
ABSTRACT 

KOENIG, J .  M .  A com~ar i son  of bodv densi ty  and percent  body f a t  us ing 
func t iona l  r e s idua l  c a ~ a c i t v  and res idua l  volume and develoament-c& - 
immersed funct ional  r e s idua l  cauaci tv  and res idua l  volume pred ic t ion  
formulas.  M.S. i n  Adult Fitness/Cardiac Rehab i l i t a t ion ,  1990. 76 pp 
-7 

(W. Floyd) 

This study developed p red ic t ion  formulas (PF) f o r  r e s idua l  volume 
(PRV) and func t iona l  r e s idua l  capaci ty  (PFRC) using the  va r iab les  age 
( A ) ,  he igh t  (Ht) ,  weight (Wt), ches t  depth (CD), and smoking h i s t o r y  
(SH) i n  100 male sub jec t s  between the ages of 18 - 69 years .  A and tl t  
were the  only va r iab les  which contr ibuted s i g n i f i c a n t l y  t o  PRV. A, t l t ,  
and W t  were the  only va r iab les  t o  con t r ibu te  s i g n i f i c a n t l y  t o  PFRC. A 
t e s t - r e t e s t  c o r r e l a t i o n  between two t r i a l s  of RV ( r  = .99) and FRC ( r  = 

.98) determinations indicated t h a t  r e l i a b l e  measures were taken by the  
c losed c i r c u i t  oxygen d i l u t i o n  technique. Through the use of mult iple  
s tep-wise  regress ion the  following PRV and PFRC formulas were developed: 

PRV ( l i t e r s )  = .0260376(A) + .0256005(Ht) - 3.89794 
PFRC ( l i t e r s )  = .0493365(Ht) + .0116958(A) - .00919313(Wt) 

- 6.20966 
The s tandard e r r o r  of es t imat ion (S.Y.E.) of the  PRV and PFRC formulas 
(241 and 403 nils, r e spec t ive ly )  were a l l  lower than those reported by 
Boren e t  a l .  (1966) (B), Crapo e t  a l .  (1982) (C), Goldman and Becklake 
(1959) (GB). and Grimby and Soderholm (1963) (GS). The v a r i a t i o n  ( R ~ )  
a t t r i b u t e d  t o  the  independent va r iab les  was .72 and . 4 l  f o r  PRV and 
PFRC, respec t ive ly .  These R' values  were higher  than those reported by 
B, C, and GS. Using the  da ta  obtained i n  t h i s  s tudy,  an ANOVA with 
repeated measures followed by a  Scheffe'  post  hoc t e s t  determined 
s i g n i f i c a n t  d i f fe rences  (p<.05) between PRV and the PF of  C and GB.  
S ign i f i can t  d i f fe rences  ( ~ < . 0 5 )  were a l s o  determined between PFRC and 
the PF of B, C .  G B ,  and GS. A f u r t h e r  purpose of  t h i s  study was t o  
coinpare body densi ty  (BD) and percent  body f a t  (%BE) determined a t  the 
RV and FRC lung volume maneuvers i n  the  hydros ta t i c  weighing procedure. 
There was no s i g n i f i c a n t  d i f fe rence  (g>.05) between BD a t  RV and FRC. 
There was, however, a  s i g n i f i c a n t  d i f fe rence  ( ~ < . 0 5 )  i n  %BF a t  RV and 
FRC . 
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CHAPTER I 

INTRODUCTION 

Hydrostatic weighing is cominonly accepted as the "gold standard" 

for determining percent body fat. However, accuracy of the hydrostatic 

weighing technique is dependent upon an accurate lung volume measurement 

(Weltman & Katch, 1981). 

Residual volume (RV), the amount of air remaining in the lungs 

following a maximal expiration, has long been the most w-dely used lung 

volume in the hydrostatic weighing technique. According to Welch and 

Crisp (1958), since RV is the smallest lung volume it is least affectec! 

by hydrostatic pressure, and therefore, the volume of choice. Although 

RV may be the most consistent lung volume in and out of the water, a 

number of researchers have suggested that this method may be adversely 

affected by pulnlonary air- trapping (boodi, Young, Bennett, & Bradley, 

1976; Dahlback & L~mdgren, 1972; Girandola, Wiswell, Mohler, Romero, & 

Barnes, 1977; Robertson, Engle, & Bradely, 1978; Thomas & Etheridge, 

1980; Weltman & Katch, 1981). Additionally, the expulsion of all air 

underwater is very discomforting for some individuals and could result 

in inaccurate body density determinations (Brozek, Henschel, & Keys, 

1949; Thomas & Etheridge, 1980; Timson & Coffman, 1984; Welch & Crisp, 

1958; Weltman, Janney, Huber, Riaas, & Katch, 1987; Weltman & Katch, 

1981). 

Weltinan and Katch (1981), have described the RV maneuver as a 

"novel" and impossible techniqus to "master" sometimes requiring a 

1 



substantial number of trials (9-12) for consistent underwater weighing 

values. Furthermore, full exhalation may be inhibited as a result >f 

thc anxiety encountered by some individuals following complete 

submersion (Brozek, Henschel, & Keys, 1949). 

In an attempt to eliminate the pulmonary air-trapping problem, as 

well as the difficulty and discomfort of the RV maneuver, a number of 

researchers have attempted to determine body density at Larger lung 

volumes (Latin & Ruhling, 1986; Lundvall & Thorland, 1987; Smith & 

Bishop, 1987; Thomas & Etheridge, 1980; Timson & Coffman, 1984; Weltman 

et al., 1987; Weltman & Katch, 1981). In 1958 Welch and Crisp performed 

the hydrc\static weighing technique at 50% vital capacity (VC). Although 

this solved the discomfort problem, the body density and percent body 

fat values were significantly different than body density and resulting 

percent body fat at RV. 

Total lung capacity (TLC), the volume of gas in the lungs following 

a maximal inspiration, has also been used in the hydrostatic weighing 

procedure, but with limited success. Weltman and Katch (1981). found 

body density determined at TLC to be significantly greater then body 

density at RV. Similar fiadings were also observed in a study of 28 

pre-pubertal males (Weltman et al., 1987). It w a s  hypothesized that the 

hydrostatic forces would not be as great on the relatively smaller TLC 

of pre-pubertal males, and therefore, provide similar results to body 

density at RV. The significantly higher body density determined at: TLC 

led Weltman and associates to conclude that "the use of hydrostatic 

weighing at total lung capacity for body density determination is not 

acceptable in a research or clinical setting when applied to pre- 



puber ta l  boys" (p .51) .  

When TLC was determined with  the  uh4. -.t immersed no s i g n i f i c a n t  

d i f f e rence  was found from the  body dens i ty  determined a t  RV (Timsou & 

Coffman, 1984).  Furthermore, TLC das r a t e d  a s  l e s s  d i f f i c u l t  t o  perform 

b-1 t h e  s u b j e c t s .  

The volume of a i r  remaining i n  t h e  Lungs fol lowing a  normal r e s t i n g  

e x p i r a t i o n ,  func t iona l  r e s i d u a l  capaci ty  (FRC), has  a l s o  been u t i l i z e d  

i n  the  h y d r o s t a t i c  weighing procedure. Thomas and Etheridge (1980),  

compared body dens i ty  and pt-rcent body f a t  a t  FRC and RV v h i l e  immersed 

and found no s i g n i f i c a n t  d i f f e rences  betweell t he  two methods. I n  

a d d i t i o n ,  FRC was ra t ed  more comfortable by the  s u b j e c t s ,  caused l e s s  

s c a l e  f l u c t u a t i o n ,  and reduced t h e  number of underwater weighing t r i a l s .  

Similar  f i n d i n ~ s  were a l s o  observed i n  a  study by Witherspoon (1984),  I n  

which FRC no t  only comp3:ed favorably wi th  body dens i ty  a t  R V  (on- land 

and immersed), bu t  was judged a s  the  most comfortable lung volume t o  

achieve and maintain durirp,  t h e  hydros ta t i c  weighing procedure 

Need f o r  the  Studv 

O f  t h e  e i g h t  commonly observed l u r g  volumes, t h r e e  cannot be 

measured by simple spirometry: r e s i d u a l  volume ( R V ) ,  func t iona l  r e s i d u a l  

capac i ty  ( F R C ) ,  and t o t a l  lung capac i ty  (TLC). Although RV is  t r u l y  the  

only lung volume unab?e t o  be  determined by spiromnetry i t  constitutes a 

s i g n i f i c a n t  component of both  t h e  FRC and TLC 1.ung volumes ( i . e . ,  FRC = 

RV + ERV, and TLC = RV + V C ) .  A s  a  r e s u l t ,  some form of i n d i r e c t  

a n a l y s i s  is  requ i red .  



Indirect methods of measuring RV, as described by Wilmore (1969a), 

mainly consist of three types: (1) the pneumatometric approach, (2) the 

closed circuit approach, and (3) the open circuit approach. However, 

the determination of RV by any of these methods requires elaborate and 

expensive equipment, a skilled technician, and a considerable amount of 

time (Wilmore, 1969b). As an alternative, a number of prediction 

equations to estimate the residual lung volun~e have been published 

(Boren, Kory, & Syner, 1966; Crapo, Morris, Clayton, & Nixon, 1982; 

Goldman & Becklake, 1959; Grimby & Soderholm, 1963). Easily measured 

physical characteristics such as age, height, and weight are the factors 

often used in the formation of these prediction equations. 

Since RV is the so called "volume of choice" for the hydrostatic 

weighing technique, the majority of the prediction equations have been 

developed for this lung volume. However, the discomfort and diffi.culty 

along with the effect of pulmonary air-trapping during the RV maneuver 

suggests that a larger lung volume should be used during the 

hydrostatic weighing procsdure (Welch & Crisp, 1958). Studies by 

Thomas and Etheridge (1980) and Witherspoon (1984) have determined FRC 

not only to compare favorably with RV in the determination of bedy 

density and percent body fat, but also to be more comfortable for the 

subject. 

Although there are a number of prediction equations for FRC and RV 

(Boren et al., 1966; Crapo et al., 1982; Goldman & Becklake, 1959; 

Grimby & Soderholm, 1963), no equation for the prediction of FRC and RV 

in males while immersed was found in thp, literature reviewed. The 

importance of determinin, .RC while immersed is reflected by the large 



dec reases  observed i n  FRC a s  a  r e s u l t  of hyt l ros tn t ic  f o r c e s .  FRC has  

been shown t o  decrease  21 t o  46% dur ing  imsiersion (Agostoni ,  G u r t ~ ~ e r ,  

T o r r i ,  & Rahn, 1966; Begin, Eps t e in ,  Sackner,  Levinson, Doughercy, & 

Duncan, 1976; Bondi e t  a l . ,  1976: Girandola e t  a l . .  1977; Ostrove & 

Vaccaro, 1982; P r e f a u t ,  Lupi,  & Anthonisen,  1976: Robertson e t  nl., 

1978).  Although the  e f f e c t s  of immersion on RV a r e  no t  i n  agreement,  

t h e  ma jo r i t y  of s t u d i e s  have found RV t o  be s i g n i f i c a n t l y  reducctl 

fo l lowing immersion (Agostoni e t  a l . ,  1966; Boncfi e t  n l . ,  1976; Cox, 

1989; J a r r e t t ,  1965; Ostrove & Vaccaro, 1982; Robertson e t  a l . ,  1978) .  

The re fo re ,  i t  i s  important t h a t  FRC and RV be measured du r ing  immersion 

i f  used i n  t he  h y d r o s t a t i c  weighing procedure.  

The d e s i r e  t o  develop a  quick and inexpensive tnetliotl t o  e s c i ~ n n t c  n  

lung volume t h a t  a l lows a c c u r a t e  body dens i ty  c a l c u l a t i o n ,  nL an e a s i l y  

a t t a i n e d  and comfortable l ung  volume ( i .  e .  , FRC) , suppor t s  t l ~ e  need o f  

t h i s  s tudy .  I n  a d d i t i o n ,  t h e r e  i s  need f o r  an  equa t ion  t o  p r e d i c t  t he  

most o f t e n  used lung volume i n  t h e  h y d r o s t a t i c  weighing technique ( i . e . ,  

RV) i n  males whi le  inlmersed. 

Statement of t he  ProI>lein 

The purposes of t h i s  s tudy were: 

1. Develop f-or~nulas f o r  the  p r e d i c t i o n  of I:RC and RV while immersed 

us ing  age ,  h e i g h t ,  weight ,  c h e s t  dep th ,  and smoking h i s t o r y  a s  

p r e d i c t o r s  i n  100 males between the  ages o f  18 - 69  

2 .  Test t h e  adequacy of t hese  p r e d i c t i o n  formulas 

3 .  Determine t h e  t e s t - r e t e s t  r e l i a b i l i t y  between t r i a l s  f o r  the  

c lo sed  c i r c u i t  oxygen d i l u t i o n  technique o f  FRC and RV determi.nations 



4 .  Compare the  mul t ip l e  c o r r e l a t i o n  c o e f f i c i e n t  ( R ~ )  and s t anda rd  

e r r o r  of t he  e s t ima te  (S.E.E.) of  p red ic t ed  immersed FRC and RV 

developed i n  t h i s  s tudy a g a i n s t  those of o t h e r s .  

