
Vú/Qú d i st r i b u t i on an d cor r el at i on to at el ect asi s
i n an est h et i z ed p ar a l y z ed h u m an s

L E I F T O K I C S , G O¬R AN H E D E N S T I E R N A, L E I F S VE N S S O N , B O B R I S M AR ,
T O R S T E N C E D E R L U N D , H AN S L U N D Q U I S T , AN D AûK E S T R AN D B E R G
D ep ar t m en t s of An est h esi ol og y, H osp i t a l P h ysi cs, S u r g er y, an d R oen t g en ol og y,
H u d d i n g e U n i v er si t y H osp i t a l , S -1 4 1 8 6 H u d d i n g e; an d D ep ar t m en t of C l i n i ca l P h ysi ol og y,
U n i v er si t y H osp i t a l of U p p sa l a , S -7 5 1 8 5 U p p sa l a , S w ed en

Tok i cs, L ei f , Go¬r an H edenst i er na, L ei f Svensson , Bo
Br i smar, Tor st en Ceder lund, H ans L undqu i st , and Aûk e
St r andber g. Vú/Qú d i st r i b u t i on an d cor r el at i on to at el ect asi s
i n an est h et i z ed p ar a l y z ed h u m an s. J . Ap p l . P h ysi ol . 8 1 (4 ):
1 8 2 2 Ð1 8 3 3 , 1 9 9 6 .Ñ R eg i on al v en t i l a t i on an d p er fu si on w er e
st u d i ed i n 1 0 an est h et i z ed p ar a l y z ed su p i n e p at i en t s b y
si n g l e-p h oton em i ssi on com p u t er i z ed tom og r ap h y. At el ec-
t asi s w as est i m at ed fr om t w o t r an sax i a l com p u t er i z ed tom og -
r ap h y scan s. T h e v en t i l a t i on -p er fu si on (Vú/Qú) d i st r i b u t i on w as
al so ev a l u at ed b y m u l t i p l e i n er t g as el i m i n at i on . W h i l e t h e
p at i en t s w er e aw ak e, i n er t g as Vú/Qú r at i o w as n or m al , an d
sh u n t d i d n ot ex ceed 1 % i n an y p at i en t . C om p u t er i z ed
tom og r ap h y sh ow ed n o at el ect asi s. D u r i n g an est h esi a , sh u n t
r an g ed fr om 0 .4 to 1 2 .2 %. N i n e p at i en t s d i sp l ay ed at e l ect asi s
(0 .6 Ð7 .2 % of t h e i n t r at h or aci c ar ea), an d sh u n t cor r e l at ed
w i t h t h e at e l ect asi s (r 5 0 .9 1 , P , 0 .0 0 1 ). S h u n t w as l ocat ed
i n d ep en d en t l u n g r eg i on s cor r esp on d i n g to t h e at e l ect at i c
ar ea. T h er e w as con si d er ab l e Vú/Qú m i sm atch , w i t h v en t i l a t i on
m ai n l y of v en t r a l l u n g r eg i on s an d p er fu si on of d or sa l r e-
g i on s. L i t t l e p er fu si on w as seen i n t h e m ost v en t r a l p ar t s
(z on e 1 ) of cau d al (d i ap h r ag m at i c) l u n g r eg i on s. I n su m m ar y,
sh u n t d u r i n g an est h esi a i s d u e to at el ect asi s i n d ep en d en t
l u n g r eg i on s. T h e Vú/Qú d i st r i b u t i on s d i ffer fr om t h ose sh ow n
ear l i er i n aw ak e su b ject s.

l u n g ; v en t i l a t i on -p er fu si on ; v en t i l a t i on ; m ech an i ca l v en t i l a-
t i on ; com p u t er i z ed X-r ay tom og r ap h y ; si n g l e-p h oton em i s-
si on com p u t er i z ed tom og r ap h y

D U R I N G G E N E R AL AN E S T H E S I A, a t e l ect a s i s d e v e l op s
p r om p t l y i n d ep en d en t l u n g r eg i on s d u r i n g sp on t an e-
ou s b r eat h i n g an d m ech an i ca l v en t i l a t i on an d w h et h er
t h e an est h et i c i s g i v en i n t r av en ou sl y or i s i n h a l ed (2 , 8 ,
2 7 , 3 0 ). T h e v i su al i z at i on of at el ect asi s r eq u i r es com p u t -
er i z ed tom og r ap h y (C T ) of t h e l u n g ; i n m ost cases,
con v en t i on al p u l m on ar y X-r ay d oes n ot d i scl ose t h e
d en si t i es. T h e at el ect asi s h as b een sh ow n to b e p er -
fu sed b y b l ood (2 8 ), an d t h e si z e of at e l ect at i c l u n g
r eg i on s h as b een sh ow n to cor r el at e w i t h t h e m ag n i -
t u d e of sh u n t (8 , 3 0 ). H ow ev er, i t h as n ot b een p ossi b l e
t o l ocat e sh u n t t o an y p ar t i cu l ar l u n g r eg i on .

I n t h e p r esen t i n v est i g at i on , t h e v er t i ca l d i st r i b u t i on
of v en t i l at i on an d p er fu si on w as st u d i ed d u r i n g an est h e-
si a b y m ean s of r ad i oact i v e i sotop es to l ocat e r eg i on s
w i t h sh u n t . T h e r esu l t s w er e com p ar ed w i t h t h e v i si b l e
d i st r i b u t i on of at e l ect asi s on C T scan s an d w i t h t h e
d i st r i b u t i on of v en t i l a t i on -to-p er fu si on (Vú/Qú) r at i os as
m easu r ed b y t h e m u l t i p l e i n er t g as el i m i n at i on t ech -
n i q u e. F i n a l l y, Vú/Qú d i st r i b u t i on s b y i n er t g as an d
i sotop e t ech n i q u es w er e com p ar ed .

PATI ENTS AND M ETH ODS

P at i en t s

T en p at i en t s (3 w om en an d 7 m en , m ean ag e 5 0 y r )
sch ed u l ed for el ect i v e ab d om i n a l su r g er y w er e st u d i ed aw ak e
i m m ed i at e l y b efor e i n d u ct i on of an d d u r i n g g en er a l an est h e-
si a . T h ey w er e a l l of or d i n ar y b od y con Þ g u r at i on (T ab l e 1 ).
F i v e w er e sm ok er s an d Þ v e w er e n on sm ok er s. N o on e p r e-
sen t ed sy m p tom s or si g n s of ch r on i c b r on ch i t i s. P r eop er at i v e
sp i r om et r y w as w i t h i n t h e n or m al r an g e i n a l l p at i en t s,
a l t h ou g h t w o sm ok er s h ad l ow ß ow s at t h e en d of a for ced
ex p i r at i on (2 0 ). T h e st u d y w as ap p r ov ed b y t h e E t h i ca l
C om m i t t ee of H u d d i n g e U n i v er si t y H osp i t a l , an d i n for m ed
con sen t w as ob t a i n ed fr om each p at i en t .

An est h esi a

T h e p at i en t s r ecei v ed n o p r em ed i cat i on . At r op i n e (0 .2 5 m g
i v ) an d fen t an y l (0 .1 Ð0 .2 m g i v ) w er e g i v en i m m ed i at e l y
b efor e an est h esi a . An est h esi a w as i n d u ced b y t h i op en ton e
sod i u m (2 0 0 Ð4 5 0 m g i v ), an d su cci n y l ch ol i n e (7 5 Ð1 0 0 m g i v )
w as g i v en b efor e t r ach eal i n t u b at i on . M u scu l ar r e l ax at i on
w as con t i n u ou sl y ach i ev ed w i t h p an cu r on i u m b r om i d e (tot a l
d ose 11 Ð1 9 m g i v ). T h e p at i en t s w er e v en t i l a t ed at a r at e of 1 2
b r eat h s/m i n w i t h a S er v o 9 0 0 C v en t i l a t or (S i em en s E l em a)
w i t h z er o en d -ex p i r ator y p r essu r e. T i d a l v ol u m e w as ad -
ju st ed to r esu l t i n an en d -t i d a l car b on d i ox i d e con cen t r at i on
of , 4 %. An est h esi a w as m ai n t a i n ed w i t h h a l ot h an e, 0 .6 Ð
1 .3 % i n sp i r ed con cen t r at i on , i n a g as m i x t u r e of ox y g en an d
n i t r og en . T h e i n sp i r ed ox y g en fr act i on (0 .4 0 Ð0 .4 3 ) w as ch eck ed
b y m ass sp ect r om et r y an d k ep t con st an t d u r i n g t h e m easu r e-
m en t s i n each p at i en t . M i n u t e v en t i l a t i on w as m on i t or ed on a
v or t ex m et er (B ou r n s L 5 Ð7 5 ), an d t h e a i r w ay p r essu r es w er e
m on i t or ed on t h e m an om et er of t h e v en t i l a t or.

