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1. Methodological comparison between forced oscillation techniques (FOT) and classical analysis of respiratory mechanics
Classical measure​ments of the total pul​mo​nary resistance (RL) and dynamic lung com​pliance (Cdyn) usually require an esophageal bal​loon ca​the​ter for intrapleural pressu​re mea​sure​ment and a pneu​mo​tachograph for airflow measure​ment. In normal breathing, inertance is mostly neglected. 

By applying forced oscillation techniques to the respiratory system, external test signals are used to analyze respiratory mechanics non-invasively. 

Despite their differences, both methods are applicable to animals to analyze respiratory mechanics. Using the conventional technique, RL and Cdyn are monitored in time and these parameters are valid for the respiratory system in general. In contrast, the FOT data can be expressed also in the frequency domain. This spectral analysis allows examination of the respiratory system in more detail, i.e. different frequen​cies contain information about different com​part​ments of the respiratory system. The respiratory impedance (Zrs) which derives from the ratio of pressure and flow variations for each frequency (Zrs = P / V') reflects resisti​ve, capa​citive and iner​tive sy​stem-com​po​nents. Quantitative assessment of thi​s rela​tionship needs a fre​quen​cy dependent ap​proach to the flow and pressure signal analy​sis using either a spec​tral dis​play of resi​stance (Rrs) and reac​tance (Xrs) or of the mag​nitude (IZI) and its pha​se angle (phi, Φ). Fast Fou​rier Transformation is used to make the trans​fer of  P and V' from time to frequency do​main.

Although it is necessary and interesting to compare results using conventional lung function testing to FOT results, the direct comparison of absolute values is impractical because the two methods do not measure identical respiratory characteristics. Whereas the acquisition of airflow is identical, different methods of lung function testing differ in the recorded pressure.

Nevertheless, significant correlations between parameters of both methods were found in cattle and horses (Close et al 1994, Gustin et al 1988a, Mazan et al 1999, Reinhold et al 1992, 1996a, 1996b,1998a, Young & Tesarowski 1994). 

2. Different methods applying forced oscillations to conscious animals
Several os​cil​lometric devi​ces using different test signals and diffe​rent com​pu​tatio​nal ap​pro​aches are commercially avai​la​ble and have already been used to measure respiratory mechanics in non-anaesthetized animals. 

· The mo​nofre​quent forced oscillation technique is characterized by a sinu​soi​dal test si​gnal of one frequency (e.g.: 10 Hz) (Franetzki et al 1979, Korn et al 1979). In this case, the respiratory impedance will be analyzed only for this single frequency.

· Multifrequent methods are based on different test signals, each containing a spectrum of different frequencies. For example, in the Pseudo Random Noise Technique a signal is applied which is com​posed of several sinusoi​dal wa​ves of diffe​rent fre​quen​cies. In the Impulse Oscil​lometry System (IOS), short-time pressure im​pul​ses form the test si​gnal (Làndsér et al 1976, Vogel & Smidt 1994).

A direct comparison of results obtained with the monofrequent technique (10 Hz) with those obtained by the impulse technique led to corresponding results. Despite different absolute values measured at 10 Hz, both techniques did show identical sensitivity to bronchochallenges (Reinhold et al 1996b).

3. Influence of the face mask on forced oscillation measurements 
Each kind of test signal needs to be superimposed on the airflow of spontaneous bre​ath​ing cycles while breat​hing nor​mally. Therefore, conscious animals have to respire through a tight​ly fit​ting face mask. The input signals (i.e. generated test signals) enter the respiratory system via the rigid mask. The output signals (i.e. flow and pressure variations) need to be registered by means of a  pneumotachograph and a pressure transducer in front of the mask.

The mask itself represents an additional capacitance having a methodological influence on the spectral course of the respiratory impedance. This influence becomes more evident (i) with increasing frequency and (ii) with an increasing impedance (for example in conditions with airway obstruction). Using a special algorithm, the mask capacitance can be estimated. Following this, a recalculation of resistance and reactance is possible in order to eliminate artifacts in the measured impedance caused by the mask (Reinhold et al 1998a).