5 .  Compare body dens i ty  and percent  body f a t  va lues  obta ined a t  

immersed FRC and immersed RV. 

Null  Hvvotheses 

The n u l l  hypotheses o f  t h i s  s tudy  were: 

1. Age, h e i g h t ,  weight ,  c h e s t  dep th ,  and smoking h i s t o r y ,  

s i n g u l a r l y  o r  i n  combination, a r e  no t  p r e d i c t o r s  of  FRC and RV i n  100 

males between the  ages 18 - G9. 

2 .  There is no s i g n i f i c a n t  c o r r e l a t i o n  between t r i a l s  f o r  t h e  

c losed  c i r c u i t  oxygen d i l u t i o n  technique of  FRC and RV de te rmina t ions .  

3 .  There i s  no s i g n i f i c a n t  d i f f e r e n c e  between the  p red ic t ed  FRC and 

RV of  the  100 male s u b j e c t s  u s ing  the  formulas developed i n  t h i s  s tudy  

and the  p r e d i c t i o n  of  FRC and RV from prev ious ly  publ ished formulas.  

4 .  There is no s i g n i f i c a n t  d i f f e r e n c e  i n  body d e n s i t y  and pe rcen t  

body f a t  determined a t  immersed FRC and immersed RV. 

Assumptions 

The fol lowing assumptions were made f o r  t h i s  s tudy :  

1. A l l  s u b j e c t s  r e f r a i n e d  from e a t i n g  6 hours  p r i o r  t o  h y d r o s t a t i c  

weighing. 

2 .  The s u b j e c t s  performed the  b rea th ing  maneuvers t o  the  b e s t  o f  

t h e i r  a b i l i t y .  

3 .  The s u b j e c t s  d i d  n o t  engage i n  any s t renuous  a c t i v i t y  p r i o r  t o  

t e s t i n g .  



4.  A l l  instruments functioned properly and provided accurate  

values .  

5. A l l  sub jec t s  were f r e e  of r e sp i ra to ry  d i sease .  

6 .  A 1 1  sub jec t s  answered the quest ionnaire  honest ly  and accura te ly .  

Limitations 

The following l i m i t a t i o n s  wore observcd i n  regard t o  t h i s  study: 

1. A l l  sub jec t s  were vo lun tee r s ,  and the re fo re ,  t rue  randomization 

was no t  achieved. 

2 .  I t  was d i f f i c u l t  t o  determine how wel l  the  sub jec t s  performed 

the  breathing maneuvers. 

Delimi t a t i o n s  

I n  reference t o  t h i s  s tudy,  the  following de l imi ta t ions  were made: 

1. A l l  sub jec t s  were males between the ages 18 - 69 and l i v e d  i n  

the  La Crosse a rea .  

2 .  Only male sub jec t s  with heights  between 160 - 138 cent imeters  

were t e s t e d .  

3.  Only sub jec t s  without known resp i ra to ry  d i seases  were allowed t o  

p a r t i c i p a t e  i n  the  s tudy.  

4 .  Only age, he igh t ,  weight, chest  depth, and smoking h i s t o r y  were 

used a s  f a c t o r s  i n  the  p red ic t ion  of PRC and RV. 



Definitions of T e x  

The following is a list of the terms used in this study: 

1. BTPS - The conversion of gas measurements dealing in lung 

volumes into body temperature (37'C), ambient pressure, and 100% water 

saturation (Fox, Bowers, & Foss, 1988). 

2. Chest Depth - The distance from the tip of tho xiphoid process 

to the transverse process of the twelfth rib (Tcheng & Tipton, 1973). 

3. Closed Circuit Oxygen Dilution - Rebreathing a gas of a specific 

co~nposition in a closed system to determine a lung volume (Wilmore, 

1969a). 

4 .  Ex~iratorv Reserve Volume (ERV) - Maximal volume of gas thac can 

be expired from resting end-expiration (Boren et al., 1966). 

5. Functional Residual Ca~acitv (FRCl - The volume of gas remaining 
in the lungs following a normal resting expiration: FRC - RV + ERV 

(Boren et al., 1966). 

6. Hydrostatic Pressure - The pressure exerted on the thorax and 

abdomen during inunersion which opposes the inspiratory muscles (Prefaut, 

L~tpi, & Anthonisen, 1976). 

7. bdrostatic Wei~hing - The "gold standard" technique used to 

determine percent body fat through the complete submersion of the 

subject and application of Archimedes' Principle. 

8. Open Circuit Method - A gas dilution technique in which nitrogen 

is washed out of the lungs by inhalation of pure oxygen through a series 

of one-way valves over a specified period of time, and collected in a 

large spirometer. 



9. Pack Years - The number of cigarette packs smoked per day 

multiplied by the number of years smoked. 

10. Pneumatometric Method - A method of indirectly dctermitling lung 

volumes through the use of whole body plethysn~ogrnphy (Wilmore, 19G9a). 

11. Pulmonarv Air-Tra~~ing - The shifting of blood from the 

extremities into the thorax causing engorgement of the pulmonary vessels 

and subsequent air-trapping as a result of whole body irnmersion 

(Dahlback & Lundgren, 1972). 

12. Residual Volume (RV) - The volume of gas remaining in the lungs 

following a maximal exhalation (Boren et al., 1966). 

13. Smoking History - The total number of cigarettes smoked by the 

subject measured in pack years. 

14. S~irometer - An air-tight device consisting of two metal 

containers, one inverted over the other, capable of direct measures of 

lung volumes by the recording of inspirations and expirations on a 

rotating dru111 attached to a spirometer (Fox, Bowers, 6 Foss, 1988). 

15. Tidal Volume (TV) - The volume of gas inspired or expired per 

breath (Boren et al., 1966). 

16. Total Lung Ca~acitv (TLC) - The volume of gas in the lungs 

following a maximal inspiration: TLC = RV C VC (Boren et al., 1966). 

17. Vital Cavacitv (VCZ - Maximal volume of gas forcefully expired 

after a maximal inspiration: VC - TLC - RV (Fox, Bowers, & Foss, 1988). 



CHAPTER I1 

REVIEW OF RELATED LITERATURE 

The purpose of this study was to examine the relationship between 

functional residual capacity (FRC) and residue1 volume (RV) and the 

factors of age, height, weight, chest depth, and smoking history. The 

study was also designed to develop equations using the before-mentioned 

variables to accurately predict FRC and RV, and to compare the multiple 

correlation coefficient (R~) and standard error of the estimate 

(S.E.E.) of these equations to those of others (Boren et al., 1966; 

Crnpo et al., 1982; Goldman & Becklake, 1959; Grimby & Soderholm, 1963). 

Hydrostatic weighing at an alternative lung volume (FRC) was tested and 

evaluated in terms of its effect on body density and percent body fat 

obtained at RV. 

Lung Volume Measurements 

Residual volume, the volwne of air remaining in the lungs following 

a maximal expiration, is the only lung volume which cannot be measured 

by direct spirometry. Since FRC and TLC also possess the RV component 

(FRC = ERV + RV and TLC = VC + RV) they require some form of indirect 

assessment. 

There are numerous techniques used for the indirect assessment of 

lung volumes with some dating back to the 1800's when Sir Humphrey Davy 

measured his own lung volume with a hydrogen dilution method (Boren et 

nl., 1966). In 1.882, Pfluger described a method which utilized whole 



body plethysmography (i.e., pneumotometric method) in the determination 

of lung volumes (Boren et al., 1966; Christie, 1932). By the time of 

the early 1900's researchers (Bohr, 1907; Toblescn, 1911; and 

1,undsgaard & Van Slyke, 1918; as cited in Bore11 et al., 1966) focused 

their attention on the various lung volume compartments. However, the 

forced breathl.ng methods required fox. these measures were poorly 

reproducible and difficult to perform (Boren et al., 1966). 

In 1923, Van Slyke and Binger developed a hydrogen dilution 

technique in which the subject rebreathes a known hydrogen gas 

concentration for five to seven minutes (Boren et al., 1966). This was 

the forerunner of many of today's closed circuit gas dilution 

techniques. The hydrogen dilution technique was modified by McMichael 

in 1939 and subsequently replaced the commonly used quiet breathing 

oxygen dilution technique developed by Christie (1932). In 1941, helium 

replaced hydrogen as the dilution gas with a modification made by 

Meneely and Kaltreider, and later simplified in 1953 (Boren et al., 

1966). Darling, Cournand, and Richards (1940) developed the open 

circuit nitrogen washout technique which differed greatly from previous 

methods by the incorporation of the complete removal of a gas from the 

lungs and body instead of achieving an equilibrium state (Boren et al., 

1966; Christie, 1932). 

There have been numerous methods employed to indirectly determine 

the residual lung volume in man. According to Wilmore (1969a), the 

majority of these methods are modifications of three major approaches: 

(1) the pneumatolnetric method, (2) the closed circuit method, and (3) 

the open circuit method. 



The pneumatometric method, o r i g i n a l l y  developed by P f luge r  i n  1882, 

i s  based on Boyle 's  Law, which s t a t e s  t h a t  t he  volume of  gas v a r i e s  i n  

inve r se  propor t ion t o  the  p res su re  t o  which it is sub jec ted .  This 

method r e q u i r e s  the  sub jec t  t o  be placed i n  an  a i r - t i g h t  chamber 

connected t o  a spi rometer .  The s u b j e c t  is  a b l e  t o  b rea the  room a i r  

through a mouthpiece connected t o  an  opening i n  the  chamber. 

I n s p i r e t o r y  and exp i ra to ry  processes  cause a i r  displacement i n s i d e  the  

chamber which i s  de t ec t ed  and recorded on a spi rometer .  Exp i ra t ion  is 

then completely obs t ruc ted  and the  s u b j e c t  i s  t o l d  t o  make a maximal 

i n s p i r a t o r y  o r  exp i ra to ry  e f f o r t  a g a i n s t  t h i s  t o t a l  r e s i s t a n c e .  The 

amount of  a i r  i n  the  lungs i s  determined by measuring t h e  change i n  

p res su re  a t  t he  mouthpiece and volume which t h e  thorax expanded. 

According t o  Robertson e t  a l .  (1978),  t h i s  method is a b l e  t o  d e t e c t  

t h e  s l i g h t e s t  amount of  trapped a i r  which, by gas d i l u t i o n  techniques ,  

is o f t e n  undetected.  There a r e ,  however, a number of  drawbacks of  t h i s  

method inc lud ing  the  requirement f o r  a s p e c i a l i z e d  chamber which has  

been descr ibed i n  the  p a s t  t o  be very  cumbersome and d i f f i c u l t  t o  

mainta in  ( C h r i s t i e ,  1932).  I n  a d d i t i o n ,  cons ide rab le  time is  needed t o  

perform t h e  maneuver, which has  been descr ibed a s  demanding more 

cooperat ion than even the  h e a l t h i e s t  i nd iv idua l  can d e l i v e r  ( C h r i s t i e ,  

1932).  

The c losed  c i r c u i t  method is based on a s u b j e c t  r eb rea th ing  a known 

concen t ra t ion  of  gas ( e . g . ,  100% pure  oxygen) i n  a c losed  system. The 

s u b j e c t  is i n s t r u c t e d  t o  exhale  maximally i n t o  room a i r  and is then 

connected t o  e i t h e r  a spi rometer  o r  r eb rea th ing  bag con ta in ing  a known 

volume o f  gas .  The s u b j e c t  b rea thes  deeply (approximately 5 t o  8 



b r e a t h s )  u n t i l  t h e r e  is a s t a t e  of  equi l ibr ium between the  f r a c t i o n  of  

n i t rogen  i n  t h e  spi rometer  o r  r eb rea th ing  bag and the  f r a c t i o n  of  

n i t rogen  i n  t h e  lungs .  The c losed c i r c u i t  method was o r i g i n a l l y  

desc r ibed  by Lundsgaard and Van Slyke (1918) and has  s i n c e  been modified 

by Wilmore (1969a) t o  provide accura t e  r e s u l t s  i n  f i v e  t o  e i g h t  b r e a t h s .  

This  technique appears t o  provide r e l i a b l e  r e s u l t s ,  and the  s h o r t  time 

f o r  d u p l i c a t e  measures (2 -3  minutes) miriimizes the  problem of  n i t rogen  

exc re t ion  from t h e  blood,  a s  d iscussed by Wilmore (1969a).  

I n  regard  t o  the  claim t h a t  measurements of  I<V i n  water by gas 

d i l u t i o n  techniques a r e  " inva l id"  (Robertson e t  a l . ,  1978),  a more 

thorough review of  Robertson's a r t i c l e  was conducted. Robertson e t  a l .  

(1978),  compared gas d i l u t i o n  and plethysn~ographic techniques  and 

observed t h a t  t he  d i l u t i o n  method underestimated RV by 16% when t h e  

s u b j e c t  was immersed. However, i n  n ine  of  t he  s u b j e c t s  t e s t e d ,  seven 

a l s o  displayed a lower RV by gas d i l u t i o n  determined on land.  

