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| ntroduction

Pulmonary rehabilitation is an integrative partrtdnagement of patients with chronic
obstructive pulmonary disease (COPD). Randomizmhtrolled trials showed as an
evidence that exercise training improves exercegggacity and quality of life in COPD (1).
Breathlessness and peripheral muscle dysfunctientree pri mary reasons for decreased
ability to perform normal activities and reduce lkifyaof life (1). Exercise training has
favorable effects on breathing, circulation and abetism (2). These physiologic effects
depend on training frequency, intensity, modabyd duration (3-9).

The aim of several research groups was to determhiaeelative effectiveness of
interval training (higher intensity alternated witbwer intensity periods) compared to
constant work rate (continuous) exercise trainiilghealthy subjects some (10, 11), but not
all (12-14), studies have showed superior effeceiected physiologic parameters in interval
vs. continuous training. In COPD, two studies hawe¢ found differences between these
training strategies (4, 8). Ambrosino revieweddsta about interval training and has found
that it leads to higher physiologic benefit in peadygen consumption and peak work rate, a
greater improvement in lactate threshold, and type of training is more easily accepted,
especially in elderly people (15). It was concldidbat in COPD patients, there were no
exact results about the superiority of high intgniilevel interval training (15). There might
be some controversy in the effectiveness of salegatraining programs. While these
programs have favourable effects, like improvedrase capacity, reduced breathlessness
and improved quality of life (9), the relative méince of this training modality compared to
supervised training programs remains unclear (6, 7)

Exercise intolerance is one of the principal detemng factor in quality of life,
especially in advanced stages of COPD (16). Retluveatilatory capacity can have large
impact in exercise intolerance in patients withesev\COPD, mainly affected by expiratory
flow limitation (EFL) related to elevated airwaysigtance and decreased elastic recoil (17-
20).

The main element of EFL is increased airway rescgaas it leads a series of changes
in other modulators of airflow (21). Increasedatthoracic pressure is generated because the
rise in resistance leads to prolonged time constahthe airways, and higher pressure is

needed to drive flow (22). Higher pressure resualiacreased gas compression and dynamic



airway compression in the airways (23-25). Alltbése components result in intrabreath
reduction of flow (17, 19, 23-25) presenting in @hcave shape on the expiratory flow-
volume curve — as an indication of flow falling gkl after expiration starts.

Several methods have sought to evaluate EFL deegcise (26-30). One method
has the advantage of the fact that EFL achievesptivet when expiratory flow turns to
independent of driving pressure, i.e. the flow does increase when negative expiratory
pressure (NEP) is applied at the mouth (28). Fbas=illation technique is another way to
detect EFL, which is based on the concept thatlagmy pressure cannot pass through flow-
limiting airway segments, the consequences of fifisnomenon are reduced apparent
compliance and respiratory system input reacta@€@. ( Although both NEP and forced
oscillation techniques offer a reliable method tauwgify EFL during spontaneous breathing,
the implementation of either method is a methodatallenge and even if successful has
limitations because both methods require cooperdtmm the subject that can be difficult to
achieve during exercise. The forced oscillatiorhtégue requires complex instrumentation
with a breathing technique that allows a free pgesdhrough the oropharynx and glottis (30)
and the measurement takes about 20 seconds. The m\Rod can only be applied
intermittently and the necessitates comparisonxpiratory flow profiles with and without
the application of NEP (28).

The expiratory limb of the maximal flow-volume loap a classic forced expiratory
spirometry shows concavity in patients with obdikg airway disease and that concavity
becomes more prominent with the more seve airflostroction. Therefore, we hypothesized
that EFL can be assessedantitatively by detecting the configuration of spontaneous
expiratory flow-volume (SEFV) curves during restlaaxercise on a breath-by-breath basis.
This method does not require any change in phygioloreathing pattern or alteration of the
usual procedures used in cardiopulmonary exereseg (31, 32). Relevant information of
EFL may be gained from the shape of SEFV curveauss; as stated above, changes in the
variables related to EFL (i.e. dynamic airway coegsion, gas compression and the time
constants of involved lung compartments) are ptabig reflected in intrabreath changes of
flow. Moreover, in presence of EFL, flow rates sgfontaneous expirations are based on
mechanisms similar to those influencing forced mtpns (25, 33), which have been
considered to be valuable methods to charactefize(B4-37). This implies that the shape
of SEFV curves, especially the degree of its coitigawmight be useful to quantify the
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augmentation of EFL as exercise gathers and theiteniventilation approaches breathing
capacity.

In this methodological part of the thesis our geals to develop computerized
analysis to quantify the configuration of the sm@tous flow-volume profile on a breath-by-
breath basis throughout during exercise, with spel@tection of the development of EFL in
moderate to severe COPD patients. To gaireminary appreciation of the potential of this
technique, and before comparing it with the presipumentioned known methods, we also
made a comparison between the spontaneous expirfddar-volume responses in COPD
patients and age-matched healthy individuals. datiteon, the relation between the degree of
SEFV curve concavity and measures of ventilatanytéition during exercise (i.e. VE/MVV)

was also investigated.

Aims of the study

Study 1.

In Study | we sought determining the relative effemess of supervised continuouos,
interval and home-based training in COPD. We iaéehthat it would have great practical
importance

» to determine whether there were differences inrttgrovements in exercise tolerance

or perceived activity levels between these thramitmg modalities,

» to compare maximal work rate, metabolic profilegxchange, lactate threshold),

ventilatory and circulatory differences betweersthgroups

» to assess and follow-up symptoms related to quadtylife after different

rehabilitation programs.

The results of this study might help to developcpecal guidance for rehabilitation
professionals seeking to institute effective relalbive interventions for patients with
COPD.
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Study 1.