C at h eter i z a t i on

A t r i p l e-l u m en t h er m i stor -t i p p ed cat h et er (S w an -G an z n o.
7 F, E d w ar d s L ab or ator i es) w as i n t r od u ced fr om a b r ach i a l
v e i n to t h e p u l m on ar y ar t er y. A b r ach i a l ar t er i a l an d t w o
p er i p h er a l v en ou s cat h et er s w er e a l so i n ser t ed . O n e of t h e
v en ou s l i n es w as u sed for i n fu si on of i n er t g ases an d t h e ot h er
for i n ject ion of an esth et i c d r u g s. Vascu l ar p r essu r es w er e m ea-
su r ed r el at i v e to th e atm osp h er i c p r essu r e, w i th th e m i d th oracic
l ev el as r efer en ce. T h e p r essu r es w er e av erag ed d u r i n g th e
r esp i r ator y cy cl e. C ar d i ac ou tp u t (m ean of 3 m easu r em en ts) w as
d eter m i n ed b y stan d ar d th er m od i l u t i on tech n i q u e b y u se of
1 0 -m l b ol u s i n ject i on s of ch i l l ed (0 Ð4 ¡C ) g l u cose sol u t i on (5 0
m g /m l ). T h e t h er m al cu r v e w as an al y z ed b y a car d i ac ou t p u t
com p u t er (m od el 9 5 2 0 A, E d w ar d s L ab or ator i es).

Vú/ Qú R at i os

Vú/Qú d i st r i b u t i on to l u n g r eg i on s w i t h d i ffer en t Vú/Qú r at i os
w as d et er m i n ed b y a m u l t i p l e i n er t g as el i m i n at i on t ech n i q u e
b ased on t h e i n fu si on of a sol u t i on of si x g ases: su l fu r
h ex aß u or i d e, et h an e, cy cl op r op an e, en ß u r an e, et h er, an d
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aceton e (5 , 3 3 ; for fu r t h er t ech n i ca l d et a i l s, see R ef. 3 2 ). O f
t h e av a i l ab l e i n for m at i on ob t a i n ed fr om t h e Vú/Qú d i st r i b u t i on ,
w e p r esen t d at a on sh u n t (QúS: p er fu si on of l u n g r eg i on s w i t h
Vú/Qú , 0 .0 0 5 ), ÔÔl ow Vú/Qú r eg i on sÕÕ (Qúl ow : p er fu si on of l u n g
r eg i on s w i t h 0 .0 0 5 , Vú/Qú , 0 .1 ), ÔÔh i g h Vú/Qú r eg i on sÕÕ(Vúh i g h :
v en t i l a t i on of l u n g r eg i on s w i t h 1 0 , Vú/Qú , l 0 0 ), an d d ead
sp ace (VúD : v en t i l a t i on of l u n g r eg i on s w i t h Vú/Qú . 1 0 0 ) an d
t h e m ean an d t h e l og st an d ar d d ev i at i on of t h e d i st r i b u t i on of
b l ood ß ow (Qúm ean an d l og QúS D ) an d v en t i l a t i on (Vúm ean an d l og
VúS D ). S u b d i v i si on s of b l ood ß ow an d of v en t i l a t i on ar e p r e-
sen t ed as p er cen t ag e of car d i ac ou t p u t an d ex p i r ed m i n u t e
v en t i l a t i on , r esp ect i v e l y.

B l ood G as An al ysi s

Ar t er i a l an d m i x ed v en ou s b l ood sam p l es w er e d r aw n for
b l ood g as an al y si s, for w h i ch st an d ar d t ech n i q u es w er e
em p l oy ed (AB L -2 , R ad i om et er, C op en h ag en , D en m ar k ).

C T of t h e C h est

T h e d ev el op m en t an d t h e si z e of at e l ect asi s w er e d et er -
m i n ed b y X-r ay C T scan n i n g (S i em en s S om atom 2 ) of t h e
ch est at t w o l ev el s: at t h e top of t h e d i ap h r ag m (t h e p osi t i on
w as d et er m i n ed fr om t h e fr on t a l scou t v i ew i n t h e aw ak e
st at e) an d 5 cm cr an i a l l y t o t h e Þ r st l ev e l . D u r i n g an est h esi a ,
t h e sam e scan l ev el s r e l at i v e to t h e sp i n e w er e u sed . T h e
m easu r em en t s w er e m ad e d u r i n g ap n ea at r est i n g en d -
ex p i r ator y l u n g v ol u m e [fu n ct i on al r esi d u a l cap aci t y (F R C )].
S can t i m e w as 5 s at 11 5 m A an d 1 2 5 k V, an d sl i ce t h i ck n ess
w as 8 m m . T h e tot a l est i m at ed d ose eq u i v a l en t fr om C T w as
0 .2 8 m S v. T h e t r an sv er se t h or aci c an d at el ect at i c ar eas w er e
m easu r ed b y p l an i m et r y on t h e t r an sv er se C T scan s. T h e
t h or aci c ar ea w as d eÞ n ed as t h e ar ea w i t h i n t h e i n n er w al l s of
t h e t h or aci c cag e an d i n cl u d es t h e l u n g s an d t h e m ed i ast i n a l
or g an s. T h e at el ect at i c ar ea, d eÞ n ed as v ol u m e el em en t s w i t h
at t en u at i on v a l u es b et w een 2 1 0 0 an d 1 0 0 H ou n sÞ el d u n i t s
(6 ), i s p r esen t ed as p er cen t ag e of t h or aci c ar ea. M ax i m al
t r an sv er se an d sag i t t a l d i am et er s w er e m easu r ed on t h e C T
scan s an d r efer t o t h e i n n er m ar g i n s of t h e t h or aci c cag e.

Ven t i l a t i on an d P er fu si on S ci n t i g r ap h y of t h e L u n g s

T w o r ad i on u cl i d es w i t h d i ffer en t g am m a en er g i es, 11 3 m I n
an d 9 9 m T c, w er e u sed for si n g l e-p h oton em i ssi on com p u t er i z ed
tom og r ap h y (S P E C T ). F or v en t i l a t i on sci n t i g r ap h y, t h e p a-
t i en t i n h a l ed an aer osol . T h e i sotop e w as b ou n d to d i et h y l en e-
t r i am i n e p en t aacet i c aci d (D T PA) d i ssol v ed i n 3 m l of i soton i c
sa l i n e. T h e n eb u l i z er (U l t r aVen t , M al l i n ck r od t ) p r od u ces an
aer osol t h at , accor d i n g to t h e m an u fact u r er, h as a m ed i an
m ass aer od y n am i c d i am et er of 0 .5 Ð0 .6 µ m w i t h 9 8 % of t h e

p ar t i cl es , 1 .0 µ m . F or p er fu si on sci n t i g r ap h y, t h e i sotop e
w as b ou n d to m acr oag g r eg at ed h u m an al b u m i n (M AA), w h i ch
w as i n ject ed i n t r av en ou sl y aft er t h e i n h a l at i on of aer osol .
T h e tot a l act i v i t y of t h e t w o i sotop es w as n ot a l l ow ed to
ex ceed a d ose eq u i v a l en t of 1 m S v. W e ai m ed at r each i n g an
act i v i t y of 9 9 m T c Þ v e t i m es t h at of 11 3 m I n , b ecau se I n i s p ar t l y
seen i n t h e T c w i n d ow . I n t h e Þ r st Þ v e p at i en t s 11 3 m I n -D T PA
w as i n h a l ed (8 0 0 M B q i n t h e n eb u l i z er ) an d 9 9 m T c-M AA w as
i n ject ed (3 7 M B q ), w h i ch en su r ed a p er fu si on i m ag e of h i g h
st at i st i ca l q u a l i t y b u t a v en t i l a t i on i m ag e of l ess q u al i t y. T o
op t i m i z e t h e st at i st i ca l q u a l i t y of t h e v en t i l a t i on i m ag e
w i t h ou t ex ceed i n g t h e p er m i ssi b l e d ose eq u i v a l en t an d y et
m ai n t a i n t h e act i v i t y r at i o b et w een t h e t w o i sotop es, t h e n ex t
Þ v e p at i en t s i n h a l ed 9 9 m T c-D T PA (2 ,0 0 0 M B q i n t h e n eb u -
l i z er ), an d 3 7 M B q of 11 3 m I n -M AA w er e i n ject ed . T h e m ean
cou n t s col l ect ed i n t h e Þ r st fr on t a l p r oject i on (d u r i n g 2 0 s)
fr om t h e i n h a l ed i sotop e w er e 4 1 ,0 0 0 (p at i en t s 1 Ð5 , 11 3 m I n )
an d 2 5 8 ,0 0 0 cou n t s (p at i en t s 6 Ð1 0 , 9 9 m T c) an d fr om t h e
i n ject ed i sotop e 1 7 7 ,0 0 0 (p at i en t s 1 -5 , 9 9 m T c) an d 4 4 ,0 0 0
cou n t s (p at i en t s 6 Ð1 0 , 11 3 m I n ). Aft er t h e i n h a l at i on of aer osol
w as com p l et ed , t h e r esp i r ator y t u b i n g , i n cl u d i n g t h e y p i ece,
w as r ep l aced b y n on con t am i n at ed t u b i n g .

