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Assessment of Effect of Pulmonary Rehabilitation on Skeletal Muscle
Metabolism by *P Magnetic Resonance Spectroscopy
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Pulmonary rehabilitation has been known to improve dyspnea and exercise tolerance in patients with chronic
lung disease, although it does not improve pulmonary function. The mechanism of this improvement is not
clearly explained till now ; however some authors suggested that the improvement in the skeletal muscle me-
tabolism after the rehabilitation could be a possible mechanism. The metabolc changes in skeletal muscle in pa-
tients with COPD are characterized by impaired oxidative phosphorylation which causes early activation of an-
aerobic glycolysis and excess lactate production with exercise. In order to evaluate the change in the skeletal
muscle metabolism as a possible cause of the improvement in the exercise tolerance after the rehabilitation,
noninvasive P magnetic resonance spectroscopy(MRS) of the forearm flexor muscle was performed before
and after the exercise training in nine patients with chronic lung disease who have undertaken intensive pulmo-
nary rehabilitation for 6 weeks. *P MRS was studied during the sustained isometric contraction of the domi-
nant forearm flexor muscles up to the exhaustion state and the recovery period. Maximal voluntary contrac-
tion(MVC) force of the muscle was measured before the isometric exercise, and then 30% of MVC force was
constantly loaded to each patient during the isometric exercise. After the exercise training, exercise endurance
of upper and lower extremities and 6 minute walking distance were significantly increased(p<0.05). There
were no differences of baseline intracellular pH (pHi) and inorganic phosphate/phosphocreatine(Pi/PCr).
After rehabilitation pHi at the exercise and the exhaustion state showed a significant increase(6.91 +0.1 to
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6.99+0.1 and 6.76 +0.2 to 6.84 +0.2 respectively, p<<0.05). Pi/PCr at the exercise and the recovery rate-of
pHi and Pi/PCr did not show significant differences. These results suggest that the delayed intracellular acido-
sis of skeletal muscle may contribute to the improvement of exercise endurance after pulmonary rehabililtation.
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1. oqtohat

% 99] ThY HAFE 21 e g9t BAES
o P olEe] B AFL 58+11Agom,
152} 714 2g& DA A AR 84 B HA5-S
Z2Z 199} 0152 body mass index(BMI)+=
21.6 +3.7kg/m?e|¢ 3. AulZ EH = 23.8+2.4cm,

[o3

ag)n &Efde] Hul4sde 8.6 £3.8ft-1bs]
t}. 8o9] vhdH A4 A == theophyllineA]
AE FL3n U%ed 19 HAf8EF WA=
prednisolon& E4-3}3 YT AT 7t Ft FF
e Hske gldlom i 8t 25 gaddoes
A ATk

2. yy

IEAEAEE T8AFeE, BAREF(treadmill
walking), 2P A &% (stationary bicycle riding)
R 4A EFHE5AA (arm ergometer) & o] 83 &
2 ¢5oE e, 8 A u7A] £5&
F 3IH1L, 5L 3Tl 40~60%, UFUd
33, F 63E& A5}, IFAGAE AF A
FZ AW (spirometry) & o8-8 #7157 AN, HEitH
% (diffusing capacity), #-&3 (lung volume),
& 718 (maximum voluntary ventilation), &
7 £%Y &34 (bicycle ergometer)& o|&3% o}
DAR-FHeEAN, EEREAIA dold Hg
T 80% oA 3x ] A7 &4, 4A &5
#%47] (arm ergometer) & o] &3 A=jo| z+¥
24 2 6% HYPAPA T A

T SEFAZAE FFE P MRSHAE A4,
FA E 208719 FEAlY] AgElg o (Fig. 1),
5L 2 It F2 AL 2% &5
(wrist joint) 2| 257 A9 AdFEYe] 30%
HFshe FAZ =2HUE 53 Y317 H, di &5
BHE U2 FHFAA T4 528 =Ad7x] 5
2] 4. &-% (isometric contraction) & A &3 E 319
. %P MRSZAM] 25 9] inorganic phosphate
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Fig. 1. Typical stack plots of *P MRS spectra ob-
tained at pre-rehabilitation state with a
time resolution of 2minutes. The first
spectrum showed the muscle metabolic
state of the resting period. With the exer-
cise(second and third spectra), PCr peak
was decreased and Pi peak showed the re-
ciprocal change to the PCr peak. During
the recovery period, the spectra returned
to the level of the restion spectrum. No
significant changes were seen in ATP
peaks during the exercise and the recov-
ery period