With the intention of continuous, breath by breatlonitoring we aimed to develop
computerized procedures to quantify the configaratthanges of the spontaneous flow-
volume curve during exercise in severe COPD patiédtir specific aims were:

* to gain apreliminary appreciation of the accuracy of this technique etiog to the

spontaneous expiratory flow-volume responses imoaig of COPD patients and a

group of age-matched healthy individuals,

* to detect EFL by investigation of the spontanodo#4volume loops in moderate to
severe COPD patients,

* to analyze the comparison of detecting EFL and @serintolerance of COPD
patients.
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Materials and Methods
Study subjects
Study |

Seventy-one stable patients with very severe toematd COPD ((forced expired
volume in one second (FEMrange: 21-94% pred)) (38) participated in studydne of them
qualified for long-term oxygen therapy. The stuggs approved by the local ethical
committee and the patients gave their written coinge their participation. Subjects were
screened for severe cardiovascular, neurologicaéxarcise-limiting joint disorders that
would have precluded full participation in the tiag protocol. Eight subjects were
excluded from 79 screened patients: 1 with psydhidisease, 4 with ischemic heart disease

and 3 had exercise-limiting joint disease.

Study 11

Seventeen men and women with the diagnosis of mateleto severe COPD
participated in the study. COPD individuals wiffE{/;) <60% of predicted were included
(38). Individuals with acute respiratory exacenmat with the diagnosis or symptoms of a
significant cardiac disease, requiring chronic seimental oxygen, having resting oxygen
saturation <89% measured by pulse oximetry, and wé@ exercise-limited by orthopedic
or joint related diseases were excluded. Tweladthyg age-matched men and women were
also involved. All subjects were informed and tlsgyned the written informed consent for
their participation. The study was approved by lingitutional Review Board of the Los

Angeles Biomedical Research Institute at Harbor-B®Ledical Center.

Pulmonary function and exercise test

Each subject performed a series of pulmonary fondest (Vmax 229 and Autobox
6200, VIASYS Sensormedics, Yorba Linda, Californi#A) including spirometry, body
plethysmography and diffusion capacity measurem@@PD patients took 40Qg of
salbutamol (in study 1) and 408y of albuterol (in study Il) by inhalation via aaser 20

minutes before testing in order to maximize bromitlation. All pulmonary function tests
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fulfilled the ATS/ERS guidelines (38). Normal vakifor spirometry were calculating using
the NHANES Ill standard (38).

An incremental symptom-limited exercise test wasfggmed on an electrically
braked cycle ergometer (Ergoline 800, VIASYS Seltgalics) with a pedaling rate of 60
revolutions per minute. After 3 minutes of restl@minutes of loadless pedaling, the work
rate was increased by 5-15 watts (W) per minut@ iamp fashion (increment was 5 W/min
if FEV1<1.0 L, 10 W/min if FEVY >1.0 L for the COPD patients; increment rate was 15
W/min for the healthy subjects). Pedaling rate west constant at approximately 60 rpm.

Pulmonary ventilation Ye) and gas exchange ((oxygen uptakéOg¢) and carbon-dioxide

output (VCO2)) were measured breath-by-breath by a mass floseseand exercise
metabolic measurement systemn{¥ Spectra, SensorMedics). The system was calibrated
before each test. Lactic acidosis threshold (LABs identified by the modified V-slope
method (39). Heart rate, 12-lead ECG (Cardio$sE, Electric/SensorMedics) and oxygen
saturation by pulse oximetry (Radical 7, Masimoswaonitored. Blood gas analysis was
done from capillary blood taken from a hyperemida®e at rest and peak exercise (AVL
Omni7, Ramsey, Minnesota) in study I. Maximal vdary ventilation was estimated as
40xFEV; (40). Shortness of breath and leg fatigue wassasseby the Borg category ratio
scale every two minutes during exercise (41). insetresponse, defined as response at the
time the shorter of the pre- and post-training énoental exercise test ended, was calculated

for several physiological variables.

Study design for Study |

Patients were divided into three groups: C, suged/continuous, n=22; I, supervised
interval, n=17; and S, home-based and self-pace8 (Table 1). Patients who lived in the
vicinity of the training center and could attendpatient training sessions were randomized
(without stratification) to C or I; those unable titend supervised training due to
unreasonable travel distances were assigned tpaedid training. C and | groups performed
exercise training 3 times/week for 45 minutes dyiram 8-week period. Group C exercise
intensity was 80% of peak work rate achieved inirmremental exercise test. Interval
training involved a 30 min period of cycling forndinutes at 90% followed by 1 minute at
50% peak work rate. This 30 min period was predeated followed by approximately 7.5

min of exercise at 50% peak work rate (warm-up emol-down phase). The S group was
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instructed to cycle, climb stairs and walk in the#&tural environment with the same weekly
periodicity and time interval as used in in-cenpeograms for 8 weeks. Some patients
(10/32) were called monthly and were asked aboeir tbondition and training regimen.

Subjects in S completed logs reporting date andtaur of training sessions

Activity scale for Study |

Activity was assessed by a questionnaire previouskyd in this laboratory (42),
which includes questions evaluating difficulty imling, climbing stairs, dressing, cleaning,
shopping, housekeeping, working and hobbies. Datwity was scored on a 0-3 scale (O-
not limited, 1-moderately limited, 2-severely liguk, 3-not able to do) for 8 items before and
after training with a total score of 0 to 245( good activity, 5-8: moderately reduced activity,

8-16: severely reduced activity, >16: homebound).

Data collection for Study 11

A 16-bit A/D converter digitized (WinDaq Acquisitio Version 2.68, Dataq
Instruments, Akron, Ohio, USA) at 100 Hz the andlogy signal from the exercise system,
and then it was stored on a personal computer uthref analysis. The flow signal was
integrated to volume and the volume was calibra@osequently. The system calibration
was succesful for linearity and to have zero irgptrthat is why a scalar multiplicative
calibration factor was used to adjust the competgured volume from the flow signal.

Breath-cycle detection for Study 11

Because flow towards the end of expiration ofterctéiates around zero, it was
unsatisfactory to apply a “crossing zero flow” eribn to distinguish the start and the end of
a breath cycle. To overcome this, we moved tlygéni-threshold to a small negative flow (-
0.15 L/s). The start of expiration was definedtlas point at which flow exceeded this
threshold and remained in a clear positive trenthennext 140 ms. Similarly, the start of
inspiration was defined, as the point at which flaghieved this negative threshold, and was

followed by clear negative trend in the next 14Q éfter the computerized analysis, each
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data set was visually inspected for accuracy adiditsaof breathing phase change and if

necessary it was manually corrected, as a validgtiocedure for breath cycle detection.