Therefore ,  t h e  disagreement between t h e  two techniques  may no t  have been 

due t o  a i r  t r app ing  a s  a r e s u l t  of  immersion, b u t  r a t h e r  an  inhe ren t  

procedural  d i f f e r e n c e  between t h e  two techniques .  

The open c i r c u i t  method, un l ike  the  c losed c i r c u i t  method, i s  based 

upon gas washout. I n  t h i s  method the  s u b j e c t  is n o t  r equ i red  t o  b rea the  

f o r c e f u l l y ,  b u t  r a t h e r  pass ive ly  f o r  f i v e  t o  seven minutes.  During t h i s  

t ime of q u i e t  b rea th ing  n i t rogen  i s  washed o u t  of  t he  r e s p i r a t o r y  system 

by i n h a l a t i o n  of  pure oxygen through a s e r i e s  of  one-way va lves  (Boren 

e t  a l . ,  1966; C h r i s t i e ,  1932).  This technique is g e n e r a l l y  considered 

t o  be the  r e fe rence  method o r  "gold s tandard"  t o  which o t h e r  methods 

have been compared (Dar l ing,  Cournand, & Richards ,  1940) .  There i s ,  a s  



proposed by Wilmore (1969a),  a problem with  t h i s  method. The seven 

minute time per iod needed f o r  the  procedure a l lows cons ide rab le  time f o r  

the  r e l e a s e  of  n i t rogen  from the  t i s s u e s  and blood i r ~ t o  t h e  v e n t i l a t o r y  

system. Although t h i s  amount may seem n e g l i g i b l e ,  10 - 1 2  m l  of 

n i t rogen  pe r  20 seconds of hype rven t i l a t ion ,  i t  i s  p o s s i b l e  f o r  a t o t a l  

of 200 - 300 m l  t o  be r e l eased  by the  end of t h e  procedure ,  which could  

have a s i g n i f i c a n t  e f f e c t  on the  r e s u l t s  (Wilmore, 1969a).  

Of the  th ree  methods d i scussed  f o r  t he  determinat ion of  RV, t h e  

c losed  c i r c u i t  and open c i r c u i t  methods a r e  the  most widely used 

(Robertson e t  a l . ,  1978; Wilmore, 1969b). This is probably due t o  t h e  

l e s s  expensive equipment and the  decreased time needed t o  perform these  

methods a s  compared t o  the  pneumatometric procedure 

I n  a d d i t i o n  t o  measuring RV, t he  t h r e e  before-mentioned methods may 

a l s o  be used t o  determine l a r g e r  lung volumes such a s  FRC ( C h r i s t i e ,  

1932).  The importance of  t h i s  is the  p o s s i b i l i t y  of  modifying one of  

these  methods t o  measure a l a r g e r  lung vol~une wi th  the  s u b j e c t  immersed, 

and thereby c r e a t e  a more comfortable h y d r ~ s t a t i c  weighing method 

(Witherspoon, 1984).  

1 

The g r e a t e s t  disagreement i n  determining an i n d i v i d u a l ' s  body 

dens i ty  and pe rcen t  body f a t  is i n  the  a r e a  of e s t a b l i s h i n g  t h e  most 

appropr i a t e  lung volume t o  be used.  According t o  Brozek e t  n l .  (1949),  

t he  inajor source  of e r r o r  i n  t h e  deter ;~: inat ion of  body d e n s i t y  is t h e  

unce r t a in ty  of  t he  a i r  remaining i n  the lungs du r ing  t h e  weighing 

procedure.  Such f a c t o r s  a s  h y d r o s t a t i c  p r e s s u r e ,  a i r - t r a p p i n g ,  and 



s u b j e c t  comfort have been s tud ied  i n  an a t tempt  t o  e s t a b l i s h  the  "bes t "  

lung volume f o r  use dur ing h y d r o s t a t i c  weighing. 

Residual Volume 

Residual volume, t h e  volume of a i r  remaining i n  the  lungs fo l lowing 

a maximal exha la t ion ,  has  been demonstrated t o  be the  l e a s t  a f f e c t e d  by 

h y d r o s t a t i c  pressure  and the  most reproducible  i n  and o u t  o f  water .  

Welch and Crisp  (1958) explored the  a f f e c t  of  body d e n s i t y  

measurements fo l lowing a maximal exha la t ion ,  and a t  approximately one- 

h a l f  maximum e x p i r a t i o n  on 26 male s u b j e c t s .  Both lung volumes were 

measured wi th  the  s u b j e c t  immersed (umbilicus 30 inches  below the  

su r face  of t he  water) wi th  the  oxygen f lu sh -ou t  technique developed by 

Cournand, Baldwin, Dar l ing,  and Richards i n  1941 ( a s  c i t e d  i n  Welch & 

Cr i sp ,  1958).  They repor ted  average dens i ty  fo l lowing maximum 

e x p i r a t i o n  t o  be s i g n i f i c a n t l y  lower ( ~ C . 0 1 )  than t h a t  determined a t  

one-hal f  maximum e x p i r a t i o n .  

According t o  theory,  any inc rease  i n  lung volume should  produce a 

corresponding decrease  i n  body dens i ty  (Welch & Cr i sp ,  1958).  Since 

t h i s  was no t  apparent i n  t h e i r  s tudy it was concluded t h a t  l a r g e r  lung 

volumes a r e  more s u s c e p t i b l e  t o  h y d r o s t a t i c  f o r c e s ,  and a s  a r e s u l t ,  

should  no t  be used dur ing h y d r o s t a t i c  weighing. 

Brozek e t  s l .  (1949) u t i l i z e d  the  open c i r c u i t  n i t rogen  washout 

method t o  determine the  e f f e c t  of complete body immersion on RV. 

Residual volume was determ'ned on nine  s u b j e c t s  i n  d u p l i c a t e  f a sh ion  on 

l and  (RV dry)  arid i n  warer (RV wet) while sea t ed .  The average RV . . I  a i r  

was 1 .578  l i t e r s  and was reduced t o  1.449 l i t e r s  fo l lowing immersion. 



However, i n  f i v e  OF the  1.8 measurements RV dry was s l i g h t l y  sma l l e r  than 

RV wet.  I t  was concluded t h a t  although immersion does tend t o  decrease  

RV by mechanical compression, some ind iv idua l s  may exper ience  an 

inc rease  due t o  a moderate degree of  anx ie ty  which may i n h i b i t  f u l l  

exha la t ion .  

Agostoni e t  a l .  (1966) measured ERV, FRC, and RV on e i g h t  s u b j e c t s  

i n  a i r  and again  immersed t o  the  boundary between the  thorax and neck. 

RV was only determined on fou r  o f  the  e i g h t  s u b j e c t s  and showed a mean 

decrease  o f  16% fol lowing immersion. This decrease  was approximately 

two times the  8 .2% decrease  observed by Brozek e t  a l .  (1949).  They 

a t t r i b u t e d  the  decrease  t o  h y d r o s t a t i c  fo rces  causing a s h i f t i n g  of  

blood i n t o  the  thorax and thus ,  coun te rac t ing  the  fo rce  of  t h e  

i n s p i r a t o r y  muscles.  

Bondi e t  a l .  (1976) measured t h e  e f f e c t s  of immersion on RV and 

airway c l o s u r e  with a study conducted on t e n  hea l thy  males.  RV was 

measured wi th  a dual  i n e r t  gas d i l u t i o n  technique (Nunneley, Flynn, & 

Camporesi, 1974) and airway c l o s u r e ,  a s  determined by c l o s i n g  volume, 

was measured by t h e  s i n g l e  b r e a t h  n i t rogen  technique.  Immersion 

r e s u l t e d  i n  a 9 .4% decrease  i n  RV and a 41.3% inc rease  i n  c l o s i n g  

volume, a s  compared t o  RV d ry .  They suggested these  f i n d i n g s  were due 

t o  the  inc rease  i n  i n t r a t h o r a c i c  blood volume and subsequent a i r -  

t r app ing .  To suppor t  t he  pulmonary vascu la r  engorgement theo ry ,  

t ou rn ique t s  were app l i ed  t o  the  1.imbs dur ing immersion and on land t o  

decrease  the  s h i f t  of  blood i n t o  t h e  thorax.  When tou rn ique t s  were 

app l i ed  dur ing immersion c l o s i n g  volume only inc reased  37.1% over t h e  

dry  c o n t r o l s  and upon removal, c l o s i n g  volume inc reased  t o  64.3% above 



the dry controls. Thus, it was concluded that immersion causes a 

shifting of blood into the thorax which causes engorgement of the 

pulmonary vessels resulting in impaired gas exchange. 

Ostrove and Vaccaro (1982) also found a decrease in RV with a study 

on 27 normal females. RV was measured by the helium dilution technique 

on land (RV dry) and immersed to the chin (RV wet) with the subject in 

the seated position. RV dry decrease6 17.4%, from a mean value of 1.1'21 

liters to .926 liters upon immersion. They suggested the decrease in 

imnersed RV was the result of hydrostatic pressure which "assists  he 

muscles responsible for exhalation allowing for a more complete emptying 

of the lungs" (p. 222). 

Prefaut et al. (1976) and Robertson et al. (1978) concluded that RV 

was not affected by immersion. According to these researchers, 

hydrostaLic pressure which tends to decrease RV is counterbalanced by 

the engorgement of the pulmonary blood vessrls which tend to increase RV 

during imnmersion. 

Craig and Ware (1967) predicted RV to be reduced during immersion 

as a result of hydrostatic forces promoting the exhalation process. 

However, the reported mean RV dry (1.44 liters) was not statistically 

different than the mean RV wet (1.38 liters). 

In contrast to the findings of others, Girandola et a1.(1977) 

reported a significantly increased RV following immersion. The 6.7% 

increase over RV dry was attributed to an increased pulmonary blood 

volume and subsequent stiffening of the lung tissues. The increase in 

immersed RV resulted in a significantly lower (p<.01) percent body fat 

estimation. This led Girandola and associates to conclude "that when 



obtaining body density values, RV should be measured concurrently while 

the s-~bject i.s in the water" (p. 276). Table 1 summarizes the effects 

of immersion on RV as reported in prior studies 

Table I 

Effects of Immersion on Residual Volume 
as Reported in Prior Studies 

Reference 

Mean RV (liters) 
Level of 

N Immersion Air Water Difference 

Agostoni et al. (1966) 4 

Hondi et al. (1976) 10 

Brozek et al. (1949) 9 

Cox (1989) 100 

Craig & Ware (1967) 21 

Etheridge & Thomas (1978) 9 

Girandola et al. (1977) 20 

Jarrett (1965) 3 

Ostrove & Vaccaro (1982) 27 

Robertson et al. (1978) 9 

Witherspoon (1984) 30 

xiphoid 

thorax 

total 

neck 

neck 

no data 

neck 

sternum 

chin 

larynx 

total 

Note. * Significantly different than RV determined in air (I?<.05). 



Total Lung Ca~acitv 

In an attempt to eliminate the effects of pulmonary air-trapping 

and discomfort of the RV maneuver, a number of researchers have 

attempted the hydrostatic weighing (tliJ) procedure with the volume of air 

remainLng in the lungs following a maximal inspiration (i.e., total lung 

capacity). A substantial number of studies have been conducted 

utilizing TLC in the estimation of body density with the method of TLC 

determination, dry versus immersed, being the source of difference 

between the studies. 

Weltman and Katch (1981) examined body density and percent body 

fat, as determined by HW, on 72 male and 51 female subjects at RV dry 

and TLC dry. Althoueh statistically significant differences were 

observed in body density determinations, the authors stated that the 

slight differences in percent body fat (.05% for men and .9X for women) 

were within the measurement error associated with the HW technique. 

Furthermore, HW at TLC was rated more comfortable by the subject, caused 

less scale fluctuation, required fewer underwater weighing trials, and 

reduced the subject's anxiety level. 

Other studies comparing body density and percent body fat at TLC 

dry and RV dry also found body density to be significantly overestimated 

and percent fat underestimated with the TLC maneuver (Latin & Ruhling, 

1986; Smith & Bishop, 1987; Timson & Coffman, 1984; Weltman et al., 

1987). 

Timson and Coffman (1984) determined body density and percent body 

fat on 50 male and 50 female subjects via HW at RV (on-land) and TLC 

(on-land and in water). Measurement of body density and percent fat by 



HW at T1,C (on-land) was significantly different than measurement at RV 

(on-land) for both sexes (p<0.001). However, no difference was found 

between these measures when body density and percent fat were estimated 

from RV (on-land) and TLC (in water). The authors concluded the 1% to 

13% reduction in TLC during immersion dictates the need to measure this 

lung volume with the subject in the water. 

In additional studies comparing HW at TLC wet and RV, statistically 

significant differences in body density and percent Eat were observed 

(Lundvall. & Thorland, 1987; Witherspoon, 1984). However, the 

significantly higher body density values at TLC wet were attributed to 

mcthodological errors in one study (Witherspoon, 1984) and too low a 

level of iinrnersion in the other (Lundvall & Thorland, 1987). Table 2 

sui~tmarizes the results of the various studies In which TLC (dry and 

immersed) was used in the determination of body density from HW. 



