the frequency dependent behavior of the lung (Mead 1969).  There is no evidence that in papain exposed sheep, airway shunting was contributory to the observed frequency dependence.   

In conclusion, papain aerosol exposure at the dosages employed here, resulted in mild-to-moderate changes in static elastance, and reduced airway diameters as assessed by OVW.  The disease produced is subclinical, which has distinct advantages, in that confounding problems with unstable nutrition, weight loss, pain and discomfort were not evident.  Since the peripheral airways are most susceptible to alterations in elastic recoil pressure, it would be seem reasonable to conclude from the OVW data that peripheral airway constriction is the most significant result.  The ovine model therefore simulates many of the changes observed in human emphyema, and is suitable for modeling the disease, for the purpose of further investigations. 
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