Computing thetidal volume during spontaneous respiration for Study I |

Tidal volume calculation was defined by resettthg volume integration with the
Riemann Sums method at the start of each expira®). The resetting integration
compensated for predictable inequalities in ingpmaand expiratory integrated volumes
when the respiratory quotient differs from unity.

Computing therectangular arearatio (RAR) for Study 11

Spontaneous expiratory flow-volume curves were yareal breath-by-breath, and a
geometric quantification was performed by custondeneSigma Plot 10.0 transform
functions (SPSS Science, Chicago, IL). The gedmatralysis was based on the changes in
the shape of the descending phase of the expirlmobyof the SEFV curves. The geometric
analysis was defined as an identification of th&ahbreath coordinates of two critical

anchoring points(A) the maximum spontaneous expiratory floyy () and(B) the point at
which the expiratory flow takes a sharp declinenaling the beginning of inspiratiorv,
‘end-expiratory flow’) (Fig. 4). v..was defined as the point associated with the ggeate

difference between the slopes of adjacent 20 msaety of the flow-volume curve during
the last 0.25 seconds of expiration. These twatpaivere used to make a rectangle from
which the breath-by-breath rectangular area r&R) in the following way was calculated

as a measure of concavity defined:

V@V EE

J VdV —(V ee* V7)

RAR — \Y @V max
VT(V max—v EE)

wherey _, andvy_, are the volumes ay  and V. , respectively and V¥ is tidal

volume. Values of RAR below 0.5 define concavityilelvalues above 0.5 show convexity.
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This quantification makes comparisons of curvatlresveen different loops possible (Fig.
4).

All computer algorithms were developed for breagedtion and for the breath-by-

breath determination of the parameters of the géwnanalysis (RARV, ., V- and the

relative position ofV,__ ) using SigmaPlot transform functions (SPSS Scie@tecago, IL,

USA). We calculated the 30-second bin average salue

Statistical analysis

The results are presented as meanzSD in the tedt tables and plotted as
meantSEM in the figures, unless signaled otherwSeoup means were analized by
unpaired two-tailed Student’s t-tests. To compaeans between groups before and after
rehabilitation (study I) or at different levels eXercise (study Il), we used two-way repeated
measures ANOVA with Holm-Sidagost hoc analysis of variance to define any individual
significance. The statistical analyses were peréat in SigmaStat 3.5 (SPSS Science).
Statistical significance was accepted at P<0.0&tribution around the mean was expressed
+SD, except in figures, where +SE was used. [Dbigtions were tested for normality by
Kolmogorov-Smirnov test and significance was acegpt P<0.05. We targeted in study |
the study sample size based on discerning diffeencthe change in peak oxygen uptake in
the incremental test among groups as the primatgome. We used ANOVA statistics for
the 3 groups and asserted that the minimum cligigaiportant difference (44) between
groups was 0.1 L/min, the expected standard dewiati change in peak oxygen uptake
among subjects was 0.1 L/min, and utilized a poaf0.8 ando=0.05. This analysis

indicated that 20 subjects in each group wouldelogiired.
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Results

Study |

In the supervised groups, 31 of 39 subjects wemdd 3 times/week (total 24
sessions) (Figure 1). Five of 22 continuous tragnpatients performed fewer sessions than
the target, averaging 20 sessions (Figure 1).dnriterval group 3 of 17 patients performed
fewer sessions than the target, also averaginge2§ims (Figure 1). Training work rate of
supervised continuous training was 74+28W (80% peakk rate). In the interval group
work rate fluctuated between 79+25W (90% peak watk) and 44+14W (50% peak work
rate). Therefore over the course of a sessimnaverage work rate was 80% of peak work
rate in the C group and 77% in the | group. Thei@anean work in the two groups were
161.6+£50.6 kJ and 199.8+74.8 kJ in the | and C gspuespectively. The activity logs in
self-paced groups revealed average daily trainmgttbn was 30+6 minutes and average
sessions/week was 3.5+0.2All subjects completed the training protocol. Thevere no

adverse events according to the study protocol.

There were no significant differences in demogreplior study participants among
the three groups (Table 1). Lung function showedl@nate obstruction and hyperinflation at
baseline without significant differences among gou There were no significant changes

after training (Table 2).

Percent predicted peak work rate (45) was 67%, 638% in C, | and S groups,
respectively, before training. Peake and Ve/MVV ratio before training did not differ
significantly among groups (Table 3), suggestingilar ventilatory limitation. Further
supporting this, peak exercise Borg dyspnea satickeot differ among groups. Peak work
rate increased significantly in C and | in respotwsexercise training, but not in S (Figure 2)
with increases in C and | groups (1219 and 14+184&pectively, p<0.05 for each) that were
greater than in S (3 £ 12W, NS). A similar tendenas detectable in peakO:, increased
significantly in C and | groups, but not in S; hawg differences among groups were not
statistically significant (Figure 2). LAT increakesignificantly in supervised groups,
averaging 0.08+0.10 and 0.10£0.15L/min in C anbdut, not in S (0.04+0.21L/min), while
these differences did not achieve the statistiggtificance. PeakVe, heart rate, blood

gases, oxygen saturation (S@nd Borg dyspnea, and leg effort scores did mainge
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significantly as a result of training in any groughowing that exercise led to similar
physiologic limitations.

Isotime responses are presented in Table 3 andd&-@u There were significant
reductions in isotime ventilatory equivalent for £¥e/VCO:) and respiratory rate (f) and
non-significant reduction tendencies in isotirve and heart rate (HR) in the supervised
constant intensity group (by an average of 3 uritsbreaths/min, 2 Liter/min and 9

beats/min, respectively). In contrast, in isotiol@nges in the | and S groups were small,

and did not achieve statistical significance.

The activity questionnaire showed reduced acti{atyerage score: 11) at baseline in
all groups. After training, there was a significamprovement (i.e., decrease) in activity
score in each group (C: 11.5+0.7 vs. 9.0+2.8, 1:414P.4 vs. 7.2+2.1, S: 11.6£2.3 vs.
7.0£1.9; in C, | and S groups; each p<0.01 befae after training) but differences in
improvement among groups did not achieve a stagissignificance.