Table 2 

Effect of Total Lung Capacity on Body Density 
as Rep~rted in Prior Studies 

Reference 

Bodv Dens i. cv ( g/ml) 

Immersion TLC RV 
N 1-eve1 Dry Wet Dry Wet 

- - 

Latin & Ruhling (1986) 2 5 

Lundvall & Thorland (19117) 53 

Smith & Bishop (1987) 64 

Timson & Coffman (1984) 50 

**50 

Weltmnn et al. (1987) 2 8 

Weltman & Katch (1981) 7 2 

**51 

Witherspoon (1986) 30 

land 

chest 

land 

neck 

neck 

land 

land 

land 

total 

Note. * Significantly different than body density at RV (~<.05). 
** Indicates female subjects. 

Functional Residual Ca~acity 

As an additional alternative to the use of RV measures, HW at 

functional residual capacity (FRC) has been investigated. Functional 

residual capacity, the volume of gas remaining in the lungs following a 

normal exhalation, has not received much attention in the HW technique. 

This researcher was only able to find two studies utilizing this lung 

volume for the indirect determination of body density and percent body 



f a t  (Tholn;~s h E t l ~ e r i d g e ,  1980;  Wi therspoon,  1 9 8 4 ) .  

Although FRC h a s  n o t  r e c e i v e d  much a t t e n t i o n  i n  r e g a r d  t o  t h e  HIJ 

I N V C ~ C I U I . ~ ,  il cons ic le rab le  number o f  s t u d i e s  have o b s e r v e d  t!le e f f e c t s  o f  

i ~ n ~ n e r s i o ~ ~  on FllC (Agostoni  e t  a l . ,  1966;  Begin e t  a l .  , 1976; Bondi e t  

n l . ,  1976;  Gi randoln  e t  n l . ,  1977;  Os t rove  & Vaccnro,  1982;  Rober t son  e t  

a1 . , 1 9 7 8 ) .  Fturthermore, FRC measurements were used  e x t e n s i v e l y  i n  t h e  

i n d i r e c t  t l e t e r ~ n i n a t i o n  of  RV from t h e  e q u a t i o n  RV = FRC - ERV (Boren e t  

a 1 .  , 1966: Goldinan & Becklake ,  1959;  Grimby & Soderholm, 1.963; Timson & 

Coffman, 198h) .  T a b l e  3 summarizes t h e  f i n d i n g s  o f  o t h e r s  on  t h e  e f f e c t s  

o r  i n ~ ~ n e r s i o n  on FRC. 

T a b l e  3 

E f f e c t  o f  Immersion on  F u n c t i o n a l  R e s i d u a l  C a p a c i t y  
a s  Repor ted  i n  P r i o r  S t u d i e s  

Reference  

Mean FRC ( l i t e r s 1  
I ~ n ~ n e r s i o ~ i  

N Level  Dry Wet D i  f Eerence 

Agos toni  e t  a l .  (1966) 1 x i p h o i d  3 . 5 3  1 . 9 0 %  - 1 . 6 3  

Hegin et a l .  (1976) 5 neck  2 . 8 3  1.86* - 0 . 9 7  

Hondi e t  a l .  (1976) 10 neck  3 . 3 3  1 .96*  - 1 . 3 7  

Girnndoln  e t  a l .  (1977) 20 neck 2 .75  2.05* - 0 . 7 0  

O s t r o v e  h Vnccaro (1982) 27 c h i n  2 .54  1 . 3 5 2  - 1 . 1 9  

Rol,ercson e t  n l .  (1978) 9 l a r y n x  3 . 3 6  1.85* - 1 . 5 1  

Note.  S i g n i f i c a n t l y  d i f f e r e n t  t h a n  FRC d r y  ( g < . 0 5 )  



Unlike IIV, FRC has been c o n s i s t e n t l y  retli~crtl fol  lowing i ~ ~ l ~ n c r s i o ~ l .  

and dec reases  of 21 t o  166% of FRC dry  have been r epo r t ed  (Agostoni ct: 

a l . ,  1966; Begin e t  a l . ,  1976; Bondi e t  a l . ,  1976; Girantlola c t  a l . ,  

1977; Ostrove & Vaccaro, 1982; P re fau t  e t  a l . ,  1976; Robertson e t  a l . ,  

1978).  Due t o  t he  s u b s t a n t i a l  decrease  i n  FRC caused by ilnatersion i t  i s  

obvious t h a t  any method u t i l i z i c g  t h i s  lung volulne i n  tlie Hld procedure 

should  measure i t  while the  s u b j e c t  i s  immersed. 

'I'homas and Etheridge (1980) i nves t i e ;~ t e t l  the  e f f e c t s  o f  R V  i ~ t l c l  FRC 

on body dens i ty  and percent  f a t  i n  43 ~tlale s u b j e c t s  p e r t o ~ - ~ ~ ~ i ~ ~ g  t l ~ c  I I W  

p rocedure .  Both lung volumes were ~neasuretl s i ~ ~ ~ u l t o n e o u s l y  with 

underwater weight by the  use o f  s p e c i a l i z e d  equipment. Body d e n s i t y  and 

pe rcen t  Eat va lues  f o r  immersed FRC and RV were not  s i g n i f i c a n t l y  

d i f f e r e n t  i n  t h i s  s tudy .  A high t e s t - r e t e s t  r e l i a b i l i t y  of 0 . 9 9  f o r  the  

two body d e n s i t y  de t e rmina t ions  a t  FRC was a l s o  r epo r t ed .  O f  a d d i t i o n a l  

b e n e f i t ,  t he  s u b j e c t  was more comfortable performing the  HI*' procedure a t  

FRC, and caused even l e s s  s c a l e  o s c i l l a t i o n  than HW a t  TLC. As a  

r e s u l t ,  t he  FRC maneuver would be the  method o f  choice  when   he lung 

volume can be a s se s sed  du r ing  the  underwater weighing procedure .  

According t o  Lundvall and Thorland (1987) ,  " L f  s i i np l i f i ed  e q u i p m c ~ ~ t  i s  

developed, then HW a t  FRC might be an app ropr i a t e  method t o  co~iimonly 

ndminis t e r "  ( p .  399) . 

In  a  s i m i l a r  s t u d y ,  Glitherspoon (1984) compared body d e n s i t y  and 

pe rcen t  f a t  on 30 s u b j e c t s  u s ing  four  d i f f e r e n t  lung volumes: RV d r y ,  RV 

wet ,  TLC wet ,  and FRC wet.  Assessment o f  t he  fou r  1~1ng volu~nes was made 

a t  t h e  time of underwater weighing. There was no s i g n i f i c a n t  d i f f e r e n c e  

between HW determinat ion  of body dens i ty  o r  pe rcen t  f a t  u s ing  RV d r y ,  RV 



wet ,  and FRC wet. This  was no t  the  c a s e ,  however, when bocly dens i ty  and 

pe rcen t  Pat were assessed a t  TLC wet.  A b r i e f  ques t ionna i r e  was a l s o  

f i l l e d  ou t  by each sub jec t  regarding the  comfort and preference  of  each 

of the  fou r  methods immediately following the  HW procedure.  FRC was 

deemed most comfortable followed by RV d r y ,  TLC wet ,  and RV wet ,  

I -espect ively .  O f  a d d i t i o n a l  i n t e r e s t ,  i t  w a s  s u b j e c t i v e l y  noted by the  

r e sea rche r  t h a t  the  major i ty  of t he  s u b j e c t s  performed t h e  FRC maneuver 

with l e s s  d i f f i . cu l ty  and l e s s  s c a l e  o s c i l l a t i o n  than the  t h r e e  o t h e r  

b rea th ing  maneuvers. 

Witherspoon (1984) has  theo r i zed  t h a t  t he  pauc i ty  o f  s t u d i e s  us ing  

FRC i n  bocly dens i ty  determinat ion i s  due t o  the  assumption t h a t  FRC is 

not  e a s i l y  reproduced i n  water .  Contrary t o  these  c la ims Begin e t  a l .  

(1976) performed e i g h t  measures of  FRC, dry and immersed t o  t h e  neck, on 

f i v e  s u b j e c t s  over a fou r  hour time pe r iod .  Resu l t s  o f  t h e  s tudy 

ind ica t ed  t h a t  immersed FRC only ranged from 1 .80  and 1 . 9 0  l i t e r s  over 

the  fou r  hour time per iod with a  mean value  of  1 .86  .19 l i t e r s .  

During the  sea t ed  dry measures, FRC ranged between 2 .71  and 2.97 l i t e r s  

with a  mean value  of  2.88 2 .21 l i t e r s  baing r epor t ed .  

Support f o r  t he  r e p r o d u c i b i l i t y  of  t he  FRC immersed has  a l s o  

demonstrated by Thomas and Etheridge (1980). When immersed FRC and RV 

lung volumes were used i n  the  determinat ion of  body d e n s i t y  and pe rcen t  

f a t ,  t he  s t anda rd  dev ia t ions  f o r  t h e  s u b j e c t  popula t ion (n = 43) a t  t he  

two FRC mzasures were subs tan t i a l . l y  lower than those  a t  RV wet,  2.260 5 

,516 l i t e r s  and 1.706 + .710 l i t e r s ,  r e s p e c t i v e l y .  



The Relationship of FRC and RV to Various Physical Characteristics 

Prediction formulas for FRC and RV have been developed based on 

physical characteristics of individuals. Although there have becn n 

number of prediction for~nulas for FRC and RV dry, there is a void in thc 

literature for the prediction of FRC and RV in males while immersed. 

Tables 4 and 5 summarize the correlations reported by prior researchers 

between FRC and RV and various physical characteristics. 

Table 4 

Correlation Between Physical Characteristics and 
Functional Residual Capaciry 

Reference 
Chest Smoking 

Age Height Weight Depth History 

Boren et al. (1966) ** .36 ** *X i- 

Crapo et al. (1982) i- -t- * .k ** *X 

Goldman & Becklake (1959) -.09 .50 .02 ** ~ r *  

Grimby & Soderholm (1963) -1- + + ** ** 

Note. .t Positive correlation indicated but no data were provided. 
** No correlation reported. 
~<.05. 

Relationship of FRC and RV with Age 

According to Brozek (1960), an increase in FRC is due to 

"diminished elastic recoil of the lung" brought about by the "normal 

process of aging" (p .  158). Grimby and Soderholm (1963) and Crapo et 

al. (1982) xeported a significant positive correlation of age with End, 



I , i i t  no t lo t i~  were provided. I n  c o n t r a s t ,  Goldinan ant1 Meckl.ake (1959) 

a l s o  report.ct1 ;t c o r r e l a t i o n  o f  age and FRC, but  i n  tllc. i n v e r s e  d i r e c t i o n  

(1' = - . 0 9 ) .  

Elz~t~y r e sea rche r s  have observed the  e f f e c t s  of age on RV and a l l  

hnve stntecl  t h a t  I1V increnses  with age (Bore11 e t  a l . ,  1966; Cox, 1989; 

Craliu e t  a1 . , 1982; Goldmnn 6 Becklake, 1959; Grimby h Soderholm, 1963; 

I-lorrow, Vonllantlel, & Bratlley, 1989; Russe l ,  1987; Gleicl~non, 1986) .  

1:rozek ( 19i1U) sLtribtrtecl the  gradual  i nc rease  of RV wi th  age due t o  the  

reduci.tl ~1;1: : t ic  r e c o i l  of the  lungs  and tho rns .  

I<c.lat ioii::liip o f  I:IIC and R V  wit11 Heiellt. 

i\'umrrous researchcdrs Ilave inves t iga te t l  the  c f i e c t  o f  he igh t  on FRC 

(Boren c t  ;;I.. , 1966; Crnpo e t  a l . ,  1982; Goltltnatl h Hecklnke, 1959; 

i:riml>y & Sotlerhol~n, 1963) a l l  concluding t h a t  FRC i n c r e a s e s  wi th  h e i g h t .  

I'ositivc, c o r r e l a t i o n s  a s  high a s  r = .36 and r = .50  have been r epo r t ed  

(Borctl e t  a l . ,  1966: Goldrnan & Becklake, 1959) .  Boren e t  a l .  (1966) 

ex t r apo l  i i t c ~ t i  these  f i nd ings  c o  co t~c lude  tlliit " i nc rcas  i ire h e i g h t  

i.r~creasc+s a l l  compartments of t he  lungs" ( p .  1 1 0 ) .  A i  Lkc-11, Schoene, 

F rank l in ,  ant1 Pierson (1985) demonstrated t h a t  predic tc~t l  FRC va lues  can 

I,e e s r  ctitietl t o  include t l ~ o s e  a t  t l ~ e  extreolcs of s t a t u r e .  

A l l  ~ I l e  bcfore-mcntionetl  r e sea rche r s  r e p o r t i n g  n p o s i t i v e  

corl-c, l ;~rion I1erween RV ant1 age have a l s o  r epo r t ed  a  s i g n i f i c a n t  

c o r r e l a ~  ioil I)et:dcel~ R\' ant1 licaigllt. Borrn e t  n l  . (1906)  and Goltli~~arl and 

Hecklake (1959) found RV t o  be s i g n i f i c a n t l y  corre lacet l  (p<.01) ~ l i t h  

h e i g h t  by dclnonstrntine an  r of . 2 3  and . 29 ,  r e s p e c t i v e l y .  