F or tom og r ap h y, a g am m a cam er a (M ax i C am er a 4 0 0 T ,
G en er a l E l ect r i c) w i t h a m ed i u m -en er g y col l i m ator w as r o-
t at ed ar ou n d t h e p at i en t , w h o l ay su p i n e on t h e tom og r ap h
t ab l e w i t h ar m s st r et ch ed cr an i a l l y. C ou n t s w er e col l ect ed i n
w i n d ow s of 2 0 % cen t er ed ar ou n d t h e p h oto p eak s at 1 4 0 an d
3 9 2 k eV (9 9 m T c an d 11 3 m I n , r esp ect i v e l y ) si m u l t an eou sl y for
b ot h i sotop es at 6 4 p osi t i on s (3 6 0 ¡). Acq u i si t i on t i m e w as 2 0 s
at each p osi t i on , an d t h e d at a w er e stor ed i n t w o 6 4 3 6 4
m at r i ces b y a com p u t er (P D P /11 , D i g i t a l E q u i p m en t ). T h e
Þ r st t w o p osi t i on s w er e r ep eat ed at t h e en d of t h e p r oced u r e
to ob t a i n an est i m at e of t h e effect i v e h a l f-l i fe of t h e i sotop es
w i t h i n t h e l u n g t h at w as accou n t ed for i n t h e r econ st r u ct i on
of t h e v en t i l a t i on an d p er fu si on d i st r i b u t i on s (soft w ar e:
S P E T S an d G am m a-11 , D i g i t a l E q u i p m en t ). At t en u at i on
cor r ect i on for t h or aci c g eom et r y w as n ot u sed , i n asm u ch as
n o t r an sm i ssi on sou r ce w as av a i l ab l e. T h e sp at i a l r esol u t i on
for t h i s t ech n i q u e an d eq u i p m en t w as , 11 m m .

D ata An al ysi s

F r om t h e acq u i r ed d at a t w o set s of t r an sv er se scan s
cov er i n g a l l p ar t s of b ot h l u n g s w er e r econ st r u ct ed : on e set for
v en t i l a t i on an d t h e ot h er for l u n g p er fu si on . T h e scan s w er e
b u i l t u p b y v ol u m e el em en t s (v ox el s) w i t h t h e fol l ow i n g
d i m en si on s: 0 .5 8 3 0 .5 8 3 1 .1 6 cm (t h e l ar g est d i m en si on
p ar a l l e l t o t h e ax i s of r ot at i on , i .e . , cr an i a l -cau d al d i r ect i on ).

Ven t i l a t ed an d p er fu sed l u n g t i ssu es w er e d el i n eat ed ac-
cor d i n g to t h e fol l ow i n g p r oced u r e: t h e t r an sv er se d i am et er at
m i d l u n g l ev el of t h e t w o C T scan s w as m easu r ed . A b ack -
g r ou n d w as su b t r act ed fr om t h e cor r esp on d i n g S P E C T scan s
(v en t i l a t i on an d p er fu si on scan s t r eat ed sep ar at e l y ) fr om al l
v ox el s t o g i v e t r an sv er se d i am et er s of t h e v en t i l a t i on an d
p er fu si on scan s i n ag r eem en t w i t h t h e d i am et er s of t h e C T
scan s (w i t h i n t h e r esol u t i on of on e v ox el ). I f an ex act ag r ee-
m en t b et w een t h e d i am et er s w as n ot fou n d , w e a l l ow ed t h e
l u n g s on t h e S P E C T scan s to b e sl i g h t l y l ar g er, i n asm u ch as
t h ese scan s w er e ob t a i n ed d u r i n g t i d a l b r eat h i n g an d C T
scan s w er e ob t a i n ed d u r i n g ap n ea at F R C . T h e b ack g r ou n d ,
ex p r essed as a p er cen t ag e of t h e m ax i m al act i v i t y of t h e t w o
i sotop es i n an y v ox el (r an g e 1 3 Ð3 3 %), w as t h u s i n d i v i d u a l l y
d et er m i n ed for each p at i en t for b ot h i sotop es an d w as su b -
t r act ed fr om al l v ox el s i n t h e tom og r ap h ed v ol u m e (a l so
w i t h i n t h e l u n g ). An i m p act i on of aer osol i n t h e car i n a an d
en d ot r ach eal t u b e w as seen i n m ost p at i en t s. T h i s ar ea w as
ex cl u d ed . Aft er t h e l u n g s w er e d el i n eat ed , car d i ac ou t p u t an d
ex p i r ed m i n u t e v en t i l a t i on w er e d i v i d ed b y t h e tot a l n u m b er

T ab l e 1 . S u b ject d ata

S u b ject
N o. S ex Ag e, y r

H ei g h t ,
cm

W ei g h t ,
k g

C i g ar et t es/
d ay

F VC ,
%p r ed

F E V1 .0 ,
%p r ed

M E F 2 5 ,
%p r ed

1 F 6 5 1 5 5 6 8 0 9 6 1 0 5
2 F 6 2 1 6 2 7 7 0 11 7 1 3 0 9 4
3 F 3 2 1 7 4 7 2 2 0 11 2 1 0 2 9 5
4 M 3 6 1 8 3 8 0 0 1 0 7 1 0 0 1 3 6
5 M 5 8 1 7 9 8 5 5 8 6 9 5 1 4 0
6 M 6 0 1 8 2 7 4 2 0 111 9 0 4 4
7 M 4 9 1 8 0 6 7 0 11 0 9 7 8 1
8 M 5 6 1 8 5 8 8 0 1 3 5 11 8 5 5
9 M 2 0 1 7 8 7 5 2 0 11 7 1 0 7 9 3

1 0 M 4 9 1 7 8 8 8 1 0 8 7 8 7 4 8

F VC , for ced v i t a l cap aci t y ; F E V1 .0 , for ced ex p i r ed v ol u m e i n 1 s;
M E F 2 5 , ex p i r ed ß ow at 2 5 % v i t a l cap aci t y i n p er cen t ag e of p r ed i ct ed
v a l u es (%p r ed ) (2 0 ).

1 8 2 3D I S T R I B U T I O N O F VE N T I L AT I O N AN D P E R F U S I O N

 on January 20, 2011
jap.physiology.org

D
ow

nloaded from
 

http://jap.physiology.org/


of cou n t s of t h e cor r esp on d i n g i sotop e. B l ood ß ow an d v en t i l a-
t i on to a si n g l e v ox el w er e ob t a i n ed b y m u l t i p l y i n g t h ese
r at i os b y t h e n u m b er of cou n t s of t h e ap p r op r i at e i sotop e
w i t h i n t h at v ox el . T h e Vú/Qúr at i o w as cal cu l at ed for each v ox el ,
an d t h e d i st r i b u t i on of v en t i l a t i on an d b l ood ß ow ag ai n st Vú/Qú
r at i os w as p l ot t ed i n a m an n er si m i l ar t o t h e i n er t g as Vú/Qú
d at a.

Ver t i ca l v en t i l a t i on an d p er fu si on p r oÞ l es w er e con -
st r u ct ed aft er n or m al i z at i on of l u n g d i m en si on s.

P r oced u r e an d T ech n i ca l S et u p

T h e p at i en t s w er e cat h et er i z ed i n t h e aw ak e st at e at t h e
cat h et er i z at i on l ab or ator y, aft er w h i ch t h ey w er e m ov ed to
t h e X-r ay d ep ar t m en t for m easu r em en t s of h em od y n am i cs
an d g as ex ch an g e d u r i n g a i r b r eat h i n g an d for C T scan s.
T h ey w er e t h en an est h et i z ed as p r ev i ou sl y d escr i b ed . An -
ot h er t w o t r an sv er se C T scan s w er e ob t a i n ed 1 5 m i n aft er
i n d u ct i on of an est h esi a . T h e p at i en t s w er e t h en m ov ed to t h e
i sotop e d ep ar t m en t d u r i n g m an u al v en t i l a t i on w i t h 0 .5 Ð1 %
h al ot h an e i n p u r e ox y g en , w h er e t h ey w er e p l aced su p i n e on
t h e g am m a cam er a tom og r ap h t ab l e an d con n ect ed to t h e
v en t i l a t or. Aft er an ot h er 2 0 m i n of an est h esi a (i n sp i r ed
ox y g en fr act i on 0 .4 0 Ð0 .4 3 ), h em od y n am i cs an d g as ex ch an g e
w er e m easu r ed , t h en i n h a l at i on of t h e aer osol t ag g ed w i t h
i sotop e w as st ar t ed . T h e n eb u l i z er (w i t h i n a sh i e l d i n g con -
t a i n er ) w as con n ect ed to t h e i n sp i r ator y t u b i n g of t h e v en t i l a-
t or. T h e g as to t h e n eb u l i z er (1 0 l /m i n ) w as ob t a i n ed fr om t h e
g as i n l et t o t h e v en t i l a t or aft er i t p assed t h e h al ot h an e
v ap or i z er, p er m i t t i n g a st ab l e an est h esi a an d an u n ch an g ed
i n sp i r ed ox y g en fr act i on . T h e t i d a l v ol u m e g i v en to t h e
p at i en t cou l d n ot b e d i r ect l y con t r ol l ed b y t h e i n sp i r ed v ol u m e
set t i n g of t h e v en t i l a t or b ecau se of t h e ad d i t i on a l g as i n t r o-
d u ced to t h e r esp i r ator y t u b i n g b y t h e n eb u l i z er. T h e v en t i l a-
t or t i d a l v ol u m e w as set t o r esu l t i n t h e sam e i n sp i r ator y
p au se p r essu r e as b efor e t h e i n h a l at i on of aer osol , an d t h e
en d -t i d a l car b on d i ox i d e con cen t r at i on d i d n ot ch an g e d u r i n g
t h e p r oced u r e. T h e ex h a l ed g ases p assed a col l ect i on Þ l t er
b efor e t h ey r each ed t h e ex p i r ator y ß ow sen sor of t h e v en t i l a-
t or. Aft er com p l et i on of aer osol i n h a l at i on , t h e i n t r av en ou s
i sotop e w as sl ow l y i n ject ed d u r i n g m ech an i ca l v en t i l a t i on ,
an d t h e em i ssi on tom og r ap h y w as com m en ced . Aft er con cl u -
si on of t h e m easu r em en t s, a l l cat h et er s b u t on e v en ou s l i n e
w er e r em ov ed an d t h e p at i en t s w er e t r an sp or t ed to t h e
op er at i on t h eat er t o u n d er g o su r g er y. T h e st u d y l ast ed , 2 h ,
i n cl u d i n g t h e aw ak e m easu r em en t s.