Study 11
Subject characteristics and exercise tolerance

The demographic and resting spirometric valuetiefstudy population are presented
in Table 4. The obstruction was moderate to sesieogved by resting pulmonary function in
the COPD patients. There were no statistically iBgant differences in age, height, and
weight between the healthy and COPD groups in study

COPD patients had a severely impaired exerciseainde with marked ventilatory

limitation as characterized by high end-exercisautd ventilation \(/Epeak) to MVV ratio

(VEpeak/MVV; 95+21% vs. 54+8% in the COPD patients vs.Itigaindividuals, respectively;

P<0.05) whilst healthy individuals suffered from suech difficulties (Table 5).

Breath detection

Each data set was visually inspected for accuracy \alidity of breathing phase
change and if necessary it was manually correete@, validation procedure for breath cycle
detection. We count the number of false positive fafse negative detections, and calculate
the sensitivity for detecting the start of expiwas and inspirations. Among the 29 performed

test, the false positive detection rate for indmra and expiration was 1#2.1% and
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1.9+1.3%, respectively. The false negative rate was#44?b for inspirations and 5:@.5%
for expirations. The data analysis was calculates amanual correction of all these errors in

breath detection.
Progressive change in the shape of the spontaneous flow-volume curve during exercise

Figure 4 shows the expiratory loop of the flow-voki curve in a typical healthy
individual (upper row) and in a COPD patient (lowew) at rest and at 25%, 75%, and
100% of peak work rate. The shape of the expiyalionb of the SEFV curve at rest and
during exercise in the healthy individual, whichréflected by an RAR-0.5 (Fig.4, upper
row). But in the COPD patient, the expiratory limbthe SEFV curve becomesncave at
75% peak work rate (RAR=0.4) and shows more coigat peak exercise (RAR=0.34)

(Fig.4, lower row). Note that both the normal widual and the COPD patient increase
intrabreathV__ and V. with progression of exercise, and that the pasitbV,__ stays in

the middle segment of the tidal volume in the HBakubject even at peak exercise, while

within the first quarter of expiration in the CORBtient from early stages of exercise.

Figure 5 illustrates the breath-by-breath analgéiie RAR,V__ andV,. during the

time course of unloaded cycling and incrementalr@ge in a healthy individual (upper
panel) and a COPD patient (lower panel). Supersagmn these plots are smoothed curves
calculated by a negative exponential smoothing ote{d6). The RAR smoothed curve of a
healthy individual was above the 0.5 line (in theper panel of Figure 5) at rest and
throughout the exercise, reflecting the convexitthe SEFV curve during the whole test. In
the lower panel of Figure ibis shown that during unloaded cycling and early i@ tamp
exercise the RAR smoothed curve in the COPD patvastat or above the 0.5 line, reflecting
the convex shape of the expiratory limb of the SEkWe. At about 5 minutes before peak
exercise, the RAR smooth curve fell below 0.5, shgwthat the SEFV curve became
concave. The RAR finally reached a nadir of 0.Bpeak exercise in this COPD patient. It

can be seen in this figure, at the time when th&RRsnoothed curve fell below 0.5,
reached about 1.5 L/sec ax¥ig. was appreciably above the resting level.
Figure 6 shows the mean RAR plotted &mction of \£ na/MVV at rest and during

exercise: at 6, 4, and 2 minutes before end-exemnsl at end-exercise, in both healthy and
COPD individuals. In healthy individuals (empty atés), RAR at 6 minutes before end-
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exercise dropped below the RAR at rest but thegrpssively increased during the rest of
the test; RAR remained significantly above 0.5ha whole duration of exercise. In marked
contrast, average RAR of COPD patients at restshightly higher than 0.5 but showed a
continuous fall throughout the exercise (averagk mxercise value 0.46+0.06). On average,
the COPD patients achieved more than 90% of thespiratory reserve (i.e. they are

ventilatory limited) at peak exercise (Figure 6).

The number of COPD patients who showed average Bétidg the last 30 seconds
before exercise end of <0.5 was analysed. Fouxésaventeen COPD patients manifested
averaged RAR<O0.5 at end exercise, while in twohef14 patients the nadir value was only
slightly below 0.5 (approximately 0.49). We tryftiod responsible factors for the failure to
develop substantial concavity in these five COPflepés. These patients have a wider range
of disease severity (i.e. FE% predicted of 33, 34, 45, 52 and 56); hence, rmgstiing
function does not seem to be a principal deterngndtctor of concavity in the SEFV curve
during exercise. Two of the five subjects presgnteentilatory limitation (peak
Ve/MVW%=103 and 109) and three had substantial vataiy reserve (mean
Ve/MVWVW%=7018) at peak exercise. Despite to the other 12 CQ&tiznts who developed
definite concavity during exercise, these five @aitis indicated less dyspnea (Borg dyspnea
score: 4.81.5 vs. 5.%1.9) and more leg fatigue (Borg leg score+3.8 vs. 4.82.0) at peak
exercise, while these differences did not reachtagistical significance. All healthy

individuals generated RAR smoothed curve remaited& 0.5 during the whole exercise.
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Discussion

Investigating strategies to improve exercise toleeain COPD, we compared three
rehabilitative training strategies in study | arefided their effectiveness in increasing peak
exercise tolerance and in different physiologicaining variables. The effect of two types of
supervised training modalities, like continuous andrval training; were compared to a self-
paced, home-based program. Peak work rate in arenmental exercise test showed
significant imporvement in the supervised groupghittle difference between C and |

groups. Both supervised groups exhibited similgnificant increases inV/Ozpeaand LAT.
Self-paced training yielded only small and insigraht improvements in these measures.

Analysis of variance revealed that the differenceinicrease in peak work rate, but not
VOzeaand LAT between the supervised groups, and thepseld groups achieved

statistical significance.