(Pi), phosphocreatine(PCr) ¥ adenosin trip-
hosphate(ATP) 2] g+& 28 tAog 243 7} A
HEYo)N & F A5 (signal) o] HHoz FHE3lo
T AT dAY Qs Y& vgsle Pi/
PCre] H](ratio)& A4}, PCrol g Pig
s}8lo] 53k (chemical shift) @ 2 ¥.E] pHIiE Al4ls}
Aok,

3. 3AH 2|

2 A7dA doA dlolels HA + FERHUAE ¥
AL, SFAEXE AF F 2ol vliLE paired
t-test& o] &3} A3}

2 =

1. TEMER|Z HF d7[sHALe] HWa

Forced vital capacity(FVC)E oj&x)9] 764+
18.0% A 78.0+16.4% 2, forced expired vol-
ume within 1 second(FEV,)= 43.9 +11.9% oA
44.3+12.2% 2, diffusing capacity(DLco)= 64.
8+14.9%¢°lA] 62.7+17.7% 2, total lung capaci-
ty(TLC)= 126.2+225%94 120.0+18.3% =,
functional residual capacity(FRC): 146.4+37
% N4 138.1+£27.6% & residual volume(RV)<
177.4£43.8%9A 160.0+31.2% &, maximal
voluntary ventilation(MVV)< 53.0+31.0% ¢ Al
54.6£29.3% = 3o} A fodL it}
(Table 1).

2. SEAER|R HFE CiHARSHIIAAS W

HA &5 (maximum work rate) 2 & # 69.9

Table 1. Results of pulmonary function test be-
fore and after the rehabilitaion.

Rehabilitation

p-value
pre post

FVC(%pred.) 76.4+18.0 78.0+16.4 NS
FEV,(%pred.) 43.9+11.9 44.3+122 NS
DLco(%pred.) 64.8+14.9 62.7+17.7 NS
TLC(%pred) 126.2+22.5120.0+18.3 NS
MVV(L/min.) 53.0+31.0 54.6+29.3 NS
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Table 2. Results of maximal incremental exer-
cise test before and after the reha-
bilitation

Rehabilitation

p-value
pre post

69.9+17.8 69.6£17.2 NS
1.02+0.35 1.15+£0.29  0.07
AT(L/min) 0.82+0.19 0.87+£0.18 NS
O,pulse(ml/beat)  8.36+2.81 9.33+2.46 <0.05
HRmax(beats/min)124.9 +9.7 128.7 +14.3 NS
VEmax(L/min) 43.0+13.8 42.1+15.3 NS
VE at same WR 41.3+14.1 38.2+115  0.09
HR at same WR  120.4+8.4 118.6+11.0 NS

WRmax.(watts)
VO,max.(L/min)

R at same WR 0.97+0.1 0.87+£0.1 <0.05
VCO,(L/min)

at same WR 943+311 938+251 NS
VO,(L/min)

at same WR 975+ 317 1077 £ 270 NS

+17.8wattsollA] X8 £ 69.6 £17.2watts 2, Ak&
AZgor A3 FAAH 3R] (anaercbic thresh-
old)= 0.82+(.19L/mino|A 0.87 £0.18L/min&
FHURIEI|HS HFA] FHSE MVVE 97%<
43.0+13.8L/minoA] MVVe] 91%< 42.1+15.
3L/ming HjAulks 124.9 +9.7beats/min ol A
128.7 +14.3beats/min®. WatHo} EAA 894
& ek et 4kA9 (oxygen pulse) 2 AR A
8.36 £ 2.81mi/beatol|Aq] & F 9.33+2.46ml/
beat g {25t EvFslgd o™ (p=0.025), FHrhitA
AHF(VOmax) & X7 A &FH9] 59+14%
1.02 £0.35L/mino)| A g & &9 64+£14%
9l 1.15+0.29L/min2 Z7tske A$E BATHp
=0.07). 3FAEXE 4%, 5HE 44 HAULF
B HE EFEE VIESY T 28R FAH
4] v]mE R(gas exchangs ratio)& X8 A 0.97
+0.1914 A& & 0.87 £0.1 2 23t 7343l e
o (p=0.02), £337]3S 41.3+14.1L.mindj A