4. Clinical use of forced oscillation techniques in farm animals

4.1. Horses

Multifrequent techniques were applied to healthy horses, to horses with heaves, and to bronchochallenged horses (Young & Hall 1989, Young & Tesarowski 1994, Young et al 1997, Mazan et al 1999). In these studies, a frequency range between 1 Hz and 7 Hz at maximum was examined in order to characterize obstructive lung diseases in equine species. Especially the frequency dependence of R between 1 Hz and 3 Hz, as well as an increasing resonant frequency (which corresponds to a decrease in the reactance curve) were identified as the most useful indicators for lower airway obstruction.

Using impulse oscillometry in horses, a larger frequency range between 5 and 20 Hz was explored (Van Erck et al 1997). Again, the decrease in the reactance (Xrs) curve and the negative frequency dependence of Rrs clearly corresponded to lower airway obstruction (COPD crisis). Furthermore, it could be shown that different frequencies reflect different airway generations with regard to resistance. Whilst in peripheral obstructive pulmonary disease (COPD) only Rrs at 5Hz increased significantly, an upper airway obstruction (laryngeal hemiplegia) was mainly characterized by an increase in Rrs at 20Hz. 

4.2. Cattle

Both, monofrequent and multifrequent forced oscillation techniques have been applied to calves aged beween birth and 6 months. No data are available in adult bovines.

Using forced oscillation techniques in field studies, the monofrequent technique has shown some advantages in handling: it is quick, simple to use, and easy to transport (< 2 kg weight). Measured values are directly visible on a display. Disadvantageous, the measured respiratory impedance is limited to only one frequency. Thus, no frequency dependence of Rrs and Xrs can be obtained which could cause a loss in clinical information. Since the monofrequent equipment is not computerized, data can not be stored for further analysis. Nevertheless, the simple monofrequent technique has been used successfully in clinical studies under field conditions (Genicot et al 1994, 1995, Reinhold 1993)

Applying several multifrequent techniques to calves, only the frequency range lower than 20 Hz (2 – 15 Hz) seems to be of clinical relevance (Gustin et al 1988a,b, Reinhold et al 1996b, 1998b). Higher frequencies have been found to be more and more influenced by the capacitance of the face mask (Reinhold et al 1998a).

Compared to conventional techniques and to monofrequent forced oscillation, multifrequent forced oscillation techniques have the main advantage to supply frequency dependent results. Analyzing the respiratory impedance within the frequency range mentioned above enables separation of lower airways obstruction from that in upper (extrathoracic) airways. As demonstrated in several studies, the following changes of the respiratory impedance occur due to the different localization of airway obstruction (Reinhold et al 1996b, 1998a, Strie 1997, Strie et al 1997):

· Obstructions or respiratory diseases localized mainly in the lower airway system are characterized by a marked decrease in reactance (which is usually most impressive at the lowest registered frequency). Following this, the resonant frequency increases. Furthermore, the resistance becomes negatively frequency dependent because the absolute increase in Rrs concerns also the lowest frequencies (≤ 5 Hz).   

· Upper airway narrowing is characterized by a parallel increase in resistance without any change in the frequency dependence of Rrs. No significant changes occur in the reactance values or in the resonant frequency.

4.3. Pigs 

In contrast to horses or cattle, pigs need to be fixed in a canvas sling with openings for the limbs, avoiding stress during lung function measurements. The sling provides ventral body support and holds the animal in an upright position. Since the position of head and neck needs to be standardized when measuring respiratory mechanics, the anterior portion of the sling should be extended in order to provide support for pig’s head.
Impulse oscillometry was applied to swine either sedated by means of diazepam (1.5 - 2.0 mg/kg body weight) or non-sedated by medication but trained correspondingly. The influence of diazepam sedation (examined in healthy swine) resulted in a significant reduction of respiratory rate and tidal volume and improved the quality of IOS measurements (significant increase in coherence at 5, 10, and 20 Hz). No significant effect of this medication was found on resistance or reactance.