Table 5 

Correlation Between Physical Characteristics and Residunl Volume 

Reference 
Chest Smoking 

Age Height Weight Depth History 

Boren et al. (1966) -20  -23 .17 ** + 

Cox (1989) * .59 .40 .33 . 4 3  .14 

Crapo et al. (1982) -t -I- KX ** ** 

Goldman & Becklake (1959) . 4 8  .29 .08 *X xx 

Grimby 6 Soderholtn (1963) 4. + + ** J;* 

Morrow et al. (1989) + -I- -k ‘XX X* 

Russel (1987) * .66 .31 .21 *+ .28 

Weidman (198G) +- i- *X k* + 

York & Jones (1981) ** ** -XX *X t. 

Note. + Positive correlation indicated but no data provided. 
* Data on female subjects only. 
** No correlation reported. 
~<.05. 

&j itionship Between FKC and RV with Wei~ht 

Weight was reported as having a positive correlation (r = .024) 

with FRC in males by a study conducted by Goldman and Becklake (1959). 

A substantially higher correlation was demonstrated among the female 

subjects (r = . 264 ) .  Grimby and Soderholm (1963) also reported a 

positive correlation between weight and FRC with a study on 152 males, 

ages 20 - 65 years. 



Boren e t  a l .  (1966) s t a t e d  t h a t  weight c o r r e l a t e d  p o s i t i v e l y  ( r  - 
. 17 ,  e<.Ol)  wi th  RV. S u b s t a n t i a l l y  h igher  c o r r e l a t i o n s  ( r  - .33  and r = 

. 21 ,  r e spec t ive ly )  were repor ted  by both Cox (1989) and Russel (1987) 

wi th  s t u d i e s  conducted on only female s u b j e c t s ,  

R e l a t i o n s l ~ i p  Between FRC and RV with Chest Depth 

The only s t u d i e s  p e r t a i n i n g  t o  the  e f f e c t s  of c h e s t  measurement on 

lung volri l~~es a r e  those of Boren e t  a l .  (1966) and Cox (1989).  According 

t o  Boren e t  a l .  (1966),  " ches t  measurements and c h e s t  expansion proved 

of' no a d d i t i o n a l  value  i n  p r e d i c t i n g  lung compartments" (p .  103).  Cox 

(1989),  however, found a  s i g n i f i c a n t  p o s i t i v e  c o r r e l a t i o n  ( r  = .&3,  

~ c . 0 5 )  between c h e s t  depth and RV i n  a  s tudy conducted on 100 females.  

Although no r e l a t i o n s h i p  was determined between FRC and c h e s t  depth i n  

Cox's s t u d y ,  Goldman and Becklake (1959) have s t a t e d  " t h e  t r ends  i n  

r e s i d u a l  volume va lues  fo i low func t iona l  r e s i d u a l  capac i ty  va lues  

c l o s e l y "  ( p .  462).  Therefore ,  one would expect  c h e s t  depth t o  be a  

s i g n i f i c a n t  ( ~ < . 0 5 )  p r e d i c t o r  of  FRC. 

Rela t ionship  Between E'RC and RV with Smokinp 

York and Jones  (1981) s t a t e d  the re  was no s i g n i f i c a n t  ( ~ C . 0 5 )  

d i f f e r e n c e  i n  o v e r a l l  lung func t ion  between young smokers and nonsmokers 

(n~ean age - 23.8 y e a r s ) .  However, RV i n  the  lower lung regions  o f  t h e  

smokers was found t o  be s i g n i f i c a n t l y  h igher  ( ~ K . 0 5 ) .  They concluded 

t h a t  slnoki~ig decreases  the  e l a s t i c i t y  of  t he  lungs  and causes  

a l t e r a t i o n s  i n  airway func t ion ,  a  p a t t e r n  o f t e n  observed among 

ind iv idua l s  s u f f e r i n g  from chronic  o b s t r u c t i v e  lung d i s e a s e .  



Although the  r e l a t i o n s h i p  between smoking and FRC was not  repor ted  

by York and Jones (1981),  Boren e t  a l .  (1966) compared FRC of  1.43 heavy 

c i g a r e t t e  smokers t o  60 nonsmokers and found the  heavy smokers t o  have a  

12.2% l a r g e r  FRC. Webster, Lorimer, Man, Woalf, and Zammel (1979) 

r epor t ed  a  l a r g e  b u t  non- s ign i f i can t  d i f f e rence  (~>.05) i n  RV wi th  a 

s tudy  us ing  i d e n t i c a l  twins ,  where one smoked and the  o t h e r  d i d  n o t ,  

Functional. Residual Capacitv and Residual Volume Pred ic t ion  For- 

There have been va r ious  mul t ip l e  r eg res s ion  forrnulas developed t o  

p r e d i c t  FRC and RV. However, s t u d i e s  f o r  t he  p r e d i c t i o n  of  FRC and RV 

i n  male s u b j e c t s  while immersed were not  found i n  the  l i t e r a t u r e  

reviewed. As a  r e s u l t ,  only those  equat ions  f o r  the  p r e d i c t i o n  of FRC 

and RV dry w i l l  be d iscussed.  

Boren e t  a l .  (1966) developed a  p r e d i c t i o n  formula us ing  only the  

phys ica l  c h a r a c t e r i s t i c  of  he igh t  a s  a  p r e d i c t o r  of FRG and included age 

f o r  t he  p red ic t ion  oE RV. The a c t u a l  FRC and RV va lues  were determined 

by both  the  c losed c i r c u i t  helium d i l u t i o n  and open c i r c u i t  n i t rogen  

washout techniques .  

Crapo e t  a1 .  (1982) developed an  equat ion from 1.23 hea l thy  non- 

smoking males us ing he igh t  and age a s  p r e d i c t o r s .  Direct: assessments of 

FRC and RV were made by the  s ing le -b reacn  hellum d i l u t i o n  technique a s  

desc r ibed  by Kanner and Morris (1975).  

Goldman and Becklake (1959) a l s o  developed a  r e g r e s s i o n  equat ion t o  

p r e d i c t  FRC and RV. Height and body su r face  a r e a  (meters2) were used i n  

the  p r e d i c t i o n  of  FRC whereas he igh t  and age were the  v a r i a b l e s  u t i l i z e d  

f o r  RV. Both FRC and RV va lues  were determined by the  c losed  c i r c u i t  



hydrogen d i l u t i o n  technique developed by McMichael (1939). 

Grimby and Soderholm (1963) used closed c i r c u i t  helium d i luc ion  t o  

determine FKC and RV on 152 male sub jec t s  (mean age - 40.4 yea rs ) .  The 

p red ic to r s  f o r  these regress ion formulas were age,  he igh t ,  and weight. 

Table 6 summarizes the  severa l  important aspects  of formulas used t o  

p red ic t  FRC i n  males a s  reported by o the r  r esea rchers ,  and Table 7 those 

of R V .  

Table 6 

Assessment of Previous Functional Residual Capacity Pred ic t ion  Formulas 

Researcher 

Standard 
Variables Error o f  Correla t ion 

Used Estimation Coef f i c ien t  

Horen e t  a l .  
(1966) 

Height (cm) 630 mls .36 

Crapo e t  a l .  Height (cm) 7i8  mls .38 
(1982) Age (years)  

Goldman & Height (cm) 605 mls .57 
Hecklake (1959) Surface a rea  (m2) 

Grimby & Age (years)  *560 m l s  no data 
Soderholm (1963) Height (m) 

Weight (kg) 

Note. * Value was reported a s  r es idua l  s tandard dev ia t ion .  
~ c . 0 5 .  



Table 7 

Assessmcnt o f  Previous Residual  Volume P r e d i c t i o n  Formulas 

Researcher 

S tancinrd 
Var i ab l e s  E r ro r  o f  Gorre ln t  ion 

Used Est imat ion C o e f f i c i e n t  

Boren e t  a l .  * Height (CIII) 530 1111s -33  
(1966) Age (yea r s )  

Crapo e t  a l .  
(1982) 

Ileight (cm) 374 mls 
Age (yea r s )  

Goldman & Height (cm) 372 m l s  .64 
Becklake (1959) * Age (yea r s )  

Grimby & Age (yea r s )  **380 mls 
Soderholm (1963) * Height (m) 

Weight (kg) 

no d a t a  

Note. * RV obta ined fro111 FRC ( i n d i r e c t  a n a l y s i s )  - ERV ( sp i rome t ry ) .  
** Value r epo r t ed  a s  t h e  r e s i d u a l  s t anda rd  d e v i a t i o n .  
2<.05.  

Su~n~nary 

Funct ional  r e s i d u a l  c a p a c i t y  and RV cannot be determined by simple 

spi rometry ,  and a s  a r e s u l t ,  some fornt o f  i n d i r e c t  a n a l y s i s  is r equ i r ed  

I n d i r e c t  methods a r e  u sua l ly  ~ n o d i f i c a t i o n s  of t h r e e  main approaches:  

plethjrstnography, t r a c e r  gas  d i l u t i o n  ( c lo sed  c i r c u i t ) ,  o r  n i t r o g e n  

washout (open c i r c u i t )  (Boren e t  a l . ,  1966; C h r i s t i e ,  1932) .  Closed 

c i r c u i t  oxygen d i l u t i o n  seems t o  be  t h e  most widely used due t o  a h igh  

degree  o f  accuracy i n  a minimal amount o f  time (Wilmore, Vodak, P a r r ,  

Girandola ,  & B i l l i n g ,  1980).  



In  an a t tempt  t o  e l imina t e  t he  e f f e c t s  of a i r - t r a p p i n g  and 

cli.sco~nfort of the  RV maneuver, HW a t  l a r g e r  lung volu~nes has  been 

a t t empted .  Body dens i ty  de t e rmina t ions  a t  TLC wet have y i e lded  

c o n f l i c t i n g  r e s u l t s  wi th  some r e sea rche r s  r e p o r t i n g  no s i g n i f i c a n t  

d i f f e r e n c e s  from body dens i ty  a t  RV (Tinison & Coffman, 1984) whi le  

o t h e r s  f i n d i n g  the  oppos i t e  (Lundvall  & Thorland, 1987; Witherspoon, 

1984) .  

The r e s u l t s  of l i m i t e d  r e sea rch  a t t empt ing  HW a t  FRC have been 

I -eassur ing.  Both Thomas and Ether idge  (1980) and Witherspoon (1984) 

have found body clensi ty  va1:ies a t  FRC t o  Ile not  s i g n i f  i c a n t l y  d i f f e r e n t  

than a t  RV. Furthel-more, Ill4 a t  FRC caused l e s s  s c a l e  o s c i l l a t i o n  than HM 

a t  T1.C ('Thomas & Ether idge ,  1980) and provided s u b j e c t s  w i th  t he  most 

col l~for table  lung volume (Witherspoon, 1984).  

There a r e  c o r r e l a t i o n s  between phys i ca l  c h a r a c t e r i s t i c s  and t h e  FRC 

and R V  lung volumes. Among these  c h a r a c t e r i s t i c s  a r e  age ,  (Crapo e t  

a l . ,  1982; Goldman & Becklake, 1959; Grimby ti Soderholm, 1963) h e i g h t ,  

(Aitken e t  n l . ,  1985; Boren a t  a l . ,  1966; Crapo e t  a l . ,  1982; Goldman & 

Becklake,  1959; Grimby & Soderholm, 1963) and,  weight (Grimby & 

Soderholm, 1963; Goldman & Becklake, 1959) .  Smoking h i s t o r y  has  a l s o  

been found t o  c o r r e l a t e  with FRC (Boren e t  a l . ,  1966) and RV (York & 

Jones ,  1981) .  Although no t  d i r e c t l y  c o r r e l a t e d  wi th  FRC, c h e s t  depth  

hiis b c ~ e ~ l  reportctl  t-o e igni f ic i i r i t ly  corre:ate with IIV (Cos,  1989).  

This  l i t e r n t i i r e  review has  sugges ted  a  need t o  e s t a b l i s h  equa t ions  

f o r  the  predic t i .on  o f  FllC and R V  i n  males while immersed. These 

f o r ~ n u l a s  would hope fu l ly  provide a  h igher  mu l t ip l e  c o r r e l a t i o n  

c o e f f i c i e n t  (R square)  and a  lower s t anda rd  e r r o r  o f  e s t i m a t i o n  (S.E.E.) 



than previous ly  pctblished f o r m ~ ~ l a s .  11, nt ld i t ion ,  t he re  i s  a need t o  

determine t h e  accuracy of a l a r g e r ,  more conlfortable l u n g  volume ( i . e . ,  

FRC) t o  be used i n  t h e  underwater weighi.ng technique .  



CHAPTER I11 

METHODS 

Discussed wi th in  t h i s  chap te r  a r e  desc r ip t ions  of  t h e  s u b j e c t  

s e l e c t i o n  and the  methods used t o  determine the  va r ious  phys ica l  

c h a r a c t e r i s t i c s  of  each s u b j e c t .  Also included a r e  s e c t i o n s  concerning 

ins t rumentat ion and development o f  procedures used t o  c o l l e c t  the  

measurements. 