Table 3. Results of exercise endurance test be-
fore and after the rehabilitation

Rehabilitation
. p-value
pre post
Lower extremity
duration(sec) 571£36 972+44 <0.05

work rate(watt) 52.8+13.7 53.9£119

Upper extremity

460.0+£170 1159+695 <0.05
13.6+£3.8 15.0+4.1

6min. walking(meter) 44878 509+85 <0.05

duration(sec)

work rate(watt)

38.2+11.5L/ming ZAs= AL nyou(p=
0.09), Alvkals=x= 120+ 8.4beats/minoj|A] 118.6
+11.0beats/minZ, o|A3lgtsk AAF(VCO,) S
943 +311ml/mino] 938+ 251ml/minz §-o|%
Wt Adet(Table 2).

3. ZENEX|E HF X7 ZAI X 68 2YH2|
ZiAte| s}

A7 AAA SHAe] SEASAZES AR B 52.
8+13.7watt ] &l 4] 571 +36secgor}t g &
53.9+11.9watte] Rajolr 972 +44sec §2)5}
A 271 (p=0.016), AHRe] AFE FApA
SEAEAZE 13.6+3.8watte] 232 460.0+
170secold  15.0+4.1watte] 23lE 1159+
695sec2 (p=0.027), 6% HaAzE x5 A 448
+78mollA A& T 509 +85mE FolaiA Sty
tH(p=0.012) (Table 3).

4. SENMEXIR MF P MRSHALY S| B3]

AGAE AT IAHA] FHZ A¥ pHis 7.05+
0.03°14 7.056+0.03% #ol7} gilout, &FAIF
283 9S4 g2 e A5 AF pHie &
7+ 6.91 +0.10A 6.99+0.1 2(p=0.047), 6.76 £
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Fig. 2. The change of intracellular pH of forearm flexor muscles with the isometric contraction

before and after rehabilitation
The value are expressed as mean +S.E.
*p<0.05

02014 6.84 £0.22(p=0.017) A& Fo Sl
A #RH(Fig. 2). ZHAE 244 Q8 2E
Q! Pi/PCr& <r3A] 0.12+0.0394 0.11+0.043
A8 AF Aol7h QIa, FAE F2AHNAE 0.
67+0.63°4 0.52+0.28% 743l AEE HYo
U EAIHo 2 Foft 2ol glitH(Fig. 3). 324
4370 B39 Pi/PCre] HEATS 0.1440.16/
minolA 0.11+£0.07/min° 2 #23 ol oY
I, pHiZ} FHA]l =)o) At $Foz 3By
289 AJ7H 398+ 260seco A 370 +185sec 2 2}
o7} gidlen L-EXEA|7ME 193 +57secHA] 214
£77secE A5 FF FF 2ole gIUtH(Table
4).

E : exercise period R : recovery period

L
AN A BB $FA TFETY 34
o 37 558 A4S Uehin dutdoz A&
T e HRRI|F] FEd 8 &5 o] 4
Hoh?. 3 % Y AkE A% 5% Fak
+F 7Y HEE S Mg dese et
719l FaRE o2 e FHLHEE WA
HAGA LG &) g0l ) H4Hn glon B
€ A7AE JJH ZEFARAE F TFTY T
T 22 4 &5 Y o] Bud u o2,
A GG EAlellA T B B s)A
o2x dgFe VR A3 TF e W, 3F
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Fig. 3. The change of intracellular Pi/PCr of forearm flexor muscles with the isometric contrac-

tion before and after rehabilitation

d 27l W 3FTY MR, 7kaage] Fof, o
Zul nEtF $AA A, dUEFE 2 A2lE 89l
So] &ElA Y. IFAVAEF HU|eS =
AxA gomz 2% 53 e vAd dsiMe
of 2 A M= Ut