S tat i st i cs

M ean s 6 S E w er e cal cu l at ed . T h e si g n i Þ can ce of d i ffer -
en ces b et w een t h e aw ak e an d t h e an est h et i z ed p ar a l y z ed
con d i t i on s w as t est ed b y S t u d en t Õs p a i r ed t -t est (t w o-t a i l ed ).
L i n ear r eg r essi on an al y si s w as p er for m ed to st u d y t h e r el a-
t i on sh i p b et w een t w o v ar i ab l es.

RESUL TS

Aw ak e

C ar d i ac ou t p u t , h ear t r at e, an d sy st em i c an d p u l m o-
n ar y v ascu l ar p r essu r es w er e w i t h i n t h e n or m al r an g e
d u r i n g t h e aw ak e st at e, w h er eas m i n u t e v en t i l a t i on
w as r at h er h i g h (4 ) (T ab l e 2 ). G as ex ch an g e w as
n or m al , w i t h n ar r ow p er fu si on an d v en t i l a t i on d i st r i b u -
t i on s, as assessed b y t h e i n er t g as t ech n i q u e (T ab l e 3 ).
Sh u n t an d p er fu sion of l ow Vú/Qú d i d n ot ex ceed 1 an d 4 %,
r esp ect i v e l y, i n an y p at i en t . VúD (i n cl u d i n g ap p ar at u s
d ead sp ace) com p r i sed 3 0 % of v en t i l a t i on .

C T scan n i n g d i sp l ay ed n o l u n g ab n or m al i t i es i n an y
p at i en t d u r i n g t h e aw ak e m easu r em en t s.

An est h esi a Wi t h M u scl e P ar a l ysi s
an d M ech an i ca l Ven t i l a t i on

Ven t i l a t i on an d h em od yn am i cs. M i n u t e v en t i l a t i on
w as l ow er d u r i n g an est h esi a t h an i n t h e aw ak e con d i -
t i on (2 3 1 %; T ab l e 2 ). C ar d i ac ou t p u t d ecr eased (2 1 3 %)
an d h ear t r at e i n cr eased (1 3 %). M ean p u l m on ar y v ascu -
l ar p r essu r es w er e u n ch an g ed , w h er eas m ean sy st em i c
ar t er i a l p r essu r e d ecr eased (2 2 1 %).

G as exch an g e. T h e d i st r i b u t i on of p er fu si on , as as-
sessed b y t h e m u l t i p l e i n er t g as el i m i n at i on t ech n i q u e,
w as i n m ost cases w i d er t h an d u r i n g t h e aw ak e st at e
an d cen t er ed ar ou n d a l ow er m ean v a l u e (T ab l e 3 ; see
F i g s. 2 an d 5 ). I n a l l p at i en t s t h er e w as an i n cr eased

T ab l e 2 . C i r cu l a tor y an d r esp i r a tor y v ar i ab l es,
ar ter i a l b l ood g ases, an d atel ectasi s

Var i ab l e Aw ak e An est h esi a

QúT , l /m i n 6 .5 6 0 .3 5 .7 6 0 .3  
H R , b eat s/m i n 7 0 6 2 7 9 6 3 ¤
P a, m m H g 1 4 .3 6 1 .1 1 3 .7 6 1 .1
P cv , m m H g 7 .7 6 0 .7 8 .8 6 0 .9
P b a, m m H g 1 0 4 6 6 .0 8 1 6 5 .7 ¤
VúE , l /m i n 9 .1 6 1 .1 6 .2 6 0 .3 à
P aw , cm H 2 O 1 2 .2 6 1 .1
P aO 2

, T or r 9 5 .0 6 4 .5 1 5 9 .1 6 1 0 .1 *
P aC O 2

, T or r 3 6 .1 6 1 .4 3 5 .7 6 0 .9
At el ect at i c ar ea 0 , % 0 .0 6 0 .0 2 .2 6 0 .7 à
At el ect at i c ar ea 5 , % 0 .0 6 0 .0 1 .8 6 0 .7  

Val u es ar e m ean s 6 S E ; n 5 1 0 . QúT , car d i ac ou t p u t ; H R , h ear t r at e;
P a, P cv , an d P b a, m ean p u l m on ar y ar t er i a l , p u l m on ar y cap i l l ar y
v en ou s, an d b r ach i a l ar t er i a l p r essu r es, r esp ect i v e l y ; VúE , ex p i r -
ed m i n u t e v en t i l a t i on ; P aw , en d -i n sp i r ator y a i r w ay p r essu r e; P aO 2
an d P aC O 2

, ar t er i a l P O 2 an d P C O 2 ; ar ea 0 an d ar ea 5 , t r an sv er se
at e l ect at i c ar ea i n p er cen t ag e of t r an sv er se t h or aci c ar ea at t op of
d i ap h r ag m an d 5 cm cr an i a l l y, r esp ect i v e l y ; * i n sp i r ed O 2 fr act i on 5
0 .4 0 Ð0 .4 3 .   P , 0 .0 5 ; àP , 0 .0 1 ; ¤P , 0 .0 0 1 .

T ab l e 3 . D i st r i b u t i on of p er fu si on an d v en t i l a t i on
fr om m u l t i p l e i n er t g as el i m i n at i on tech n i q u e
i n aw ak e state an d d u r i n g an est h esi a
an d fr om S P E C T d u r i n g an est h esi a

Var i ab l e

I n er t G as D at a S P E C T

Aw ak e An est h esi a An est h esi a

QúS , % 0 .2 6 0 .1 5 .0 6 1 .3 a 6 .9 6 1 .9
Qúl ow , % 1 .2 6 0 .5 7 .1 6 1 .8 a 3 .6 6 0 .8
Qúm ean 0 .7 6 6 0 .1 0 0 .5 1 6 0 .0 7 a 0 .9 4 6 0 .0 7 d

l og QúS D 0 .6 7 6 0 .0 7 1 .1 8 6 0 .1 2 a 0 .8 0 6 0 .0 4 c

VúD , % 3 0 6 5 .0 3 2 6 3 5 .3 6 1 .6 e

Vúh i g h , % 0 .0 4 6 0 .0 4 0 .0 6 0 .0 7 .4 6 1 .8 d

Vúm ean 1 .1 4 6 0 .1 6 1 .0 1 6 0 .11 1 .6 7 6 0 .1 3 e

l og VúS D 0 .5 4 6 0 .0 6 0 .6 2 6 0 .0 5 b 0 .7 8 6 0 .0 4 c

Val u es ar e m ean s 6 S E ; n 5 1 0 . QúS an d Qúl ow ; sh u n t an d p er fu si on of
r eg i on s w i t h 0 .0 0 5 , Vú/Qú, 0 .1 , r esp ect i v e l y, ex p r essed as p er cen t ag e
of car d i ac ou t p u t ; Qúm ean an d l og QúS D , m ean an d l og st an d ar d
d ev i at i on of p er fu si on ; VúD an d Vúh i g h , v en t i l a t i on to r eg i on s w i t h Vú/Qú.
1 0 0 an d 1 0 , Vú/Qú , 1 0 0 , r esp ect i v e l y, ex p r essed as p er cen t ag e of
ex p i r ed v en t i l a t i on ; Vúm ean an d l og VúS D , m ean an d l og st an d ar d
d ev i at i on of v en t i l a t i on . S i g n i Þ can t l y d i ffer en t fr om aw ak e: a P ,
0 .0 1 ; b P , 0 .0 0 1 . S i g n i Þ can t l y d i ffer en t fr om i n er t g as d at a d u r i n g
an est h esi a: cP , 0 .0 5 ; d P , 0 .0 1 ; e P , 0 .0 0 1 .
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r et en t i on of t h e l east sol u b l e g ases, w h i ch ap p ear ed
as sh u n t an d /or p er fu si on of l ow Vú/Qú r eg i on s. S h u n t
r an g ed fr om 0 .4 to 1 2 .2 % an d p er fu si on to l ow Vú/Qú
r eg i on s fr om 0 to 1 8 .0 %. T h e d i st r i b u t i on of t h e v en t i l a-
t i on w as con Þ n ed to on e m ai n m od e cen t er ed at t h e
sam e m ean v a l u e as d u r i n g t h e aw ak e si t u at i on . VúD

w as u n al t er ed . Ar t er i a l ox y g en t en si on w as 1 2 5 Ð2 0 2
T or r. M ean ar t er i a l car b on d i ox i d e t en si on w as u n -
ch an g ed (r an g e 3 2 Ð4 0 T or r ) com p ar ed w i t h t h e aw ak e
m easu r em en t .