Sub iec t s  

One hundred males from the  La Crosse,  lJisconsin a r e a  volunteered a s  

s u b j e c t s  i n  t h i s  s tudy.  To achievc a  l a r g e  and d i v e r s e  popu la t ion ,  

s ign -up  s h e e t s  were posted a t  va r ious  es tabl ishments  around the  c i t y .  

Af t e r  c o l l e c t i n g  the  s ign -up  s h e e t s  a l l  p o t e n t i a l  s u b j e c t s  were randomly 

ass igned a  number. The numbers were then placed i n t o  a  bowl and the  

f i r s t  100 drarin were s e l e c t e d  a s  s u b j e c t s  f o r  t h e  s tudy.  If a  s e l e c t e d  

s u b j e c t  could not  be contacted o r  decided t o  withdraw from t h e  

expe r i aen t ,  a  replacement was s e l e c t e d  by drawing ano the r  name from t h e  

bowl. 

The ages  o f  t he  s u b j e c t s  ranged from 18 t o  69  yea r s  o l d .  Sub jec t s  

having any known r e s p i r a t o r y  dysfunct ion,  acu te  o r  ch ron ic ,  were n o t  

allowed t o  pa r t ake  i n  t h i s  s tudy ,  The s u b j e c t s  were asked t o  r e f r a i n  

from s t renuous  phys ica l  a c t i v i t y  f o r  12 hours  p r i o r  t o  t h e  t e s t i n g .  I n  

a d d i t i o n ,  the  s u b j e c t s  were a l s o  r equ i red  t o  f a s t  Eor 6 hours  p r i o r  t o  

t h e  h y d r o s t a t i c  weighing procedure,  a s  recommended by Goldman and 



Buslcirk (1961). 

Each s u b j e c t  was informed of  the  poss ib l e  dangers involved i n  

p a r t i c i p a t i o n  and s igned an informed consent form (Appendix A). The 

consent form conta ined an explanat ion of  the  procedures involved,  a 

d e s c r i p t i o n  of  poss ib l e  d iscomfor ts ,  t he  exper iment ' s  purpose,  and the  

op t ion  f o r  t he  s u b j e c t  t o  withdraw a t  any t ime. I n  a d d i t i o n ,  t he  

i n v e s t i g a t o r  welcomed any ques t ions ,  comments, o r  concerns of  t he  

s u b j e c t  p r i o r  t o  and dur ing the  t e s t i n g  procedure.  

Instruments 

The fol lowing i s  a l i s t  of  t he  instruments used t o  col . lec t  d a t a  

f o r  t h i s  s tudy:  

Anthropometer - A GPM Model 101 Anthropometer was used t o  measure the  

h e i g h t  of  each s u b j e c t  i n  cent imeters  whi le  s t and ing  on ba re  f e e t .  

Chest D e ~ t h  C a l i ~ e r  - A Sharp and Smith model c h e s t  depth c a l i p e r  was 

used t o  determine ches t  depth i n  cen t ime te r s .  

Hvdrosta t ic  Weiehing A ~ p a r a t u s  - A 4 ' x  4 ' x  4'  S . S .  Hydrotes t ing Tank 

Model {I09771 (Wolfa, nd) was used i n  the  determinat ion of  RV and FRC 

immersed while the  s u b j e c t  was sea t ed .  Underwater weight was a s ses sed  

with t h e  use  o f  an  immersed, s t a i n l e s s  s t e e l  c h a i r  weighted with l e a d  

s h o t .  The c h a i r  was suspended from th ree  e l e c t r o n i c  Omega l o a d - c e l l s  

(model LCJ-200) which were i n t e r f a c e d  t o  a computer system us ing  a 

sof tware  program developed by the  head l abora to ry  t echn ic i an  a t  t he  

Un ive r s i ty  of  Wisconsin-La Crosse Human Performance Laboratory.  



Quest ionnaire  - A l l  s u b j e c t s  were required t o  f i l l  ou t  a  ques t ionna i r e  

t o  provide the researcher  with a  knowledge of each s u b j e c t ' s  age ,  

smoking h i s t o r y ,  and acu te  o r  chronic  r e s p i r a t o r y  d i s e a s e  h i s t o r y .  

Liune Volun~e Determination - The c losed c i r c u i t  oxygen d i l u t i o n  technique 

a s  o u t l i n e d  by Wilmore (1969a) was used t o  measure both  RV and FRC lung 

volumes. The percent  n i t rogen  i n  the  system was determined us ing  an 

e l e c t r o n i c  n i t rogen  ana lyze r ,  Med-Science Model 505 N i t r a l y z e r  (Med- 

Science E lec t ron ic s ,  1985). An Omega c h a r t  recorder  was connected t o  

the  n i t rogen  analyzer  t o  provide a  graphic  recording of a l l  n i t rogen  

va lues  achieved dur ing each t e s t .  A 6 - l i t e r  spi rometer  ( C o l l i n s ,  nd) 

was used t o  measure a  volume of  oxygen which was t r a n s f e r r e d  t o  a  6-  

l i t e r  r eb rea th ing  bag t h a t  was previously  evacuated v i a  a  hand pump. 

A l l  oxygen volumes were measured t o  the  n e a r e s t  . 01  l i t e r  be fo re  being 

de l ive red  i n t o  the  bag. 

Sinrle-beam Balance Scale  - A Health-0-Meter s c a l e  (Cont inenta l  model 

{I200 DLK) was used t o  weigh each sub jec t  t o  the  n e a r e s t  pound. 

Sub jec t s  wore only a  swimming s u i t  dur ing the  weighing. 

Spirometer - A 9 - l i t e r  water f i l l e d  sp i romete r ,  t he  C o l l i n s  Vitalometer 

(Co l l in s ,  nd) was used i n  measuring v i t a l  c a p a c i t y .  

Procedures 

Order of Procedure 

Upon en te r ing  the  t e s t i n g  s i t e ,  each s u b j e c t  r ead  and s igned t h e  

Informed Consent Form (Appendix A).  An explanat ion of  t h e  procedures 

used dur ing the  t e s t i n g  was provided t o  f a m i l i a r i z e  the  s u b j e c t  w i th  t h e  

equipment. Af t e r  s ign ing  the  consent form each s u b j e c t  was given a  



ques t ionna i r e  (Appendix R) and i n s t r u c t e d  t o  answer a l l  cluestions a s  

hones t ly  and accura t e ly  a s  poss ib l e .  A screening of the  ques t ionna i r e  

was then conducted t o  ensure t h a t  iio acu te  o r  chronic  r e s p i r a t o r y  

d i s e a s e  e x i s t e d .  Smoking h i s t o r y  was evaluated and recorded from the  

ques t ionna i r e .  

Determinations of  he igh t  and weight were made wi th  the  s u b j e c t  

ba re foo t  and wearing only swimming t runks .  Chest depth was measured 

with a ches t  depth c a l i p e r .  One end of  t h e  c a l i p e r  was placed on the  t i p  

of  t he  x iphoid  process  while the  o the r  end was placed over the  ve r t eb rae  

of  t h e  twe l f th  r i b  (Tcheng & Tipton,  1973).  The s u b j e c t  was then 

i n s t r u c t e d  t o  take  a normal b rea th  and exha le ,  and a t  t h i s  po in t  a 

measurement was taken.  Three determinat ions  were made and an average 

value  was c a l c u l a t e d .  The s u b j e c t  was then requested t o  inha le  and 

exhale  maximally i n t o  a 9 - l i t e r  Vitalometer spi rometer  t o  determine 

v i t a l  capac i ty  (VC). Although VC was no t  a v a r i a b l e  used i n  the  s tudy ,  

i t  was measured t o  determine the  amount of oxygen t o  be p u t  i n t o  the  

r eb ree th ing  bag dur ing lung volume determinat ions .  

Upon con~p le t ion  o f  the  VC measure, t he  s u b j e c t  was asked t o  shower 

and then proceed i n t o  the  underwater weighing tank.  A f t e r  e n t e r i n g  the  

tank the  s u b j e c t  made an e f f o r t  t o  remove a l l  trapped a i r  bubbles from 

h i s  swimming a t t i r e .  The water l e v e l  was ad jus t ed  t o  the  l e v e l  o f  t h e  

s t e r n o c l a v i c u l a r  notch while the  s u b j e c t  was sea t ed  i n  a s t a i n l e s s  s t e e l  

c h a i r .  The o rde r  i n  which the  lung volumes (RV o r  FRC) were t o  be 

measured was determined wi th  a f l i p  o f  a c o i n .  I f  heads ,  RV was the  

f i r s t  Lung volume measured. If t a i l s ,  FRC was the  f i r s t  lung volume 

measured. 



Residual. Volume Procedure 

To determine RV, each s u b j e c t  was sea t ed  i n  the  immersion tank a t  

the  e s t a b l i s h e d  water l e v e l .  A 6 - l i t e r  spi rometer  was f i l l e d  wi th  

approximately f i v e  l i t e r s  of pure  oxygen by an e l e c t r o n i c  d ispensing 

va lve .  The spi rometer  and r eb rea th ing  bag were f i l l e d  and emptied two 

t o  t h r e e  t imes t o  f l u s h  o u t  a l l  remaining gases  from previous  t e s t s .  

The spi rometer  was then f i l l e d  wi th  a  f i n a l  oxygen volume (approximately 

equal  t o  VC f 1 l i t e r  f o r  RV, and VC - 1 l i t e r  f o r  FRC). This volume 

was then t r a n s f e r r e d  i n t o  the  6 - l i t e r  r eb rea th ing  bag. With a  nose c l i p  

and disposable  mouthpiece i n  p l ace  the  s u b j e c t  was i n s t r u c t e d  t o  t ake  a  

f u l l  i n h a l a t i o n  and then t o  exhale maxiinally. When t h e  s u b j e c t  f e l t  

t h a t  he had expired t o  h i s  f u l l e s t  poss ib l e  c a p a b i l i t y  he  r a i s e d  h i s  

index f i n g e r  t o  s i g n a l  t h e  r e sea rche r  t h a t  only RV remained i n  h i s  

lungs .  A t  t h i s  po in t  the  r e sea rche r  connected the  s u b j e c t  t o  t h e  

oxygen- f i l l ed  r eb rea th ing  bag and coached the  s u b j e c t  t o  b rea the  i n  and 

o u t  r a p i d l y  and deeply u n t i l  a  n i t rogen  equi l ibr ium was reached between 

the  r eb rea th ing  bag and the  s u b j e c t '  s  lungs .  Although abso lu te  

equ i l ib r ium i s  never a t t a i n e d ,  it was assumed t o  be reached when t h e  

n i t rogen  readings  between i n s p i r a t o r y  and e x p i r a t o r y  phases reached a  

minimum on the  g raph ica l  p r i n t o u t .  The va lues  obta ined were then  placed 

i n  the  Eormula developed by Wilmore (1969a).  



BV (EN - IN) 
LV = 1.1 x [ - - - - - - - - - - - - - - - -  - DS] 

AN - FN 

where: LV - lung volume 

BV - volume of oxygen i n  rebreathing bag 

AN - % of alveolar  nitrogen 

IN - % of impurity nitrogen i n  rebreathing bag 

EN - % of nitrogen i n  rebreathing bag a t  equilibrium 

FN - % of nitrogen i n  expired a i r  a t  equilibrium 

DS = dead space of tubes and analyzer head (80 mls) 

1.1 =- BTPS correct ion fac tor  

Repeated measures of RV were taken u n t i l  two t r i a l s  were within 10% 

agreement of t h e i r  mean value. A time period of approximately two to 

three minutes was incorporated between t r i a l s  to  allow f o r  the 

elimination of any excess oxygen remaining i n  the lungs followi.ng 

rebreathing. 

Functional Residual Capacity Procedure 

Determinations of FRC were performed i n  the same manner as  RV and 

d i f fe red  i n  only one respect.. Instead of having the subject  maximally 

expire ,  as  i n  the RV maneuver, he was asked t o  take several  room a i r  

breaths and a t  the end of a normal, res t ing  breath s top a l l  breathing 

processes and hold. A t  t h i s  time he signaled the researcher t h a t  only 

FRC remained 111his lungs and was then connected to the rebreathing bag 

with a switch o f  a valve. To ascer ta in  t h a t  a " t rue" r e s t i n g  end 

expirat ion was establ ished the subject  was asked t o  relax t o  the bes t  of 

h i s  a b i l i t y  and close h i s  eyes i f  desired.  A minimum 15 second time 



per iod of  q u i e t ,  easy b rea th ing  through the  four-way va lve  was a l s o  

incorporated t o  c l e a r l y  e s t a b l i s h  a  r e s t i n g  end e x p i r a t i o n .  A minimum 

of  two t r i a l s  were performed and accepted c t  t he  same c r i t e r i a  a s  RV. 

Hvdros t a t i c  Weighing 

Rody dens i ty  and percent  body fa t .  were assessed by h y d r o s t a t i c  

weighing (HW). Each s u b j e c t  previously  weighed i n  a i r  was then weighed 

immersed i n  a  4 ' x  4 'x  4 '  S .S .  Hydrotesting Tank (model #09771) whi le  

s i t t i n g  on a  s t a i n l e s s  s t e e l  c h a i r .  The c n a i r  was suspended from t h r e e  

Omega I .oad-cel ls  (model LCJ-200) i n t e r f a c e d  wi th  a  computer system 

(accura t e  t o  . O 1  kg) capable of sampling 50 underwater weights wi th in  a  

one second time pe r iod  and computing a  mean underwater weight from 100 

r eco rd ings .  The r ap id  response time of t h i s  system e l imina ted  the  

d i t f l c u l t y  of  i n t e r p r e t i n g  an o s c i l l a t i n g  autopsy s c a l e .  Water 

tempsrature was maintained between 33 - 35%. 