Related to exercise intolerance in study Il we hahlown that our novel,
computerized method allows characterization ofgéeesis and development of progressive
expiratory flow limitation that occurs during exee in COPD patients in a non-invasive and
unobtrusive way. To the best of our knowledges ikithe first approach on a breath-by-
breath basis that allows quantification of EFL Wha@cterizing the profile of the SEFV
curve. Our method does not require additionakimséntation beyond the flow sensor and
digitizing equipment for the analog output of thlewf sensor, in opposite of NEP
measurement and the forced oscillation technidqliee algorithm for this analysis might be
implemented as a software module, and easily camdeel in preexisting computerized
cardiopulmonary exercise systems. Furthermom@get not require invasive maneuvers and
provides a fully quantitative, objective and dynammeasurement of developing flow

limitation during exercise on a breath-by-breatkiba

Activity becomes progressively reduced by shortrafsbreath, and it can lead to
deconditioning in COPD patients (1, 2). Aerobizwne concentrations, mitochondrial
density, muscle fiber-to-capillary ratio decreased there is reduction of muscle mass and

type | fiber fraction in these type of COPD patiéfi).
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According to previous studies, COPD patients caddieve a physiological training
effect; it has now been clearly shown that higlemsity endurance training yields increases
in VOzeax (3) and the ability to sustain a given work ra8. ( Training can result in an
increase in the muscle capillary-to-fiber ratio deg to a reduction in capillary to
mitochondria diffusion distance (48) and increasamglative enzyme content and myoglobin
levels (48), which was detected by muscle biopsy.

Optimal strategies to increase exercise tolerahceugh rehabilitative exercise
were sought. A key finding was that high intenditgining achieved greater physiologic
effect than low intensity training (3). Recentdis have focused on strategies allowing
COPD patients to exercise at higher training wates; in randomized double-blind trials
oxygen administration (49,50) and bronchodilataraipy (51) have been shown to increase
rehabilitative exercise training effectiveness (52)

Home-based exercise programs have been found ieffect increasing exercise
tolerance and quality of life (5), but the relatieéfectiveness compared to supervised
programs can be questionable. Home-based proghaws discernable disadvantages.
Frequent encouragement and instruction by traimba@hbilitation personnel can be crucial
adjunct to rehabilitation. Ongoing interaction lwpatients similarly afflicted is posited to
assist in motivating patients to comply with religdiive therapy. It has clinical importance
to compare effectiveness of home-based programé wsitpervised group programs;
previously only two studies have been reportedis field (6, 7).

COPD patients have been compared in a 12-week grogwrith twice-weekly
sessions of either home-based (15 patients) oentec exercise (15 patients) by Strijbos et
al. (7). Equal improvements in exercise capaaitg reduction in breathlessness and leg
fatigue have been found at the program’s end anto®ths later in the two groups.
However, some benefits (exercise capacity and Blygpnea score) persisted to a greater
extent in the home-based program after 18 monthssl been an important study feature that
therapists visited the home for each exercise @es#iis is not practical in many settings and
is not a general set-up of most home-based progttaafiave been reported. Puente-Maestu
et al. have compared responses of 41 COPD pate@sveeks of in-center rehabilitation 4
times/week vs. a home-based program with weekbemter visits to maintain adherence (6).

Estimated mean training work rate has definitelgrb&igher in the in-center rehabilitation

group and exercise tolerance measures (exercisgiatyrVOzpea, heart rate, isotimé/e,
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VCO: and lactate accumulation) have also shown gréatprovement in the in-center

program.

In our study, the self-paced program employed mase similar to that of Puente-
Maestu et al. (6) than to that of Strijbos et @).if that in home rehabilitation there were no
personnel visits. Like Puente-Maestu, we foundyosinall non-significant trends in
physiological training measures. While home-batsathing may indicate of improvement
the patient’s perception of activity level (as icatied by our activity questionnaire), it seems
inferior to supervised training in improving exexeiendurance. Only small, non-significant
improvement in peak exercise capacity, ventilatoprdiovascular and metabolic responses
was detected; improvement in peak exercise toleramas significantly less than in the
supervised groups. We suspect that supervisadrigain a supportive environment in the
presence of others similarly afflicted resultsuparior training results.

Training intensity is determined by the effectivity interval training as well as its
effectiveness in inducing training effects in tixereising muscles. Traditionally, it has been
shown that below “critical training intensity” treers no achieved training effect, no matter
how long the training proceeds (53). Above thieshold, progressively higher intensities
achieve progressively greater training effects, amdrcise training can reduce dynamic
hyperinflation of COPD patients (54), althoughsitniot certain that this relationship is linear.
If, for example, continuous training intensity parhed at the critical training intensity is
compared with interval training where intensityctiuates below and substantially above the
critical intensity, it is reasonable to expect tlaterval training will be more effective.
Alternately, if continuous training set at a wosdta above the critical training intensity, and
it is compared to interval training with work rafleactuating around this mean but always
remaining above the critical intensity, it is diffit to predict which will be more effective
(possibility the continuous training will be moréeetive than the interval training). It is
difficult to predict which regimen will be betteslerated in the sense that the total tolerable

work may be greater with one or the other strategy.

Coppoolse et al. have studied 21 COPD patientsorarmd to a continuous or
interval training profile with the same total woger session performing an 8-week 5-

session/week, 30-minute/session exercise program Ekercise testing has demonstrated
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that, for most response measures, physiologic @sarmve been more marked in the

continuous training group.

Vogiatzis et al. have studied 36 COPD patients pdrdormed in endurance training
with 40-minute sessions held twice weekly. Sulgjéeave been randomized into two groups,
a constant work rate group (50% of peak work rategn interval group (30 seconds at 100%
of peak work rate alternating with 30 seconds ef)ré8). Physiologic benefits have been

detected in both groups with no clinically impottdifference.

Puhan et al. (55) has recently found no significhffierence in the improvement of
exercise capacity and quality of life of COPD pattseperforming interval or constant work
rate training. However, the work intensities sethis study have been somewhat lower than
the ones used in previous studies (4, 8) or inpitesent study: training work rate in the
constant work rate group was only 57% of peak watk achieved in an incremental test,
and the total work per session of those performirtgrval training was only 76% of that
performed by the constant work rate training grolip.addition, the duration of the training
sessions was only 20 minutes in either group.

In the present study both supervised training gsolbad high intensity work rate
profiles. The continuous training group exercis¢@0% peak work rate in an incremental
exercise test. This is similar to the strategy leygd previously (3) and is a near-maximal
target (56). Interval training changed to a sutishfraction of the time (2/3) to be spent at
an even higher training intensity: 90% peak worteraand another 1/3 spent at lower
intensity (50% peak work rate) phase. The aveea@ecise intensity was therefore 77% of
peak work rate and similar to that of the contirmauwork rate group. Interval and continuous
work rate profiles yielded similar physiologic resige changes, and therefore, similar
training effects as it can be seen in in Figurad 2

An additional information was that in both supsed groups, exercise intensity was
held constant during the training program in orlemake a strict comparison between the
two strategies. It differs from the most previaeports of exercise training in COPD, in
which training intensity has been increased asatdd during the intervention. Substantially
higher training work rates can be set in the lastieategy as the program proceeds (e.g.,
patients are able to exercise for the entire sesgiavork rates approximating the peak in pre-

training incremental exercise testing) (56). I @& a reason why training-induced increases



25

in the supervised groups in, for exampié)zpeaare somewhat less in our study compared to

some other COPD training studies (4, 57).