C T an d S P E C T . At el ect asi s ap p ear ed i n d ep en d en t
l u n g r eg i on s i n n i n e p at i en t s. T h e at el ect asi s com -
p r i sed 0 .6 Ð7 .2 % of t h e t h or aci c ar ea, an d t h e m ean ar ea
w as sl i g h t l y l ar g er i n t h e cau d al t h an i n t h e cr an i a l
scan (T ab l e 2 , F i g s. 1 an d 2 ).

T h e su b t r act i on cr i t er i a u sed for d el i n eat i n g t h e l u n g
on t h e S P E C T scan r esu l t ed i n an ov er est i m at i on of
sag i t t a l (v en t r a l -d or sa l ) d i am et er s com p ar ed w i t h t h e
cor r esp on d i n g C T scan s b y 0 .3 6 0 .4 cm (C T : 1 8 .0 6 0 .5
cm ; P . 0 .0 5 ) an d 0 .7 6 0 .5 cm (C T : 1 7 .0 6 0 .4 cm ; P ,
0 .0 1 ) at t h e cau d al an d cr an i a l scan l ev el , r esp ect i v e l y.
L u n g v ol u m e est i m at ed b y S P E C T w as 2 ,5 9 0 6 1 8 1 m l
(r an g e 1 ,6 0 0 Ð3 ,5 0 0 m l ).

Aft er n or m al i z at i on of l u n g h ei g h t , m ean cu r v es of
t h e v er t i ca l v en t i l a t i on an d p er fu si on w er e cal cu l at ed .
Aft er an i n i t i a l i n cr ease d ow n t h e top m ost r eg i on ,
v en t i l a t i on d ecr eased fu r t h er d ow n t h e l u n g . P er fu si on
i n cr eased d ow n w ar d , ex cep t for t h e m ost d ep en d en t
p ar t , w h er e i t d ecr eased (F i g . 3 ).

A m or e d et a i l ed an al y si s of t h e d i st r i b u t i on s w as al so
u n d er t ak en b y d i v i d i n g t h e l u n g i n to fou r seg m en t s
fr om t h e ap ex to t h e b ase (F i g . 4 ). S u ch an an al y si s
sh ow ed t h at t h e i n eq u al i t y of v en t i l a t i on an d p er fu si on
i n t h e v er t i ca l d i r ect i on i n cr eased fr om t h e ap ex to t h e
b ase of t h e l u n g . Ven t i l a t i on of p oor l y p er fu sed r eg i on s
w as m ai n l y fou n d at t h e v en t r a l asp ect s of t h e t w o
b asal seg m en t s of t h e l u n g . S h u n t w as seen i n a l l fou r
seg m en t s (F i g . 4 ) an d w as as l ar g e as 1 7 % i n t h e b asa l
l u n g seg m en t . I n t h e ot h er seg m en t s, i t av er ag ed
5 Ð6 %. S h u n t w as sp r ead ov er a w i d er v er t i ca l d i st an ce
i n t h e ap i ca l l u n g seg m en t s t h an i n t h e ot h er seg m en t s,
w h er e sh u n t w as m ai n l y con Þ n ed to d ep en d en t l u n g
r eg i on s. P er fu si on of p oor l y v en t i l a t ed r eg i on s w as
g en er a l l y sm al l as m easu r ed b y t h e i sotop e t ech n i q u e
(T ab l e 3 ). I t w as m ai n l y l ocat ed i n d ep en d en t p ar t s ju st
ab ov e r eg i on s w i t h sh u n t ed b l ood ß ow .

Vú/ Qú d i st r i b u t i on . H i g h er Vúm ean an d Qúm ean v a l u es
w er e seen w i t h t h e i sotop e t ech n i q u e t h an w i t h t h e
i n er t g as t ech n i q u e (P , 0 .0 1 an d P , 0 .0 0 1 , r esp ec-
t i v e l y ). M or eov er, w i t h t h e i sotop e t ech n i q u e, t h e l og VúS D
w as h i g h er (P , 0 .0 5 ) an d t h e l og QúS D w as l ow er
(P , 0 .0 5 ) t h an w i t h t h e i n er t g as t ech n i q u e (T ab l e 3 ).
T h er e w as n o si g n i Þ can t d i ffer en ce b et w een t h e m ean
v a l u es of sh u n t w i t h u se of i sotop e an d i n er t g as
t ech n i q u es, r esp ect i v e l y (QúS i so, QúS g as ), an d a cor r el at i on
w as fou n d accor d i n g to t h e fol l ow i n g eq u at i on : QúS i so 5
0 .2 9 1 1 .2 6 3 QúS g as (n 5 1 0 , r 5 0 .7 8 , P , 0 .0 1 ).
P er fu si on to p oor l y v en t i l a t ed r eg i on s t en d ed to b e
l ow er for t h e i sotop e t h an for t h e i n er t g as t ech n i q u e
(P 5 0 .0 8 ). T h e i sotop e t ech n i q u e sh ow ed r eg i on s w i t h
h i g h Vú/Qú (1 0 , Vú/Qú , 1 0 0 ), b u t t h e i n er t g as t ech n i q u e
d i d n ot (P , 0 .0 1 ; T ab l e 3 ). T h e i sotop e t ech n i q u e

d et ect ed on l y a sm al l am ou n t of d ead sp ace (d eÞ n ed as
v ox el s w i t h Vú/Qú . 1 0 0 ), 5 % v s. 3 2 % w i t h t h e i n er t g as
m et h od (P , 0 .0 0 1 ). I n d i v i d u a l Vú/Qú d i st r i b u t i on s ar e
sh ow n i n F i g . 5 .

S h u n t v s. a tel ectasi s. S h u n t m easu r ed b y t h e i n er t
g as t ech n i q u e cor r el at ed w i t h t h e si z e of at e l ect asi s (x)
accor d i n g to t h e fol l ow i n g r eg r essi on eq u at i on : QúS g as 5
1 .0 3 1 1 .7 8 3 x (n 5 1 0 , r 5 0 .9 1 , P , 0 .0 0 1 ). Al so,
sh u n t m easu r ed b y t h e i sotop e t ech n i q u e cor r el at ed
w i t h t h e si z e of at e l ect asi s: QúS i so 5 2 .0 0 1 2 .1 8 3 x (n 5
1 0 , r 5 0 .7 6 , P , 0 .0 1 ).

C T scan s an d t h e cor r esp on d i n g S P E C T scan s fr om
Þ v e p at i en t s ar e sh ow n i n F i g s. 1 , 2 , an d 6 . O n t h e
S P E C T scan , t h e ar ea i n w h i ch sh u n t w as fou n d h as
b een i n d i cat ed , an d i t cl osel y ag r ees w i t h t h e l ocat i on of
at e l ect asi s. F i g u r es 1 an d 2 sh ow ex am p l es of l ar g e an d
sm al l at e l ect asi s w i t h accom p an y i n g l ar g e an d sm al l
sh u n t s (p at i en t s 1 0 an d 3 ). I n p at i en t 6 , n ar r ow at el ec-
t at i c r eg i on s b r i d g ed ov er a r i m of aer at ed a l v eol i i n t h e
b ot tom m ost p ar t of t h e l u n g . T h e cor r esp on d i n g S P E C T
scan d i scl osed a h or i z on t a l z on e of sh u n t r est i n g on a
p er fu sed an d v en t i l a t ed r eg i on (F i g . 6 , A an d B ). I n
p at i en t 5 , t h e C T sh ow ed a t r ab ecu l at ed at e l ect asi s
si m i l ar t o a h on ey com b p at t er n . T h e S P E C T scan
sh ow ed a l ar g e m ot t l ed sh u n t ar ea cor r esp on d i n g to t h e
at e l ect at i c r eg i on (F i g . 6 , C an d D ). P at i en t 4 h ad on l y
m i n or at e l ect asi s i n d ep en d en t p ar t s of b ot h l u n g s, as
seen on t h e C T scan . S h u n t i n t h i s p at i en t w as fou n d as
a n ar r ow r i m i n t h e b ot tom of t h e l u n g s (F i g . 6 , E an d
F ). H ow ev er, d esp i t e i n d i v i d u a l si m i l ar i t i es, sh u n t
t en d ed to ex t en d h i g h er u p i n t h e v er t i ca l d i r ect i on
t h an i n t h e at e l ect at i c r eg i on . T h i s m ay i n p ar t h av e
b een d u e to t h e Þ n d i n g of a sh u n t a l on g t h e m ed i ast i n a l
l u n g b or d er i n t h r ee of Þ v e p at i en t s w h o r ecei v ed
11 3 m I n -M AA for b l ood ß ow m easu r em en t s (b u t i n n on e
w i t h 9 9 m T c-M AA; cf. F i g . 1 ).