Sub jec t s  were weighed by two d i f f e r e n t  mezhods o f  HW. One method 

used RV and the  o the r  used FRC f o r  the  determinat ion o f  body d e n s i t y  and 

percent  body f a t .  A l l  s u b j e c t s  were f i r s t  h y d r o s t a t i c a l l y  weighed a t  

FKC. Although t h i s  v i o l a t e d  t r u e  random assignment,  i t  was judged by 

the  r e sea rche r  t h a t  the  in t ense  phys ica l  s t r a i n  put  on t h e  r e s p i r a t o r y  

system fol lowing s i x  t o  e i g h t  maximal e x p i r a t o r y  e f f o r t s  f o r  HW a t  RV 

could poss ib ly  a l t e r  t he  normal r e s t i n g  b rea th ing  p a t t e r n  needed f o r  HW 

determinat ion a t  WC. 

A minimum of two t r i a l s  was r equ i red  f o r  HW a t  EXC. The fewer 

t r i a l s  needed a t  t h i s  lung volume was a t t r i b u t e d  t o  t h e  work of  Weltman 

and Katch (1981) who have s t a t e d  us ing FRC "e l imina te s  t h e  n e c e s s i t y  f o r  



mul t ip l e  underwater weighing t r i a l s  s ince  the re  i s  no l ea rn ing  e f f e c t  a s  

is the  case  wi th  HW a t  RV" (p .  210).  I f  underwater weights were no t  

w i th in  .05 kg agreement between two of  the  t r i a l s ,  f u r t h e r  t r i a l s  were 

conducted u n t i l  t he  .05 kg agreement c r i t e r i a  was achieved. A mean 

va lue  was then determined. 

The HW procedure a t  RV was repeated a  minimum of 5 t o  6 t imes t o  

account f o r  t he  " learning"  a f f e c t  descr ibed by Katch (1969).  According 

t o  Katch (1969),  s u b j e c t s  l e a r n  t o  expel more a i r  from t h e i r  lungs wi th  

each a d d i t i o n a l  underwater t r i a l ,  and thus ,  w i l l  cont inue t o  inc rease  

t h e i r  underwater weight.  The s u b j e c t ' s  " t r u e "  underwater weight was 

e s t a b l i s h e d  when no more than a  .05 kg d i f f e r e n c e  e x i s t e d  between two of  

the  s u b j e c t ' s  h ighes t  obta ined weights.  A mean value  was then 

determined. 

To determine body dens i ty  t h e  previously  measured lung volurnes (FRC 

and RV) and underwater weights were i n s e r t e d  i n t o  the  fo l lowing equat ion 

developed by Goldman and Buskirk (1961): 

where: BD = body d e n s i t y  

MA = mass of  body i n  a i r  

MW = mass of  body i n  water 

DW = d e n s i t y  of  water 

LV = lung volume 



Body density is generally converted to percent body fat for 

practical application. There are two for~nulas often used 111 the 

conversion of body density to percent body fat: Brozek, Grande, 

tlnderson, and Keys (1963) and Slri (1961). The formula developed by 

Rrozek and associates was used in this study and is presented below: 

4.570 
Percent Body Fat = - - - - - - - -  - 4.142 X lo0 

BD 

Statistical Analysis 

All tests to develop a prediction equation for the FRC and RV lung 

volumes were processed by a Zenith data systems computer and analyzed 

using ABSTATS step-wise multiple regression (Anderson-Bell, 1987). Each 

variable was compared to the dependent variables, FRC and RV. The 

results were evaluated for correlation and significance. A formula was 

devised to predict both the FRC and RV lung volumes from the previously 

mentioned physical characteristics 

Predicted FRC and RV values obtained with the formulas developed in 

this study were compared to FRC and RV values obtained by previously 

published formulas. A one-way analysis of variance with repeated 

measures was used to test for significant diEferences and a Scheffe' 

post hoc test was used to see where the differences lay. 

Body density and percent body far values at RV and FRC were tested 

for significant differences using paired t-tests. 



CHAPTER IV 

RESULTS AND DISCUSSION 

The data collected for the prediction of residual volume (RV) and 

functional residual capacity (PRC) are presented in this chapter. The 

data were processed through the use of multiple stop-wise regression 

formulas. Prediction formulas were developed for both RV and FRC lung 

volumes and their adequacy was evaluated. A comparison was made between 

the prediction of RV and FRC from the formulas developed in t.his study 

against previously published formulas (Boren et al., 1966; Crapo et al., 

1982; Goldman & Becklake, 1959; Grimby 6 Soderholm, 1963). 

A test of significance was conducted between body density and 

percent body fat obtained at the FRC and RV breathing maneuvers. This 

was done to evaluate the effectiveness of an alternative (i.e., more 

comfortable) underwater weighing technique. 

Subject Characteristics. 

A total of 198 subjects volunteered, of which 100 were randomly 

selected and tested as described in Chapter 111. All subjects were 

males between the ages 18 and 69 years and were from the La Crosse, 

Wisconsin area. The subject characteristics of age, height, weight, 

chest depth, smoking history, RV, FRC, and percent body fat are 

summarized in Table 8. 



Table 8 

Characteristics of Test Population 

Variable Mean S.D. S.E.M. 

- .  

Age (yr) 32.71 13.74 1.37 

Height (cm) 177.76 7.30 .73 

Weight (kg) 78.70 9.71 .97 

Chest Depth (cm) 20.28 2.24 $22 

Smoking History (pkyr) 3.40 11.08 1.11 

RV (L)  1.50 .46 $05 

FRC (L) 2.22 .52 .05 

Body Fat (%)  15.47 6.05 .60 

Note. N - 100. pkyr - pack years. 

Test-Retest Reliability of RV and PRC Measures 

The test-retest correlations between the two RV and two FRC lung 

volume measurements showed significant correlations of r - .99 and r - 
.98 (g<.001), respectively. This suggests that reliable measurements 

were taken with the closed circuit oxygen dilution technique described 

by Willnore (1969a). 

Development of RV Prediction Formula 

The development of the RV prediction formula was accomplished by 

singularly and collectively regressing the physical characteristics on 

the actual measured RV. Table 9 depicts the correlation of the 



independent variablas age, height, weight, chest depth, and smoking 

history with the dependent variable, RV. 

Table 9 

Residual Volume Correlation Matrix of Variables 

Chest Smoking 
RV Age Height Weight Depth History 

RV 

Age .75 

Height - 3 5  - .07 

Weight .41 . 2 9  

Chest Depth . 48  .60 

Smoking History .29 .36 

When each independent variable was analyzed singularly age showed 

the highest correlation to RV. Chest depth and weight showed the next 

highest correlation to RV, followed by height and smoking history. 

Table 10 illustrates the development of the prediction formula by 

analyzing the contributions of the independent variables separately and 

collectively to the variation of the dependent variable. Weight, chest 

depth, and smoking history were not included in the final formula due to 

no significant increase ( ~ < . 0 5 )  in the variance of the dependent 

variable. The results of the step-wise regression are summarized in 

Table 11.. 



Table 10  

Step-Wise Regression of Var iables  f o r  t he  P red ic t ion  of Residual  Volunie 

Var iable  D S.E. B BETA T PROB 

S t e p  1 

Age 0250310 .0022 .750790 11.25  .OOOO 

Constant .6858370 

Step 2 

Age .0260376 ,0018 .780983 14.74  . O O O O  

Height .0256005 .0033 .407950 7.70 .0000 

Constant - 3.8979400 

Note. N = 100. 

Table 11 

Summary of the  Development of  t h e  Residual Volume Pred ic t ion  Formula 

Step 
Adjusted 

R R Square* R Square S.E.E. 

1. Age .75 .56 .56 .304 

2 .  Age + Height .85  .72 .73  .241 

Note. * R square modified t o  recognize number of  independent v a r i a b l e s .  



Age was found to contribute the most as a predictor of RV, 

explaining 56% of 'he variance (R square). With the addition of the 

variable height, 72% of the variance of RV was accounted for and a 

standard error of estimation (S.E.E.) of 241 mls resulted. The 

inclusion of weight, chest depth, and/or smoking history did not result 

in a significant increase (~<.05) in the predictor value of the 

formula. 

Comparison of RV Prediction Formulas 

The formula developed from this study was compared to the formulas 

developed by Boren et al. (1966), Crapo et al. (1982), Goldman and 

Becklake (1959), and Grin~by and Soderholm (1963). These formulas with 

the reported multiple correlation coefficient (R square) and standard 

errors of estimation (S.E.E.) are listed in Table 12. The formula 

developed in this study resulted in a lower S.E.E. (241 mls) and a 

higher R square (.72) than the previously published formulas. 

The physical characteristics obtained in this study were inserted 

into the four previously derived RV prediction formulas. The means, 

standard deviations, and standard error of the means are presented in 

Table 13. 

Analvsis of Variance 

Table 14 presents analysis of variance data which was performed on 

the predicted RV determined with the formula developed in this study and 

the predicted residual volwnes determined by previously published 

formulas. This was used to determine if statistically significant 

differences existed among the five formulas for the prediction of RV. 



S t a t i s t i c a l  s i g n i f i c a n c e  was noted [F(5 ,495)  = 135.37, ~ C . 0 0 1 1 ,  and a 

Sche f fe '  pos t  hoc t e s t  was performed t o  determine where t h e  d i f f e r e n c e s  

l a y .  

Table 1 2  

Comparison o f  P red ic t ion  Formulas f o r  Res idual  Volume 

Formula R~ S . E . E .  

Uoren e t  a].. (1966) 

.019(Ht) + .0115(Age) - 2.24 .33 .530 

Crapo e t  a l .  (1982) 

.0216(Ht) + .0207(Age) - 2.84 . 7 1  .374 

Goldman & Becklake (1959) 

.027(Ht) + .017(Age) - 3.447 .64 .372 

Grimby & Soderhola (1963) 

.0198(Ht) + .022(Age) - .015(Wt) - 1.54 no d a t a  .380.k 

P re sen t  Study 

.0260376(Age) + .0256005(Hr) - 3.89794 

Note. * Value r epo r t ed  a s  t h e  " r e s i d u a l  s t anda rd  d e v i a t i o n " .  
H t  = height (cm).  Age = yea r s .  W t  - weight(kg) .  



Table 13 

Weans, Standard Deviations, and Standard Error of Means 
of the Residual Volume Prediction Formulas 

Formula Mean S.D. S.E.M. 

- 
Boren et al. (1966) 1.51 .202 .020 

Crapo et al. (1982) 1.68* ,315 .031 

Goldman & Becklake (1959) 1.91* .2 94 .029 

Grimby 6 Soderholm (1963) 1.52 .286 .029 

Present Study 1.50 .391 .039 

Actual RV 1.50 , 458  . Oh6 

Note. * Significantly different than RV predicted from present study 
(gC.001). 

Table 14 

Statistical Analysis of Variance Data 
for Residual Volune Predictions 

Source of Variation S. S. D.F. M. S. F 

Between 

Trials 

Residual 

Total 

Note. * ~C.001. 



I t  was determined t h a t  the  predicted res idua l  volumes from the 

formulas of Boren e t  a l .  (1966) and Grimby and Soderholm (1963) were not  

s i g n i f i c a n t l y  d i f f e r e n t  ( ~ > . 0 5 )  than the  predicted res idua l  volu~nes from 

the formula of t h i s  s tudy.  However, the re  was a s i g n i f i c a n t  d i f fe rence  

( ~ < . 0 0 1 )  between the formula developed i n  t h i s  study and those developed 

by Crapo e t  a l .  (1982) and Goldman and Becklake (1959). 

Development of FRC Predict ion Formula 

The development of the FRC pred ic t ion  formula was a l s o  developed by 

s ingu la r ly  and c o l l e c t i v e l y  regress ing the  physical  c h a r a c t e r i s t i c s  on 

the  a c t u a l  measured FRC. Table 15 dep ic t s  the  c o r r e l a t i o n  of the  

independent va r iab les  age, he igh t ,  weight, ches t  depth,  and smoking 

h i s t o r y  with the  dependent va r iab le ,  FRC. 

Table 15 

Functional Residual Capacity Correl.ation Matrix of Variables  

Chest Smoking 
FRC Age Height Weight Depth His tory 

- -- - - -- 

FRC 

Age .21 

tleight .59 - .07 

Weight .23 .29 .46 

Chest Depth .ll .60 .05 .67 

Smoking His tory . OG .36 - .09 .14 . 3 0  



then each independent va r iab le  was analyzed s i n g u l a r l y  height  

sllowed the highest  co r re la t ion  t o  FRC. Weight and age revealed thc next 

h ighes t  c o r r e l a t i o n  t o  FRC, followed by chest  depth and smoking h i s t o r y .  

Tahle 16 i l l u s t r a t e s  the  development of the  p red ic t ion  formula. 