Previous analyses compared to our merantitative method have been mainly limited
by the shape of spontaneous flow-volume curve titglive inspection. A non-sinusoidal

expiratory flow pattern was characteristic of obstion, and pointed out that as EFL

progresses th&__ is reached earlier in the tidal breath reportedMuyris and Lane (58).

Spontaneous flow-volume profiles of anaesthetizediepts has been monitored by
Bardoczky and d’Hollander, pointing out the “bowiognfiguration” in the expiratory limb
as an indication of diffuse obstruction (59). Roer¢ analysis found relation between the
flow limitation and the presence of concavity of #xpiratory limb of the flow-volume loops
(60). Baydur and Milic-Emili could detect the flewolume shape in association with the
NEP method qualitatively (60) and SEFV curve coityan patients with a high percentage
of tidal volume exhibiting flow-limitation monitoce according to NEP; two-thirds of the
patients with SEFV curve concavity have been regbrivith >50% of tidal volume
exhibiting flow-limitation, and half of the patientshowing concavity had >70% of tidal
volume exhibiting flow limitation.

In our study, 14 of 17 COPD patients performed lmeradf RAR <0.5 before peak
exercise. Althought, five subjects with low FEMd not show substantial concavity in their
SEFV curve. None of the normal subjects had th&Roothed curve drop below 0.5 at
any point of exercise. Comparing an age-matchedralogroup, we demonstrated the real
difference considering the possibility that the mally occurring decrease in elastic recoill
with ageing might be associated with these conéigon changes.

There is, however, a wide range of subjects whaeaeld ‘minimal’ RAR at peak exercise in
the COPD group, and it is worthwhile to considesgible mechanisms of concavity that
might lead to this variability. Several factorsgmi be crucial to lead to concavity of the
SEFV curve. Rapid drop in expiratory flow rate cause concavity in the flow-volume loop
demonstrating dynamic airway compression (23,29,33apid and shallow breathing
adopted by COPD patients augments the drop in &wxpy flow rate, which is at a frequency
that limits effective ventilation to lung compartmsg with short time constants. Our data

support the observation of Morris et al. (58), thaV,__ rises during exercise, there is a shift

of the position of theV__ to move in earlier position in the expired volumeHigh
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intrathoracic pressures achieved during expiratight lead to gas compression and a result
of dynamic airway compression (24). Futhermores gampression might occur in the
presence of expiratory flow limitation (24, 28).nAncreasing role of active expiration in
moderate to severe COPD patients and the confignedtchanges might also be consistent.
Further studies are warranted to determine thetivelacontribution of these potential
mechanisms.

One of the critical development tasks for this gsial was the “breath cycle
determination” algorithm. Using a slightly negatithreshold is valuable to eliminate the
influence of noisy flow signal toward the end opeation. Post-detection visual inspection
of approximately 14,000 flow-volume loops demonsitathat using a slightly negative flow
threshold to detect the beginning and end of ekpitave achieved a low false positive and
false negative rate in determining both inspirai@md expirations. This finding suggests
that in subsequent studies, visual confirmationao€uracy of breath detection by this

algorithm will not be needed.
Accurate determination of the anchoring point4_( and V..) has a potential

limitation of RAR measurement technique becausaai$e in the expiratory flow signal.
Breath-by-breath physiologic changes in the exlmdatan be other possible reasons for the
variability in RAR, which results inaccuracy of @avity or convexity of the expiratory limb
of SEFV curve. Furthermore, we observed thatthdiguration of SEFV curve sometimes
varies considerably between subsequent breathsniigat lead to errors in determining the
critical anchoring points for the calculation of RA Interestingly, the breath-to-breath
variability was generally greater in healthy sulgeban in COPD patients. We suppose that
part of this variability might come from random digas in compliance or vibrations within
the airways that is less characteristic in COPDOddifonally, the SEFV curve adopts more
convex configuration in healthy subjects (58), fraumich it is more difficult to separate the
intrabreath peak- and end-expiratory flow, leadmgariability in RAR calculations. In order
to minimize the effect of breath-by-breath variapjlwe smoothed the breath-by-breath data
using a single component exponential smoothing ate(61) which allowed characterization
of trends. Another way of diminishing the effectlwéath-to-breath configuration changes of
the SEFV curve would be to average several consecbtreaths and calculate the RAR
based on the averaged curves. A third way of dgahith this variability would be to
exclude from further analysis RAR values that wawdiers from the general trend. These

methods might be explored in future studies.
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In summary, the training study supports the condbpt in-center high intensity
supervised rehabilitation programs can be morece¥e as shown by physiologic evidence
of improved exercise tolerance than home-basedpengised programs, while some of the
measured physiologic variables did not achieveissizdl significance. We could not
demonstrate difference in effectiveness of intetvahing as compared with constant work
rate training with similar total work per sessidrhe interval training might have a greater
training effect presumably because of the highesateutension during the exercise periods.
In future studies other interval work rate stragésgmight be found, which might be more
effective. In theory interval training has lesaddfor the pulmonary vasculature (especially
important in pulmonary hypertension), and patiesda tolerate more easally this training
modality (62).