In general agreement with other species, an induced bronchospasmic reaction in central and lower airways (due to carbachol inhalation) was characterized in particular by the vehement rise of resistance in the lowest frequency range (Rrs at 5Hz), and by the obvious drop in the reactance curve (most evident at 5 Hz). 

For clinical purposes, application of forced oscillations to pigs needs further evaluation.

5. Conclusions 
· All forced oscillation techniques allow the non-invasive determination of respiratory mecha​ni​cs during spontaneous breath​ing. Tests are quickly performed and well tolerated by conscious animals. 

· Compared to classical measurements of total pulmonary resistance, the advantage of a multifrequent analysis is the pos​sibility to diffe​ren​tia​te lower from upper components of the respi​rato​ry sy​stem.

· The most interesting frequency range to evaluate the respiratory impedance varies in different species an depends mainly of the animal’s size. The lower the specific frequency the more sensitive are the measurements of the peripheral respiratory system.

· Special attention should be focused on the low frequent reactance. In general, Xrs is more sensitive compared to Rrs in identifying peripheral inhomogenities or small airway obstruction.

· Applying this technique to subjects using a face mask, the influence of an addi​tional capacitive component must be taken into account. In future, the measured impedance results should be corrected in order to eliminate the artifact caused by the mask. 

References

ADVANCE \D 5.90Close, R., Reinhold, P. & Lekeux, P. (1994) Monofrequency forced oscilla​tion techni​que for the investigation of pulmona​ry function in calves: in vitro and in vivo studies. Research in  Veterinary Science 56, 363-372

ADVANCE \D 5.90Franetzki, M., Prestele, K. & Korn, V. (1979) A direct-dis​play oscillation method for measurement of respiratory im​pedan​ce. Journal of  Applied Physiology 46, 956-965

ADVANCE \D 5.90Genicot, B.; Mouligneau, F.; Close, R. & Lekeux, P. (1994) Functional effects of a muscarinic receptor blockade during acute respiratory distress syndrome in double‑muscled calves. Veterinary Record 134, 110‑113
ADVANCE \D 5.90Genicot, B.; Close, R.; Lindsey, J.K. & Lekeux, P. (1995) Pulmonary function changes induced by three regimens of bronchodilating agents in calves with acute respiratory distress syndrome. Veterinary Record 137, 183‑186
ADVANCE \D 5.90Gustin, P., Dhem, A.R., Lomba, F., Lekeux, P., Van de Woestijne, K.P. &  Làndsér, F.J. (1988a) Measurement of total respiratory impedance in calves by the for​ced oscil​la​tion technique. Journal of  Applied Physiology 64, 1786-1791

ADVANCE \D 5.90Gustin, P., Dhem, A.R., Lekeux, P., Lomba, F., Làndsér, F.J. & Van de Woestijne, K.P. (1988b) Investigation of the effects of histamine inhalation on the tracheo​bronchial tree of calves by the forced oscillation technique. Journal of veterinary Phar​ma​cology and Thera​peutics 11, 374-380

ADVANCE \D 5.90Klein, Carmen (1999): Sonographie der Lunge und Analyse der Atmungsmechanik mittels Impuls-Oszilloresistometrie beim lungengesunden und pneumoniekranken Ferkel und Läuferschwein. Inaugural-Dissertation, Universität Leipzig, Vet.Med. Fakultät, Germany
ADVANCE \D 5.90Korn, V., Franetzki, M. & Prestele, K. (1979)  A simplified approach to the measure​ment of respiratory impe​dance. Pro​gress in Respiratory Re​search 11, 144‑161

ADVANCE \D 5.90Làndsér, F.J., Nagels, J., Demedts, M., Billiet, L. & Van de Woestijne, K.P. (1976) A new method to determine frequency characteristics of the respiratory system. Journal of  Applied Physiology 41, 101-106