T h i s Þ n d i n g w as u n ex p ect ed an d for ced u s to p er for m
m od el ex p er i m en t s w i t h t w o g l ass b ot t l es Þ l l ed w i t h
sa l i n e to w h i ch t w o i sotop es (11 3 m I n an d 9 9 m T c) w er e
ad d ed . T h e b ot t l es w er e 1 0 cm i n d i am et er an d 5 cm
ap ar t , si m u l at i n g t h e l u n g s an d m ed i ast i n u m i n a
t r an sv er se p r oject i on . I n t h e t r an sv er se S P E C T scan s
t h er e w as a r i m of p u r e 11 3 m I n act i v i t y a l on g t h e
m ed i ast i n a l asp ect s of t h e b ot t l es b u t n ot el sew h er e
(F i g . 7 ). T h u s t h e ÔÔm ed i ast i n a l ÕÕ sh u n t m ay b e an
ar t i fact cau sed b y r econ st r u ct i on er r or s.

DI SCUSSI ON

At el ect asi s i n d ep en d en t p ar t s of t h e l u n g i s a r eg u l ar
Þ n d i n g d u r i n g an est h esi a w i t h m u scl e p ar a l y si s an d
m ech an i ca l v en t i l a t i on , ap p ear i n g sh or t l y aft er i n d u c-
t i on of an est h esi a an d b efor e su r g er y (2 , 2 7 ). A r i g h t -t o-
l eft sh u n t of b l ood h as b een fou n d to cor r el at e w i t h t h e
si z e of at e l ect asi s (3 0 ). W e h av e sh ow n t h at t h e sh u n t i s
l ocat ed i n t h e d ep en d en t at e l ect at i c l u n g r eg i on s. I n
ad d i t i on , a m ar k ed i n h om og en ei t y of t h e v er t i ca l v en t i -
l a t i on an d p er fu si on d i st r i b u t i on s w as fou n d .

M et h od s

B efor e w e d i scu ss t h e r esu l t s, sev er a l m et h od ol og i ca l
asp ect s sh ou l d b e con si d er ed . T h r ee m ajor m et h od s
h av e b een u sed : C T , t h e m u l t i p l e i n er t g as el i m i n at i on
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t ech n i q u e, an d S P E C T . B y C T , t w o scan s of t h e t h or ax ,
5 cm ap ar t , w er e ob t a i n ed . M or p h ol og i ca l ch an g es can
b e v i su al i zed w i th a h i g h sp at i al r esol u t ion w i th i n th ese
scan s, b u t t h er e i s n o i n for m at i on ab ou t ot h er p ar t s of
t h e l u n g , an d l i t t l e i n for m at i on ab ou t fu n ct i on i s p r o-

v i d ed . T h e m u l t i p l e i n er t g as el i m i n at i on t ech n i q u e
m easu r es t h e fu n ct i on al p r op er t i es of t h e l u n g w i t h
r eg ar d to t h e d i st r i b u t i on of v en t i l a t i on an d p er fu si on
r el at i v e to Vú/Qú r at i os (5 , 3 3 ). T h e t ech n i q u e h as t h e
ab i l i t y t o sep ar at e r eg i on s w i t h l ow Vú/Qú r at i os fr om

F i g . 1 . C om p u t er i z ed tom og r ap h y (C T ) scan s an d i n er t g as v en t i l a t i on -p er fu si on (Vú/Qú) d i st r i b u t i on s of v en t i l a t i on
an d p er fu si on i n p at i en t 1 0 i n aw ak e st at e (A) an d d u r i n g an est h esi a-p ar a l y si s (B ), as w el l as cor r esp on d i n g
t r an sv er se sl i ce an d Vú/Qú d i st r i b u t i on s r econ st r u ct ed fr om si n g l e-p h oton em i ssi on C T (S P E C T ) d u r i n g an est h esi a
(C ). x-Ax i s, Vú/Qú r at i os; y-ax i s, v en t i l a t i on (s ) an d p er fu si on (r ). N ot e ab sen ce of l u n g d en si t i es an d n or m al Vú/Qú
d i st r i b u t i on i n aw ak e st at e an d ap p ear an ce of l ar g e d en si t i es (at e l ect asi s) i n d ep en d en t l u n g r eg i on s d u r i n g
an est h esi a . C on com i t an t l y, a l ar g e sh u n t w as m easu r ed w i t h i n er t g as an d i sotop e t ech n i q u es. Vox el s w i t h Vú/Qúr at i o
, 0 .0 0 5 (sh u n t ) h av e b een col or ed w h i t e on t r an sv er se sl i ce fr om S P E C T . N ot e l ocat i on of sh u n t i n d ep en d en t l u n g
r eg i on s. QúS , sh u n t as p er cen t ag e of car d i ac ou t p u t (Vú/Qú , 0 .0 0 5 ; r at z er o on x-ax i s); VúD , d ead sp ace v en t i l a t i on as
p er cen t ag e of ex p i r ed m i n u t e v en t i l a t i on (Vú/Qú . 1 0 0 ; s i n C at i n Þ n i t y ; i n A an d B , VúD i s ou t of r an g e of y-ax i s).
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sh u n t an d al so w el l -v en t i l a t ed r eg i on s w i t h on l y m i n or
p er fu si on fr om d ead sp ace. H ow ev er, i t r en d er s n o
i n for m at i on ab ou t t h e sp at i a l d i st r i b u t i on of v en t i l a-
t i on an d p er fu si on w i t h i n t h e l u n g . S ci n t i g r ap h y p r o-
v i d es a l ocal i z at i on of fu n ct i on w i t h i n a t i ssu e, as
m easu r ed b y t h e d i st r i b u t i on of an i sotop e, an d i n

com b i n at i on w i t h C T t h i s can b e p er for m ed i n t h r ee
d i m en si on s. S P E C T i s, h ow ev er, con si d er ed to h av e
l ess sp at i a l r esol u t i on t h an C T . T h e d i st r i b u t i on of
i n ject ed i sotop e-l ab el ed M AA h as b een sh ow n to accu -
r at e l y d i sp l ay t h e d i st r i b u t i on of b l ood ß ow b y t h e t i m e
of en t r ap m en t of t h e p ar t i cl es i n t h e cap i l l ar i es (3 1 ).

F i g . 2 . C T scan s an d i n er t g as Vú/Qú d i st r i b u t i on s of v en t i l a t i on an d p er fu si on i n p at i en t 3 i n aw ak e st at e (A) an d
d u r i n g an est h esi a-p ar a l y si s (B ), as w el l as cor r esp on d i n g t r an sv er se sl i ce an d Vú/Qúd i st r i b u t i on s r econ st r u ct ed fr om
S P E C T d u r i n g an est h esi a (C ). x-Ax i s, Vú/Qú r at i os; y-ax i s, v en t i l a t i on (s ) an d p er fu si on (r ). N ot e m i n or at e l ect at i c
ar ea on C T d u r i n g an est h esi a an d ap p ear an ce of a sm al l sh u n t l ocat ed i n d ep en d en t l u n g r eg i on s on t r an sv er se
sl i ce fr om S P E C T (w h i t e r eg i on s). QúS , sh u n t as p er cen t ag e of car d i ac ou t p u t (Vú/Qú , 0 .0 0 5 ; r at z er o on x-ax i s); VúD ,
d ead sp ace v en t i l a t i on as p er cen t ag e of ex p i r ed m i n u t e v en t i l a t i on (Vú/Qú . 1 0 0 ; s i n B an d C at i n Þ n i t y ; i n A, VúD i s
ou t of r an g e of y-ax i s).
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Ven t i l a t i on sci n t i g r ap h y w i t h i sotop e-l ab el ed aer osol
h as b een u sed for 3 0 y ear s (1 9 , 2 9 ). I t r e l i es on t h e
assu m p t i on t h at t h e aer osol w i l l b e d i st r i b u t ed w i t h i n
t h e l u n g s i n r e l at i on to v en t i l a t i on . T h i s assu m p t i on
seem s to b e ap p r ox i m at el y v a l i d for p ar t i cl es w i t h an
aer od y n am i c d i am et er , 1 µ m (1 2 , 1 8 , 2 5 ). T h e n eb u -
l i z er u sed i n t h e p r esen t i n v est i g at i on h as b een r e-
p or t ed to p r od u ce an aer osol t h at r esu l t s i n l i t t l e
i m p act i on i n cen t r a l a i r w ay s an d a d i st r i b u t i on w i t h i n
t h e l u n g com p ar ab l e t o t h at of t h e g as 8 1 m K r (3 4 ).
An i m al ex p er i m en t s i n d i cat e t h at sm al l -si z ed aer osol s
ar e d ep osi t ed m ai n l y i n r esp i r ator y u n i t s a l so d u r i n g
m ech an i ca l v en t i l a t i on (2 5 ). W e fou n d som e i m p act i on
on t h e car i n a an d t h e en d ot r ach eal t u b e, b u t ov er t h e
l u n g t h e d i st r i b u t i on of t h e i n h a l ed i sotop e w as sm oot h ,
w i t h n o ÔÔh ot sp ot sÕÕ i n an y p at i en t . T h u s i m p act i on
seem ed to b e n o m ajor p r ob l em . T h e r et en t i on of
aer osol s h as b een sh ow n to d ecr ease an d t h e cl ear an ce
to i n cr ease w i t h i n cr easi n g l u n g v ol u m e (3 , 2 5 ), an d
b ecau se of d i ffer en ces i n a l v eol ar ex p an si on (1 5 ), v en t i -
l a t i on m ay b e u n d er est i m at ed i n n on d ep en d en t com -
p ar ed w i t h d ep en d en t p ar t s of t h e l u n g . Al so, a l v eol i
t h at ar e ex p an d ed m ai n l y b y d ead sp ace g as d u r i n g
t i d a l b r eat h i n g ap p ear w el l v en t i l a t ed b ecau se of t h e
ab u n d an ce of aer osol i n d ead sp ace, w h er eas t h ei r
con t r i b u t i on to g as ex ch an g e m ay b e m i n i m al , as
m easu r ed b y t h e i n er t g as t ech n i q u e. T h ese m et h od -
ol og i ca l d i ffi cu l t i es sh ou l d , h ow ev er, n ot i n v a l i d at e t h e
aer osol t ech n i q u e i n d et ect i n g sh u n t .