AR &F FHE AR Mdor I
Aubzo] Zyle &5 ZHOE RYE H 4L H
9 3R, ZHUe mAEY & % U= I
myoglobing] 272 mAE#ceRE nEFE=go}
2 Aadge &7, vEEcgele] UE IR &
SjolA atae] Hi A gEHoR AF Aka
olgo) 827} 2 ArsliE(oxidative enzyme) 9
Zolz &% TGN BaFE 371 25 #2
Aupak ARgo] HERow $FA] ZE|FA D] A

9 248e] IbFBeIA Tafgozel 4o &

¢

el Mgl WalE ofy|A|Zith. o] MIES T
oA Aubgre] b4, Hoaba AHF, FAaY
2, AYLTH 2 £5ATH FVE 28l A
HhR Q) 2 At BB E AXAA frith ik (aero-
bic metabolism) & A7) FA4k4 Al (anaero-
bic metabolism)& ZAAZ oM, F&UIM F
2 g 7 9 dF faAAS el Bk Eo®
~19 o] £% T adl= HuAAEFHAZ 50
% o)y T AxrAHBI YA WAE Ze A
F2 71739 e AoiaduEEe] 60~70% o]
oA 180l 20~30% o]y, YFYo| 3~43]¢]
$58 4~6F7 APHPL 4 AP HAom &
FAuH 0, H H & A7l ostd AEd vt
o} e 2% tiab Ao Wshs AdTA L A 8l

ox SAdoz ehd & ghgo] g vt Rler,
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Table 4. Results of muscle metabolism measured
by ¥P-MRS before and after the
rehabilitation

Rehabilitation
p-value
pre post
Rest '
pHi 7.05£0.03 7.05£0.03 NS
Pi/Per 0.12+0.03 0.11+£0.04 NS
All-out
pHi 6.76+0.2 6.84+0.2 <0.05
Pi/Per 0.67£0.63 0.52+0.28 NS
Recovery

ti;2 of pHi(sec)*  397.9+260.6370+185.1 NS

Recovery rate of Pi/PCr

during initial 4 min  0.14+0.16 0.11+£0.07 NS
Exercise time(sec) 193+57 214477 NS

*time to recover to the 50% of resting value

o] Aol 22 £3ATH] ZrleE Aoz 4
A 9lct.

aeh} gAY BES gyeE BF
AV 2E 5T LFEAANE AU ] &5
TA AWl Jee & e 359 852 ¥ 4 ¢l
oug §4ba $E5Y JjMo] glon TFAEX
B ¥ &% 59 /jde N8 ¥ 53Ty g
27, 255 1% 54 2 98 Zrl5o U8
B4R &5 850l Z7RHe AY Wolgkw Hud
u} Qltp'*19, Belman$2? AN A% 247
& B3 289 MEAS 28] W) 9= A
& Bt o8 ZYsUct. T2 A2 5
Aol &l 25 o] A WAHGHH A
Sl Ak P ALHHBE J12F &5 Ao
EAAol AZIFAEN A ATRE 5 SFH
oz AFARA A=, T D Alzte] @A 24
Asgleol A7HUch olo] Casabrige? wHAdw)
AN AS BASL datoz Faadx] olie] &
& Bl $F XNBE AT dF &5 S A

Azt A HaadAF L H2A (lactate
threshold)7} &7}sl §4H8A, olskslebs e
R Bl g BAIYL, PunzalTE? ol
SEwe| THY LT AP TFAVAEES A4
3 A Ak s Eo] SHHNE LR st
. @8 HZ MaltaisSoll &89 4] £ 2wo|

Aol &% Agos ABARE 4AE A A ¥

AL ANl 28 245 &AM v e o
5] Astasrt froldhAl Frhdel HaHT,
wpebA] P A EE SRR &5 T F &
A2 tiae] Al ols f4A % o] Zvd
F Ao] AlAbE wt Qi