ADVANCE \D 5.90Mazan, M.R., Hoffman, A.M. & Manjerovic, N. (1999) Comperison of forced oscillation with the conventional method for histamine bronchoprovocation testing in horses. American Journal of Veterinary Research 60, 174-180

ADVANCE \D 5.90Reinhold, P. (1993) Oscillatory measurements, blood gas analysis and clinical observations after intravenous clenbuterol administration in healthy and acutely pneumonic calves. Veterinary Research Communications 17, 143-151

ADVANCE \D 5.90Reinhold, P., Close, R. & Lekeux, P. (1992) Validation of the monofrequency forced oscil​lation techni​que for pulmonary function investigation in calves: an in vitro and in vivo study. Research in Veterinary Science 53, 165-171

ADVANCE \D 5.90Reinhold, P., Genicot, B., Close, R. & Lekeux, P. (1996a) Use of the monofrequency forced oscillation technique to measure changes in upper airway resistance in Friesian and Blue Belgian calves. Research in Veterinary Science 61, 227-230

ADVANCE \D 5.90Reinhold, P., MacLeod, D. & Lekeux, P. (1996b) Comparative evaluation of  impulse oscillometry and a monofrequency forced oscillation technique in clinically healthy calves undergoing bronchochallenges. Research in Veterinary Science 61, 206-213

ADVANCE \D 5.90Reinhold, P., Smith, H.-J., Close, R., Genicot, B. & Lekeux, P. (1998a) Validation of impulse oscillometry in Friesian and Blue Belgian calves with respect to changes in extrathoracic upper airway resistance. Research in Veterinary Science 65, 93-102

ADVANCE \D 5.90Reinhold, P., Smith, H.-J., Langenberg, A. & Lekeux, P. (1998b) Measurement of respiratory impedance in healthy calves using the impulse oscillation technique - physiological and methodological aspects. The Veterinary Journal 155, 27-38

ADVANCE \D 5.90Strie, Regina (1997): Einfluss verschiedener innerer und äußerer Faktoren auf die Messergebnisse der Lungenfunktionsprüfung mittels multifrequenter Impuls-Oszilloresistometrie bei Kälbern und Jungrindern. Inaugural-Dissertation, Tierärztliche Hochschule Hannover, Germany
ADVANCE \D 5.90Strie, R., Doll, K., Pöttmann, B. & Scholz, H. (1997): The impact of several factors on the lung function test results of calves and young bulls employing multi-frequency impulse oscillometry (IOS). Proceedings of the 15th Veterinary Respiratory Symposium (Comparative Respiratory Society), Liège (Belgien), 24.-25. October 1997, P/2.11

ADVANCE \D 5.90Van Erck, E., Duvivier, D.H., Art, T. & Lekeux, P. (1997) A comparison of two methods for pulmonary function testing in horses with upper and lower airway obstruction. Proceedings of the 15th Veterinary Respiratory Symposium (Comparative Respiratory Society), Liège (Belgien), 24.-25. October 1997, P/2.13

ADVANCE \D 5.90Vogel, J. & Smidt, U. (1994) Impulse oscillometry: analysis of lung mechanics in general practice and the clinic, epidemiology and experimental research. Frankfurt am Main, Moskau, Sennwald, Wien: pmi Verlagsgruppe GmbH, 1994
ADVANCE \D 5.90Young, S.S. & Hall, L.W. (1989) A rapid, non-invasive method for measuring total respi​ra​tory impedance in the horse. Equine Veterinary Journal 21, 99-105

ADVANCE \D 5.90Young, S.S. & Tesarowski, D. (1994) Respiratory mechanics of horses measured by conven​tional and forced oscilla​tion techniques. Journal of  Applied Physiology 76, 2467-2472

ADVANCE \D 5.90Young, S.S. & Tesarowski, S. & Viel, L. (1997): Frequency dependence of forced oscillatory respiratory mechanics in horses with heaves. Journal of  Applied Physiology 82, 983-987

ADVANCE \D 5.90
* The validation of impulse oscillometry in pigs was exclusive performed by Carmen Klein within her vet.med. thesis (Klein 1999)