T h e r an g e of b ack g r ou n d su b t r act i on v a l u es u sed for
d el i n eat i n g t h e l u n g s on t h e S P E C T scan s em b r aces
t h e v a l u e of 2 0 %, w h i ch r esu l t ed i n a g ood t r an sv er se
ar ea est i m at i on of a l u n g p h an tom (1 7 ). W e u sed
i n d i v i d u a l su b t r act i on v a l u es b ased on m easu r ed t r an s-
v er se d i am et er s, w h i ch r esu l t ed i n a g ood cor r esp on -
d en ce b et w een v en t r a l -d or sa l l u n g d i am et er s m ea-
su r ed b y S P E C T an d C T . M ean l u n g v ol u m e w as
est i m at ed at 2 .6 l i t er s, i n cl u d i n g a i r, t i ssu e, an d b l ood
v ol u m e. T h e w ei g h t of t h e l u n g s i s 9 0 0 Ð1 ,0 0 0 g (1 4 ).
R ed u ci n g b l ood v ol u m e b y 1 0 0 Ð2 0 0 m l [as cau sed b y
an est h esi a an d m ech an i ca l v en t i l a t i on (1 0 )] an d ad d i n g
1 0 0 m l for t h e v ol u m e of ex t r ap u l m on ar y a i r w ay s, t h e
cal cu l at ed m ean g as v ol u m e (F R C ) ap p r ox i m at es 2 .0
l i t er s. T h i s i s cl ose to t h e an t i ci p at ed m ean F R C (2 .1
l i t er s) of ou r p at i en t s d u r i n g an est h esi a i n t h e su p i n e
p osi t i on b y u se of t h e su m m ar y eq u at i on of R eh d er an d
M ar sh (2 3 ).

Atel ectasi s an d S h u n t

At el ect asi s w as fou n d i n 9 of 1 0 p at i en t s i n t h i s st u d y,
w h i ch com p ar es w i t h ou r p r ev i ou s Þ n d i n g s d u r i n g
an est h esi a w i t h m u scl e p ar a l y si s (2 , 8 ). S h u n t w as a l so
d em on st r at ed i n t h e sam e n i n e p at i en t s, an d t h er e w as
a cor r el at i on , an d si m i l ar m ean v a l u es, b et w een i n er t
g as sh u n t an d i sotop e sh u n t . S h u n t , d em on st r at ed b y
ei t h er t ech n i q u e, cor r e l at ed w i t h t h e at e l ect at i c ar ea,
an d b y S P E C T t h e sh u n t cou l d b e l ocat ed i n t h e
d ep en d en t l u n g r eg i on s. T h er e w as a fa i r i n d i v i d u a l
cor r esp on d en ce b et w een at el ect asi s on C T scan s an d
t h e d i st r i b u t i on of sh u n t on S P E C T scan s. T h e m ed i as-
t i n a l sh u n t i n a few p at i en t s w as m ost l i k e l y ex p l a i n ed
b y r econ st r u ct i on er r or s of t h e S P E C T scan s. T h u s t h e
on l y cl ear l ocat i on of sh u n t w as t h e d ep en d en t (d or sa l )
l u n g r eg i on s. S h u n t w as d i st r i b u t ed am on g al l fou r
seg m en t s fr om ap ex to b ase. Al t h ou g h n o C T scan s
w er e m ad e at t h e l ev el of t h e t w o ap i ca l seg m en t s,
p r ev i ou s st u d i es i n d i cat e t h at i n ap p r ox i m at el y on e-
h a l f of t h e p at i en t s at e l ect asi s can b e fou n d 1 0 cm
cran i al to th e d i ap h rag m (2 ), cor r espon d i n g to th e low er
p ar t of th e m ost ap i cal seg m en t i n th e p r esen t stu d y.

D i st r i b u t i on of Ven t i l a t i on an d P er fu si on

T h e Þ n d i n g of a d ecr ease i n v en t i l a t i on d ow n t h e l u n g
from fron tal to dor sal (v er t i cal d i r ect ion ) con Þr m s p r ev iou s
Þ n d i n g s i n an est h et i z ed p ar a l y z ed h u m an s (1 , 1 3 , 1 6 ,
2 2 , 2 4 ). H ow ev er, i n p r ev i ou s st u d i es n o d et a i l ed an al y -
si s of v en t i l a t i on d i st r i b u t i on w as p ossi b l e . T h ey h av e
b een l i m i t ed to m easu r em en t s of d i st r i b u t i on b et w een
t h e t w o l u n g s i n t h e l at er a l p osi t i on or to a few v er t i ca l
l ev e l s i n t h e su p i n e p osi t i on . I n t h i s st u d y, w e n ot ed a
r ed u ced v en t i l a t i on i n t h e top m ost r eg i on , w h i ch m i g h t
b e r e l at ed to w el l -ex p an d ed al v eol i l ocat ed on t h e u p p er
ß at t er p ar t of t h ei r p r essu r e-v ol u m e cu r v e (cf. R ef. 1 5 ).
T h er e i s a l so t h e p ossi b i l i t y of a com p en sator y r ed u c-
t i on of v en t i l a t i on b ecau se of r ed u ced b l ood ß ow , as
d em on st r at ed b y S ev er i n g h au s et a l . (2 6 ) an d at t r i b -
u t ed to h y p ocap n i c b r on ch ocon st r i ct i on . F i n a l l y, b y
ad d i t i on of p er fu si on d at a b y m ean s of t h e m acr oag g r e-
g ate tech n i q u e, a zon e of n o v en t i l at i on i n th e m ost
d ep en d en t p ar t of th e l u n g cou l d b e d etected . T h i s w ou l d
n ot h av e b een possi b l e b y i n t r av en ou s i n ject ion of Xe, as
h as b een u sed i n ear l i er st u d i es, b ecau se i t s d em on st r a-
t i on of l u n g b l ood ß ow r eq u i r es t h at i t d i ffu ses to p at en t
a l v eol i . A n on v en t i l a t ed z on e b ecau se of l u n g col l ap se
(at e l ect asi s) w ou l d t h u s n ot h av e b een d et ect ed .

T h e g en er a l feat u r e of an i n cr ease i n p er fu si on d ow n
t h e l u n g i s si m i l ar t o t h at r ep or t ed ear l i er i n an est h e-
t i z ed p ar a l y z ed h u m an s (1 3 , 1 6 ). H ow ev er, a m u ch
m or e d et a i l ed an al y si s w as m ad e p ossi b l e b y t h e p r es-
en t l y u sed t ech n i q u e. T h u s t h e v er t i ca l g r ad i en t of
p er fu si on , fr om top to b ot tom , d i sp l ay ed an i n i t i a l l y
st eep i n cr ease fol l ow ed b y a r eg i on w i t h l ess i n cr ease
(com p at i b l e w i t h z on es 2 an d 3 ) an d , Þ n al l y, a d ecr ease
of p er fu si on i n t h e l ow er m ost r eg i on of t h e l u n g (z on e 4 ;
F i g s. 3 an d 4 ) (1 4 ). T h e Þ n d i n g s ar e si m i l ar i n d et a i l t o
t h ose ob t a i n ed i n an est h et i z ed d og s an d h av e b een
at t r i b u t ed to g r av i t at i on al for ces, a l t h ou g h n on g r av i t a-

F i g . 3 . Ver t i ca l d i st r i b u t i on of m ean fr act i on al v en t i l a t i on (k ) an d
p er fu si on (r ) i n su p i n e an est h et i z ed p at i en t s. Val u es ar e m ean s 6
S E ; n 5 1 0 . L u n g d i m en si on s h av e b een n or m al i z ed . Ven t r, v en t r a l ;
D or s, d or sa l .
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t i on a l m ech an i sm s al so h av e b een p r op osed (7 , 9 , 11 ,
2 1 ). I n t h e m ost cau d al seg m en t , b u t n ot el sew h er e,
t h er e w er e ev en Þ n d i n g s com p at i b l e w i t h an u p p er m ost
n on p er fu sed z on e 1 . W i t h t h e k n ow l ed g e t h at m ean
p u l m on ar y ar t er i a l p r essu r e av er ag ed 1 8 .5 cm H 2 O