TR A A SxolA] FAZY Al Hile
Aol We Al 7]Usks A 23 AL F
o8 g8 yehdA dot. Z8AAE o83 97E
o o8 A= AN AA AR BB 2%
W ATP ¥ PCr& Z4EH Jn A3tase s
2 FFHAo) A HAshe Fae F7leo] TEEH,
olgdt T&Y WAl ¥3lE &% 289d 2§ 2%
JME BaAEE Aoz Bud b ob®, ey
Aty o 8 A} ot $ERete e %
5o A2EH 27} 7l w) Agaiz)a wrAdH A
HA A5 FAD diAbe S Ay akst
o] Follz A 87143 Aol 27| BA43tso
Fat Aol FHAAE Aoz L8R o ol
P MRSE o] &% oA A5l o Z3H u} 9l
t}51029 Payen-2® AtaFo] Fube v
ARAg g5 e AaFe dFE P
MRSHALE Aldat9E o 28U 2kas) dAb X F
o] REAHQA nAgR o] RAR|= Ag BES)A Ty
Al A AL RAFENM F2AHY ¥
3} & myoglobinsx, TAEH 2x, nEE=go}
ol dx T &AW ¢ uNEd] 8 E7Y
5ol &g FF3Th

ety B A7s AWM 28 &5 uE o
qd=] A(P) dAEe] F= W3E F38 F o]
5 A} el de] ol &5 Qe HFFH UP
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MRSE olgs14 MZW ADP/ATPE wedsled 4
A4 A 58S F38 4 9 Pi/PCr 3 &
g wolslel ¥4 APRES WK 4 o
AT pHE ZAse” 5§ ABNE F £F 5

¢

e e

A€ FAFstaat AAEPY. SFAEA s At

Hx olde] L AER F 65 AZHoE A
oo g AF ArlsHAt R 7k 2 &
o 54 A AAHALFHEGAE 0|83 o
SARRE AN R F HANAAHHAF VO,
max)e ke ATE BRAT A4 (oxygen
pulse) & FoatA Frkstaoyt Hdl&FH (maxi-
mum work rate) 2 FAFA A (anaerobic thresh-
old)= ®alV} giith. Yntdoz FTFAMWAE F
A &5 599 37t glol= Ad s3] Sk
E5] HAEHER 2 g g F HdAaAH
ZFol 37t B F A4 {3 Frldlx EE)
I HAEEFe] 7P silE AL did @Alee]
A8 F ArelA HAE tskA @ks 7P Al
AL & 4 ATk Ty AFE PN AL,
3kx)9] &% AESAREE FeldAl FUtsiela, 68
AR o3t Frkele] Akl % XY
o] /A& Bt

P MRS & o|&3le] @3 A8 HF A o
Al AFE] Wzhe HEA AREL Ao} QAL
EFA B H24ddx e pHiE XE F foldHil
2w ol &5 S5 A A4y TAE ¢
Aehs Aoz XE F 42 thatel] &% ATPAA
o] ZAaE onfitt. &HAl ZHAEY At
3} A% Pi/PCr#} 3184 A HEL F23 Hspr}t
Sk A AFEE] e} QY e & AT
7t ArtaFolt Lolitalera EFo] AHEA] sk
g didog 3Yong $EHIENE AE
# 27} e Al M e thAL o] ol A EEkAl Vel
2] skl ez AlsEHAh Pi/PCrrl A#A &
HE FAHRE Fogh zolvl glW AL H 49
Al A|AIRE bk} ol Zh tiielel g EHRE