According to exercise intolerance, flow limitatiathe quantification of concavity of
the expiratory limb of the SEFV curve by means atuglation of the RAR breath-by-breath
seems to be a valuable method for assessing dewetdpof EFL in COPD patients. The
shape change of the loops develops as a consqoémeegressively active expiration and
dynamic airway compression. Hence, the measuremie®AR seems to have clinical
importance in routine assessment of progressivwe fllmitation in COPD and may show a
factor to critical ventilatory limitation and dysea. Further studies are needed to compare
the results of this breath-by-breath quantificatvath other methods of EFL determination
such as the NEP method and the forced oscillagohrtique. Further research is also
needed to explore the validity and reliability bistmethod in stratification of COPD patients
across the total range of disease severity. Timght be an association between dynamic

hyperinflation measurement and the observed SEF¥igioration changes.
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Tables

Table 1. Demographic characteristics of Study | particigant

Supervised Supervised interval (I) Self-paced (S) grouf
continu(zizz(gt) group group (n=32)
(n=17)

Age (year) 61+12 67 £ 10 60 £12
Height (cm) 167 +7 166 + 7 168 + 6
Body weight (kg) 7312 67 £10 71+£12

BMI (kg/m?) 26 +4 25+ 4 25+ 4

Male:Female 19:3 11:6 25:7

Mean+SD; BMI: body mass index
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Table 2. Resting lung function and blood gases before #ed @ehabilitation in Study |

Supervised continuous Supervised interval (I) Self-paced (S) group
(C) group (n=22) group (n=17) (n=32)
Before After Before After Before After
Lung function training training training | training training training
FEV; (liter) 1.5+05 1.5+0.5 1.7+0/71.8+0.7 15+0.5 1.5+0.5
FEV; (Yopred) 51 +16 52 + 17 64 + 29 66 +[23 52 + 16 52+17
FVC (liter) 29 0.8 3.0+0.8 3.0+073.1+0.8 3.0+x0.7 3.0+0.7
FVC (%pred) 82+17 82 + 15 90 + 23 93+2284+17 86 +19
FEV1/FVC (%) 50+12 49 +12 57 + 1y 57 +16 50 +13 49 +12
TLC (Yopred) 110+ 16 110 =+ 17 116 £13 111 +R1 1% 117 +21
FRC (%pred) | 136+33 139+34 147+33 140+39 43D | 153 +40
RV (%pred) 164 +48| 160+42 171+53 149+46 17 | 176+52
RV/TLC (%) 54 +10 52+10 54 +13 48+7 6511 55+10
D .CO (%pred) 67 +17 69 + 2( 67 + 26 65 +{13 62 + 26 63 +21
PaQes(MmHg) | 65+ 8 64 +6 67 + 1 73%| 66+7 65+ 7
PaCQres(mmHg) | 43 +4 42 +4 42+7  39+5 42+5 43+6

MeantSD; FEW: forced expiratory volume in one second; FVC: &atwital capacity; TLC:
total lung capacity; FRC: functional residual capadV: residual volume; PCO: diffusion
capacity of carbon monoxide; PaQurterial partial @ pressure; PaCOarterial partial CQ

pressure.
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Table 3. Exercise testing results before and after rettabdn in Study |

Supervised continuous (C) groyp Supervised latgty group Self-paced (S) group
Before training| After training| Before training tf training | Before training  After training
VO: (Liter/min) 1.17+0.40 1.27+0.40* 1.10+0.31 1.18+0.36* 1.12#0.3 1.17+0.35
Ve (Liter/min) 51+17 51+16 46 + 11 49+ 14 48 +12 47 11
f (breath/min) 45+7 41+ 7* 44 +6 427 44 +6 41 £ 7*
Peak ["HR (beat/min) 138 + 26 133+ 22 130 + 17 129+36 | 39%24 138+ 22
SpQ (%) 93+2 94 +2 92+6 94 +2 92+2 92+4
Ve/VCOs 40+5 37+4 39+5 38+4 43+10 A1
VEe/MVV (%) 90 £ 24 89 +22 68 + 29 76 +24 85+19 83+22
PaQ (mmHg) 7110 70+ 10 677 70+ 10 68 68 +8
PaCQ (mmHg) 43 +6 44 =7 42 +7 42 +5 44 +5 43 +6
Borg (dyspnoea) 6.4+25 57127 6.6+2.2 6.0+2.1 74+138 6.7+25
Borg (leg fatigue)| 6.2+2.9 59+3.1 6.9+22 6.1+25 6.6+23 6.3+2.6
VO (Liter/min) 0.82+0.22 0.92+0.24* 0.83+0.29 0.96+0.28* 0.84+0.25 | 0.91+0.25
Ve (Liter/min) 32+7 36+ 7 32+8 35+9 33+7 3%+
LAT f (breath/min) 27+5 27+6 29+6 305 26+4 274
HR (beat/min) 119 +23 111 +23 110+ 19 114 +18 20% 20 121 +19
SpG (%) 93+2 94 +2 94 +2 93+6 93+2 934
Ve/VCO: 41+6 3811 41+5 40+ 6 43 +10 #3
vO. (Liter/min) 1.14+0.37 1.15+0.35 1.07+0.26 1.06+0.34 1.10+0.35 | 1.11+0.33
Ve (Liter/min) 48 £16 46 £ 16 42 +10 42+ 14 45+ 10 44 +10
Isotime: e athimin) 33+6 30+ 6 337 31+7 316 317
HR (beat/min) 139+24 130+ 19 127 £ 17 125+ 20 36%23 133+21
SpQ (%) 93+3 93+3 93+3 92+5 92+3 92+4
Ve/VCO: 41+6 38 £ 5* 387 41+8 41 +8 47

MeantSD, *p<0.05;VO: : oxygen uptakeye : minute ventilation; f: breathing rate; HR: heaate; SpG oxygen saturationy/e/VCO;:
ventilatory equivalent; MVV= FEM40: maximal voluntary ventilation; LAT: lactateaarobic threshold.
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Table 4. Demographic and pulmonary function characterigifcStudy Il subjects

Healthy COPD

(n=12) (n=17)
Age (years) 60+ 9 63+10
Height (cm) 169+9 169+10
Weight (kg) 74+15 7712
FEV; (L) 3.1+0.8 1.1+0.5*
FEV; %pred. 104+13 39+12*
FVC (L) 4.0+1.0 2.8+1.1*
FVC %pred. 103t14 77+20*
FEV1/FVC% 17+4 40+7*
MVV (L) 123.5+31.1 43.7+18.9*
PEF (L/s) 7.6+1.9 3.3+0.9*
TLC (L) 6.3+1.3 7.142.1
TLC %Pred. 108+12.9 113+17.8
FRC (L) 3.2+0.7 4.8+1.5*
FRC %Pred. 104+23.1 146+29.4*
RV (L) 2.3+0.5 3.8+1.4*
RV %Pred. 107+16.8 163+46.8*

MeantSD, * P<0.05; %pred values in pulmonary functiomevealculated according to
NHANES Il standardf. FEV;: forced expiratory volume in the 1st second; F¥aEced vital

capacity; MVV: maximum voluntary ventilation (FEWX 40

PEF: peak expiratory flow;

TLC: total lung capacity; FRC: functional resideabpacity; RV: residual volume.