(1 3 .7 m m H g ) r el at ed to m i d t h or ax , sag i t t a l d i am et er
w as 1 8 cm , an d en d -i n sp i r ator y a i r w ay an d , p r esu m -
ab l y, a l v eol ar p r essu r e w as 1 2 .2 cm H 2 O (T ab l es 2 an d
4 ), i t can b e assu m ed t h at a l v eol ar p r essu r e ex ceed ed
p u l m on ar y v ascu l ar p r essu r e d u r i n g p ar t b u t n ot a l l of

F i g . 4 . Ver t i ca l (v en t r a l -d or sa l ) d i st r i b u t i on s of m ean fr act i on al v en t i l a t i on an d p er fu si on (an d su b d i v i si on s
t h er eof) i n 4 seg m en t s of l u n g fr om ap ex (seg m en t 1 ) to b ase (seg m en t 4 ) cal cu l at ed fr om S P E C T i n an est h et i z ed
su p i n e p at i en t s. Val u es ar e m ean s 6 S E ; n 5 1 0 . L eft : d i st r i b u t i on of fr act i on al ex p i r ed v en t i l a t i on (k ) an d
v en t i l a t i on of h i g h Vú/Qú r eg i on s (p ); r i g h t : d i st r i b u t i on of fr act i on al p er fu si on (k ) an d sh u n t (p ). x-Ax i s, n or m al i z ed
v en t r a l -d or sa l l u n g h ei g h t i n ar b i t r ar y u n i t s. D at a for each l u n g seg m en t ar e sh ow n i n col u m n at r i g h t .
L V, fr act i on al l u n g v ol u m e; VúE , fr act i on al ex p i r ed v en t i l a t i on ; Vúh i g h , v en t i l a t i on of h i g h Vú/Qúr eg i on s (1 0 , Vú/Qú, 1 0 0 )
as fr act i on of VúE ; QúT , fr act i on al l u n g b l ood ß ow ; QúS , sh u n t (Vú/Qú , 0 .0 0 5 ) as fr act i on of QúT .
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F i g . 5 . I n d i v i d u a l Vú/Qú d i st r i b u t i on s d u r i n g an est h esi a . L eft : i n er t g as d at a; r i g h t : i sotop e d at a. x-Ax i s, Vú/Qú r at i os;
y-ax i s, v en t i l a t i on (s ) an d p er fu si on (r ). N ot e si m i l ar i t y b etw een Vú/Qú d i st r i b u t i on s w i th th e 2 tech n i q u es i n m ost
p at i en t s, ex cep t for d ead sp ace v a l u es.
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t h e r esp i r ator y cy cl e i n n on d ep en d en t l u n g r eg i on s. A
si m i l ar d i scr ep an cy w i t h a z er o b l ood ß ow at a v er t i ca l
l ev e l b e l ow t h e p oi n t w h er e m ean p u l m on ar y ar t er i a l
p r essu r e i s l ess t h an al v eol ar p r essu r e h as b een r e-
p or t ed b y R eed an d W ood (2 1 ).

N o an al y si s of n on g r av i t at i on al d i st r i b u t i on of v en t i -
l a t i on an d b l ood ß ow h as b een m ad e i n t h e p r esen t
st u d y.

Vú/ Qú R at i os

T h e Vú/Qú d i st r i b u t i on , assessed b y t h e i n er t g as
m et h od , w as si m i l ar t o t h at i n p r ev i ou s st u d i es i n
su b ject s of si m i l ar ag e, b ot h aw ak e an d d u r i n g an est h e-
si a (8 , 3 0 ). T h u s an i n cr ease i n l og QúS D an d a si m i l ar b u t
sm al l er i n cr ease i n l og VúS D w er e seen d u r i n g an est h e-
si a, i n d i cat i n g an i n cr eased d i sp er sion of Vú/Qú rat ios. T h i s

F i g . 6 . C T (A, p at i en t 6 ; C , p at i en t 5 ; E , p at i en t 4 ) an d S P E C T scan s (B , p at i en t 6 ; D , p at i en t 5 ; F, p at i en t 4 ) d u r i n g
an est h esi a . N ot e cl ose cor r esp on d en ce b et w een d i st r i b u t i on s of at e l ect asi s an d of sh u n t (w h i t e v ox el s).
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w as al soseen as an i n cr eased am ou n t of p er fu sion of poor l y
v en t i l a t ed l u n g r eg i on s (Qúl ow , Vú/Qú , 0 .1 ).

Al t h ou g h t h e g r oss ap p ear an ce of t h e Vú/Qú d i st r i b u -
t i on s b y t h e i sotop e t ech n i q u e w as si m i l ar t o t h at of t h e
i n er t g as m et h od (F i g s. 1 , 2 , an d 5 ), si g n i Þ can t d i ffer -
en ces i n sev er a l i n d ex es w er e a l so n ot ed (T ab l e 3 ). T h u s
t h e Vú/Qú d i st r i b u t i on w as sh i ft ed to t h e r i g h t , as ev i -
d en ced b y h i g h er m ean v a l u es of v en t i l a t i on an d b l ood
ß ow ; t h er e w as n o Qúl ow , b u t t h e p r esen ce of r eg i on s w i t h
v en t i l a t i on i n ex cess of p er fu si on (Vúh i g h , Vú/Qú . 1 0 ) an d ,
Þ n al l y, d ead sp ace w as m i n or w i t h t h e i sotop e t ech -
n i q u e. W h en t h e t w o m et h od s ar e com p ar ed , i t sh ou l d
b e r em em b er ed t h at t h e i n er t g as m et h od i s b ased on
g as d i l u t i on p r i n ci p l es, w h er eas t h e u sed i sotop e t ech -
n i q u e i s b ased on t h e d ep osi t i on of p ar t i cl es i n t h e
a l v eol i an d p u l m on ar y v essel s. T h e i n er t g as m et h od
en ab l es t h e an al y si s of t h e d i st r i b u t i on of a l v eol ar
v en t i l a t i on r el at i v e to Vú/Qú r at i os an d can h an d l e t h e
VúD , w h et h er of a i r w ay s or of a l v eol i , sep ar at e l y. T h e
i sotop e t ech n i q u e w i l l d ep en d on i t s r esol u t i on i n
d et ect i n g d ead sp ace. T h u s an y a i r w ay or a l v eol ar
r eg i on t h at i s sm al l er t h an t h e v ox el (0 .5 8 3 0 .5 8 3 1 .1 6
cm ) w i l l n ot sh ow u p as d ead sp ace b u t w i l l b e i n cl u d ed
i n t h e d i st r i b u t i on of Vú/Qú r at i os. T h i s w i l l ex p l a i n t h e
l ar g e d i ffer en ce i n cal cu l at ed d ead sp ace b y t h e t w o
m et h od s (3 2 an d 5 %, r esp ect i v e l y ). T h i s a l so ex p l a i n s
t h e r i g h t w ar d sh i ft of t h e Vú/Qú d i st r i b u t i on s. M or eov er,
i t a l so ex p l a i n s t h e l ow er l og QúS D an d h i g h er l og VúS D
w i t h t h e i sotop e t ech n i q u e, b ecau se a r i g h t w ar d sh i ft of
t h e d i st r i b u t i on cu r v es r ed u ces t h e am ou n t of Qúl ow an d
i n cr eases t h e am ou n t of Vúh i g h . R ecal cu l at i on of t h e
i sotop e d i st r i b u t i on m ean v a l u es aft er su b t r act i on of
t h e m easu r ed i n er t g as d ead sp ace sh i ft ed Vú/Qúd i st r i b u -
t i on s tow ar d t h e l eft (Vúm ean : 1 .1 3 ; Qúm ean : 0 .6 4 ) so t h at
t h ey cam e cl oser t o t h e i n er t g as d at a (1 .0 1 an d 0 .5 1 ,
r esp ect i v e l y ).

C on cl u si on s

T h i s st u d y h as d escr i b ed t h e r el at i on sh i p b et w een
at el ect asi s an d sh u n t i n d ep en d en t l u n g r eg i on s d u r i n g
an est h esi a an d m ech an i ca l v en t i l a t i on i n su p i n e p a-
t i en t s. A p r efer en t i a l d i st r i b u t i on of v en t i l a t i on tow ar d
v en t r a l l u n g r eg i on s an d n o or on l y m i n or p er fu si on of
n on d ep en d en t r eg i on s w er e seen . T h e Vú/Qú d i st r i b u t i on
cal cu l at ed fr om i sotop e d at a w as si m i l ar t o t h at ob -
t a i n ed b y m u l t i p l e i n er t g as el i m i n at i on .

T h i s st u d y w as su p p or t ed b y S w ed i sh M ed i ca l R esear ch C ou n ci l
G r an t 5 3 1 5 an d g r an t s fr om t h e K ar ol i n sk a I n st i t u t e an d t h e
S w ed i sh H ear t -L u n g F u n d .

Ad d r ess for r ep r i n t r eq u est s: L . T ok i cs, D ep t . of An est h esi ol og y,
H u d d i n g e U n i v er si t y H osp i t a l , S -1 4 1 8 6 H u d d i n g e, S w ed en .

R ecei v ed 5 D ecem b er 1 9 9 5 ; accep t ed i n Þ n al for m 2 Ap r i l 1 9 9 6 .
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