—

HEHUAAA G5 YFol Wole Zo| & ZF o=
A= Bdo] A& A 2ot ol (A AFAEY ¢
AN A AL oz ZAR 2AHZ o
AL QMR FEHoz WAEE Hozm>se®,
£ A7e ARAE AF A8 AE EFsiod s
el st QIRIY, Ao E HRE #AES
oz slgerz old gt AHogs X8 A9
HA 5% 4 Be] AdFH F AidaF =&FH
QY 717H50] thiAdlE = xolrt AW o F
AHAL A& Folle o]2jg oo Zo] A3
2FHE B 13k a8ne o]y wol9 g4v}
FH3 249 FAEE YR o B 5o dii
T8 53 FF 7Fo) e Ao 2 AgH. &
719] Ak Qiilsl A JEe] olE HolA U™
Az vl WYA dEE  dg A #2rh. 18
U A8z AF *P MRSAAM] 22 A9 &%
AE slom FA&AZYe] AR AF 2je)7} gl
AL, & d(work) & o] A& AF AoV} YA
B dveAE pHizt A8 F 54 folstA =%
A ojite] Anto 2T AFRF AHE U3 27
e} FAka gz A F4kA diake @
HASE AR & 5 gtk 8RR F o]y
3 2% thal 3 wste] slde g AdHA Y A
doz 3 elapdoz &5 I8O0= AFF 4 4
2FFY F7h & A e A A3 HA e
&7V, D8EFY Fvh QWdH) 54 agn
A7 Z7}4-8 (neural recruitment pattern) o] 1
32 A% &% &9 $47% (motor unit recruit-
ment pattern) ¢] ¥3lgo] Fg f Ao
192 AT HLstad Al &% 58 nte
EEFANAY &5 FEA e Frke v
Aoz delA] glom AEBAL MM EAFHo=z
Hehte Aukpe] Zae £ gidedMe #EsA
Al 2o 2o} R Fld g tiAl lAe]
7hede EolAln, Mg AF FA43 Ay &3
U AR 5344 st il 63ee Bl
e FHAAL 717he AREE 28 A (muscle ,
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mass) 9] F7h} AL 3HTE 2 7]Ho] E
FE g A 2k AR FAeEe dshe Yt
FAE Bol&ele 58 HEE 79 A4 Aeg
geA Jorz B Al e 5 Fdd
A diAl e Zlde s NAHE 24499 s
Asrle oalg A 2o 2z A Fo
w2 A} e J1Hoe g 28 AAU ] AR
izl Ao a8V I3 Aoz 2AE ¢ A
Ao}, ST diale AHez ¢ld &5 3 54
< 5 F ANEHE f4e ZaR QE ojitalgta
AAdo] A= AdZ0 2o Wy} xdso] o]a}
o B Fr|AFo| Aoz 7] A} F F
o &71Fe] F7IR0IE & SEFAAM a7EHE 8]
o] sl #r15E AdlE &5 AHe v
A A RS Al M 25 580 3HE = 9
€ oz ¢ggA Jurit. E dTAYME F &
THANA L] BrFol BaFHE BEE B oE S
stz giok ey & e g3 4 5
Z43A) ZYL 2 AFA EF A FEE 1%
Hoz yrgd® & Q= F SFFoNA AU o)itaigt
& QAT ABXE F ZAHA ek ofd 4
FE F F U 98 298 F AL, A ¢
SHE FF 59 9443 24 ¥ 23 T ZAHXE
FEAA] oatslgd: AT AHAL HHE §
3t FF HZo] o F Ao g AlgHrh EAFHoR
R(gas exchange ratio)gto] MBR g ¥ 7ZA8}A
= ol &5 Fdog U8 259 TCA(trica-
rboxylic acid)3]2& F3%F ATP A @<esls
Al felAEat AMe-o] S7HEE AIANE 5 A
19, B Sl RH A A o HelA
Y& Ze 7555 845 AN 4ok ol
ThdH A A A Bzlele] o E T #H A Sxje
A= A2 SFARREA] B3 277 dgel 9
H v} 2%, FHZ dlA} o]k T3 A kol
EAHoz Fess Ao] ofz} s FY 237 241
2FE oWIE 7 Ue AE, AF B9 ARAZTEA

SoA FEHo2 ehg & 3ol BuH vl o

170

220 2 oA AsAg)A gsten of Bzt
£ A3e A= nldrbAe) Aze uych @
2xoz WA AAS BASS Yoz 6379 &
FABARE AAS 23}, B AA5H A2 m
e 349 Yatou, €547 ¥ na e
248 540 Ao ol &5 5 A )
ozt 2AZ gile] AMoE ZSAE W A4st
7} Ao oplEs $rlake] 7ast 7l oz
AR}

2 o

AT

BAAHA A LG Bl x50 Y HEHT Qe
SEABAEE W5 £ANIRE EIXE &
FIY 39 34 255 L sHE Fer ¢
23 Ak, a2y o]d 55 e 71He o
ZEoA M1 gty HzE P MRSE o|&
slo vhA A8 FAES TFAGAE AF M2
o] diA} WslE g M, IFAEXE F &5
Y 34 242 Aol 7198 sFe A& AL
skt

g4

Z 999) Th S 23 JE PR BRES O
FoB Sl olE9] W A2 58+ 11MH e,
o159 714 FEL WNAHAIH DY 8o & HH-H
2 14490, s3AEN 8= 28548eT, 9k
% (treadmill walking), A}4A 2% (stationary bi-
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