40

Table5. Exercise tolerance and end-exercise ventilatoayattterization (Mean = SD) in
Study 1.

Healthy COPD
(n=12) (n=17)
Peak WR (Watts) 145+38 68+35*
VOzpeak (L/min) 1.7520.49 1.1420.37*
Ve peak(L/Min) 6619 40+14*
Ve pealMVV (%) 54+8 95+21*
V1 (L) at end-exercise 2.1+0.54 1.2+0.38*
RAR at end-exercise 0.61+0.05 0.46+0.06*

MeantSD; * P<0.05; Peak WR: peak work rate in the in@atal test;VOzpeak: peak oxygen

uptake at end exercis®e peax: peak minute ventilationy/s/MVV : ratio of peak minute
ventilation and maximal voluntary ventilation (MV¥£V;*40) **: RAR: rectangular area

ratio; Vy: tidal volume.
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Figurelegendsfor Study |

Figure 1: Flow of participants through each study stage.

Figure 2: Change in peak oxygen uptaké@:), the lactic acidosis threshold (LAT) and

peak work rate as a result of training in the thraming groups.

*p<0.05 vs. self-paced training, errors bars regmesSE

Figure 3. Change in isotime responses as a result of tiqduring an incremental
exercise test in the three training group's., minute ventilation; f, respiratory rate; HR,

heart rateVe/VCO:, ventilatory equivalent for carbon dioxide.

*:p<0.05 vs. supervised continuous training, #:080vs. self-paced training, error bars
represents +SE.
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79 screened patients:

8 excluded: - 1 psychiatric disease
- 4 ischemic heart disease

- 3 exercise limiting joint disease

Supervised training
group (n=39)

Unsupervised training
group (n=32)

A 4

High intensity,
continuous training
(n=22)

Interval training

(n=17)

Home-based, self
paced training

v

45 min cycling of 80 % peak work
rate, 3 times/week, 7 out of 22
patients allowed break sessions in
every 10 minutes for 9 sessions
(these patients started 65%peak
work rate) then followed the
protocol

5 of 22 performed
fewer sessions than
the target (20
instead of 24)

v

v

30 minutes period of cycling for 2 minutes
at 90% followed by 1 minute at 50% peak
work rate, with 7.5 min warm-up and cool-
down phase at 50 % of peak work rate, 3
times/week, 4 out of 17 patients for the
first 9 sessions performed 70% intensity
and 40% intensity phase then followed the

45 minutes walking or cycling or
climbing on stairs, target
duration was 30 minutes at start
and it increased to 45 minutes

protocol

3 of 17 performed
fewer sessions than
the target (20
instead of 24)

Average duration: 30 £
6 minutes and average
sessions/week: 3.5 +
0.2




Figure 2.

AVO, (L/min)

0.16

43

20

0.14 -

0.12 -

0.10 -

0.08 -

0.06 -

0.04 -

0.02 -

0.00 -

18

- 16

r 14

12

10

Peak VOZ (L/min) LAT (L/min)

I Supervised continuous training group
[ Supervised interval training group
[N Self-paced training group

Peak WR (Watts)

(spep) YM Yeed v



44

Figure 3.
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Figurelegendsfor Study I1:

Figure 4. Progression of the spontaneous flow-volume (SEEtWYye configuration during
incremental exercise. Top row: a healthy individi&EV1=3.7 L, 81% predicted). Bottom
row: a severe COPD patient (FEAL.0 L, 29% predicted). The shaded portion is tfeaa
used to calculate the rectangular area ratio (RA®;triangle bounded by the dotted line,

using the peak expiratory fIOV\)\/',(w) and the end expiratory rongE) as anchor points,

represents a RAR of 0.5, demonstrating no curvafithie healthy individual has a RAR that
remains above 0.5, indicating SEFV curves with iastly convex profiles at all exercise
levels. The COPD patient displays a declining RAR fachieves a minimum of 0.34 at peak

exercise, indicating a markedly concave SEFV cuwefiguration as exercise progresses.

Note that both the normal individual and the COPdignt increase intrabreaM, , and

V. with progression of exercise and that the positib/_ stays in the middle segment of

the tidal volume in the healthy subject, while r@mreg within the first quarter of expiration
in the COPD patient. PWR: peak work rate, WR: wate, \£: minute ventilation, MVV:

maximal voluntary ventilation calculated as REAO.

Figure 5. Breath by breath time course (open circles) ofaregular area ratio (RAR), peak
expiratory flow /. ) and end-expiratory flow\M. ) during an incremental exercise test. The
boldface lines represent smoothed data (exponené#tiod®?). Note that the ordinate scales
for V., and V.. are different in order to better represent thengea. Panel A: a healthy

person (51 yrs, female, FEVM2.72 L (98% predicted)). Panel B: a COPD pati@&t yrs,
male, FEV: 1.02 L (29% predicted)).
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Figure 6. Rectangular area ratio (RAR) responses occurtingsh and as exercise limitation
is approached during incremental exercise in hgdhlividuals (n=12, open circles) and
COPD patients (n=17, closed circles). The absq@sssents meangiMVV at rest and at 6,

4, 2 and 0 minutes prior to end-exercise fromtlefight, respectively. RAR values of COPD
patients are lower at rest and at all phases atieseeas compared to normal, non-obstructed
subjects (repeated measures ANOVA P<0.01). The FABRgnificantly less than at rest
starting 4 minutes before end-exercise (repeatedsares ANOVA P<0.01). In normal
subjects, RAR is significantly higher than at r&tstrting two minutes prior to end of exercise
(repeated measures ANOVA P<0.01). The index ofilaaty limitation (Ve/MVV x 100)
approaches a value of 100% in the COPD patientadiun the healthy individuals.
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REST 25% PWR 75% PWR PEAK WR
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Figure5/A
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Figure5/B
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Figure 6
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