Table 16 

Step-Wise Regression of Variables f o r  the  Pred ic t ion  
of Functional Residual Capacity 

Variable B S.E. B BETA T PROB 

Step 1 

Height 

Constant 

Step 2 

Helght 

Age 

Constant 

Step 3 

Height 

Bee 

Weight 

Constant 

Note. N = 100. 



Chest depth and smoking h i s to ry  were not included i n  the f i n a l  

formula due t o  no s ign i f ican t  increase (~<.05) i n  the variance of the 

dependent var iab le .  The r e s u l t s  of the s tep-v i se  regression a re  

summarized i n  Table 1.7. 

Table 17 

Summary of the Development of the Functional Residual 
Capacity Prediction Formula 

Step 
Adjusted 

R R Square* RSquare S.E.E. 

1. Height .59 .34 

2 .  Height -t Age .64 .39 

3. Height -t Age + Weight .65 .41 

Note. * R square modified t o  recognize number of independent var iab les .  

Height was found to contr ibute  the most a s  a p red ic tor  of FRC, 

explaining 34% of the variance (R square).  With the addi t ions of the 

variables  age and weight, 41% of the variance of FRC was accounted f o r  

and standard e r r o r  of estimation ( S . E . E . )  of 403 mls resu l ted .  The 

inclusion of chest depth and/or smoking h i s to ry  did not r e s u l t  i n  a 

s i g n i f i c a n t  increase (pC.05) i n  the predictor  value of the formula. 

Although the addi t ion of weight did not s ign i f ican t ly  (Q = .07) increase 

the predictor  value of the formula, the researcher f e l t  t h a t  the ease 

o f  which t h i s  var iab le  is  measured, along with favorable contr ibut ions 

t o  the formula, j u s t i f i e d  i t s  acceptance. 



Comparison of FRC Prediction Formulas 

The formula developed from this study was compared to those 

developed by Boren et al. (1966), Crapo et a1. (1982), Gold~~ian and 

Becklake (1959), and Grimby and Soderholm (1963). These formulas along 

with the reported multiple correlation coefficient ( R square) and 

standard error of estimation (S.E.E.) are listed in Table 18. 

Table 18 

Comparison of Prediction Formulas for 
Functional Residual Capacity 

Formula R~ S.E.E. 

Boren et al. (1966) 

.032(Ht) - 2.94 .36 .630 

Crapo et al. (1982) 

.0472(Ht) + .009(Age) - 5.29 .38 .718 

Goldman & Becklake (1959) 

.081(Ht) - 1.792(BSA) - 7.11 .57 .605 

Grimby & Soderholm (1963) 

5.30(Ht) 4- .015(Age) - .037(Wt) - 3.89 no data .560* 

Present Study 

.0493365(Ht) + .0116958(Age) - 

.00919313(Wt) - 6.20966 .41 ,403 

Note. * Value reported as the "residual standard deviation". 
Ht = height(cm). Age - years. Wt = weight(kg). BSA = body 
surface area (m2). 



The formula developed i n  t h i s  s tudy r e s u l t e d  i n  a  lower S.E.E. (403 

mls) than a l l  t he  p rev ious ly  publ ished formulas .  However, t h e  formula 

developed by Goldman and Becklake (1959) r e s u l t e d  i n  a  h ighe r  R square  

than the  formula developed i n  t h i s  s tudy .  

The phys i ca l  c h a r a c t e r i s t i c s  obta ined i n  t h i s  s tudy  were i n s e r t e d  

i n t o  the fou r  p rev ious ly  de r ived  FRC p r e d i c t i o n  formulas .  The means, 

s t anda rd  d e v i a t i o n s ,  and s t anda rd  e r r o r  of t he  means a r e  p re sen ted  i n  

Table 19.  

Table 19 

Means, S tandard  Devia t ions ,  and Standard  Er ro r  of Means 
of t he  Funct ional  Res idual  Capacity P r e d i c t i o n  Formulas 

Formula Mean S . D .  S.E.M. 

Boren e t  a l .  (1966) 2.75* 

Crapo e t  a l .  (1982) 3.39* 

Goldman & Becklake (1959) 3.78* 

Grimby & Soderholm (1963) 3.11* 

P resen t  Study 2.22 

Actual FRC 2.22 

Note. * S i g n i f i c a n t l y  d i f f e r e n t  than FRC p r e d i c t e d  from p r e s e n t  s tudy  
( ~ < . 0 0 1 ) .  



Analvsis of Variance 

Table 20 presents  ana lys i s  of variance da ta  which was performed on 

the predicted FRC determined with the  formula developed i n  t h i s  s tudy 

and the  predicted funct ional  r e s idua l  capac i t i e s  determined by 

previously published formulas. This was used t o  determine i f  

s t a t i s t i c a l l y  s i e n i f i c a n t  di f ferences  ex i s t ed  among the  f i v e  formulas 

f o r  the  p red ic t ion  of FRC. S t a t i s t i c a l  s ign i f i cance  was noted [F(5,495) 

- 7 9 8 . 4 3 ,  gC.0011, and a Scheffe'  post  hoc t e s t  was pcrforn~ed t o  

determine where the  d i f fe rences  l a y .  

Table 20 

S t a t i s t i c a l  Analysis of Variance Data f o r  
Functional Residual Capacity Predict ions  

Source of Varia t ion S. S. D.F. M.S. F 

Between 

T r i a l s  

Residuals 

To ta l  

Note. * ~ < . 0 0 1 .  

Resul ts  of the  Scheffe'  post  hoc t e s t  ind ica ted  t h a t  the  p red ic ted  

func t iona l  r e s idua l  capac i t i e s  from a l l  the  previously  published 

formulas were s i g n i f i c a n t l y  d i f f e r e n t  (g<.001) than the  predicted FRC 

obtained from the formula developed i n  t h i s  s tudy.  



A poss ib l e  explanat ion f o r  t he  noted d i f f e r e n c e s  among the  obta ined 

p red ic t ed  func t iona l  r e s idua l  c a p a c i t i e s  may have been due t o  the  e f f e c t  

i r ~ n e r s i o n  has  on FRC. A s  mentioned e a r l i e r ,  immersion has  been 

demonstrated t o  reduce on- land determinat ions  o f  FRC by as  much a s  4 6 % .  

There fo re ,  t he  c o n s i s t e n t  overes t in la t ion o f  FRC by the  f o u r  p rev ious ly  

publ ished Eormulas may have been a t t r i b u t e d  t o  the  very fac t  t h a t  t hese  

Formulas were developed on FRC measures made on- land a s  opposed t o  

immersed determinat ions .  

C ~ ~ n p a r i s o n  o f  Bodv Densitv and Percent Bodv Fat  a t  FRC and RV 

Body dens i ty  and percent  body f a t  were determined a t  two d i f f e r e n t  

lung volumes (FRC and RV) t o  eva lua te  the  e f f e c t i v e n e s s  o f  an  

a l t e r n a t i v e  ( i . e . ,  more comfortable) underwater weighing technique.  A 

pa i red  t - t e s t  was used t o  t e s t  f o r  s i g n i f i c a n t  d i f f e r e n c e s  between body 

d e n s i t y  and percent  body f a t  obta ined a t  t h e  two lung volwnes. The 

means, s t anda rd  dev ia t ions ,  s tandard e r r o r s  of  t h e  means, and t - t e s t  

va lues  a r e  presented i n  Table 21. 



Table 21 

T-Test Values of Body Density and Percent Body Fat 
Obtained a t  the  FRC and RV Lung Volumes 

- -  

Procedure Mean S . D .  S.E.M. 

Rodv Density (g/ml) 

FRC 1.0625 .01613 .00161 - 1.222 

RV 1.0698 .06202 .00620 

Percent  Body Fat  

FRC 16.01 6.580 .658 3.187* 

RV 15.47  6.048 .GO5 

Note. N - 100. 
* S i g n i f i c a n t l y  d i f f e r e n t  titan percent  body f a t  a t  RV (~<.01). 

Resu l t s  of t he  pa i r ed  t - t e s t  i nd ica t ed  a s i g n i f i c a n t  d i f f e r e n c e  

(~<.01) between percent  body f a t  determined a t  FRC and RV. However, no 

s i g n i f i c a n t  d i f f e r e n c e  ( ~ > . 0 5 )  was found between body d e n s i t y  determined 

a t  FRC and RV. 

The significant:  d i f f e r e n c e  found i n  percent  body f a t  determined by 

t h e  two methods a r e  not  i n  agreement with the  f ind ings  of  Thomas and 

Btheridge (1980) and Witherspoon (1984). lfowever, t he  f a i l u r e  t o  f i n d  

a s i g n i f i c a n t  d i f f e r e n c e  i n  body tlensity determined a t  t he  FRC and RV 

lung volumes do suppor t  t he  f ind ings  of Thomas and Ether idge (1980) and 

Witherspoon (1984). 



The r e s u l t s  of t h i s  s tudy i n d i c a t e  the  d i f f e r e n c e  between body 

dens i ty  determinat ions  by h y d r o s t a t i c  weighing (HW) a t  FRC and RV is 

n e g l i g i b l e .  Although t h i s  may be the  case  f o r  body d e n s i t y ,  t he  same 

cannot be s a i d  f o r  percent  body f a t  determinat ions  by Hi4 a t  FRC and RV. 

Ilowever, the  .54% mean d i f f e r e n c e  between percent  body f a t  determined a t  

FRC and RV may no t  be of physio1o;ical importance, s i n c e  t h i s  is w e l l  

w i th in  t h e  measurement e r r o r  (+ 3 . 8 % )  assoc ia t ed  wi th  t h e  HW technique 

(S i r i . ,  1961).  

Summarv 

Formulas f o r  t he  p red ic t ion  of FRC and RV were developed through 

the  use  of  mul t ip l e  s tep-wise  r eg res s ion  based on t h e  fo l lowing 

independent v a r i a b l e s :  age ,  h e i g h t ,  weight,  c h e s t  dep th ,  and smoking 

h i s t o r y .  The v a r i a b l e s  of weight,  ches t  depth ,  and smoking h i s t o r y  were 

n o t  found t o  con t r ibu te  s i g n i f i c a n t l y  t o  the  p r e d i c t i o n  of  RV, and thus ,  

were n o t  included i n  the  f i n a l  formula.  Chest depth  and smoking h i s t o r y  

were a l s o  n o t  included i n  the  formula developed t o  p r e d i c t  FRC s i n c e  

t h e i r  i n c l u s i o n  d i d  no t  s i g n i f i c a n t l y  inc rease  t h e  p r e d i c t o r  va lue  o f  

the  formula.  

The f a i l u r e  of smoking h i s t o r y  t o  be a  s i g n i f i c a n t  p r e d i c t o r  of 

e i t h e r  lung volume may have been due t o  che s u b j e c t  popu la t ion .  Only 22 

of  t he  100 s u b j e c t s  t e s t e d  were smokers wi th  an average smoking h i s t o r y  

of  15 .45 pack yea r s .  

The f a i l u r e  o f  c h e s t  depth as a  s i g n i f i c a n t  p r e d i c t o r  of e i t h e r  

lung volume may have been a t t r i b u t e d  t o  the  f a c t  t h a t  only  male s u b j e c t s  

were t e s t e d .  I n  a  s tudy conducted on only women s u b j e c t s  c h e s t  depth  



was reported as a significant predictor of RV (Cox, 1989). In contrast 

to the findings of Cox (1989), Boren et al. (1966) has stated chest 

measurements are "of no additional value in predicting lung 

compartments" (p. 103). However, since Boren et al. (1966) only used 

male subjects it may be concluded that chest measurements are only 

applicable to lung volume predictions if used for female subjects. 

This study also compared body density and percent body fat arrived 

at by the FRC and RV lung volume maneuvers in the HW procedure. There 

was no significant difference (p.05) between HW determinations of body 

density using the two lung volumes. There was, however, a significant 

difference (~<.05) between the two lung volumes in the determination of 

percent body fat. Although the percent body fat difference between the 

two methods was slight (.54%), it suggests that if FRC is to be used as 

an alternative to HW at RV in research or clinical settings it should be 

measured simultaneously with underwater weight, as recommended by 

Thomas and Etheridge (1980). 



CHAPTER V 

SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS 

Summarv 

The purpose of this study was to develop formulas for the 

prediction of residual volume (RV) and functional residual capacity 

(FRC) while immersed. It was also the purpose of this study to compare 

body density and percent: body fat determined in the hydrostatic weighing 

(HW) procedure at the FRC and RV lung volume maneuvers. 

A high test-retest correlation between trials of RV (r = .99) and 

FRC (r = .98) determinations via tha closed circuit oxygen dilution 

technique suggested that reliable measures were taken. 

The adequacy of the developed RV and FRC prediction formulas were 

proven by multiple correlation coefficients (R square) of .72 and .41, 

respectively. These values were higher than those reported by 

prediction formulas developed by Boren et al. (1966). Crapo et al. 

(1982). and Grimby and Soderholm (1963). The formulas developed in this 

study resulted in a lower standard error of the estimation (S.E.E. of 

241 and 403 mls for RV and FRC, respectively) than all the previously 

published formulas. 

This study also applied the data obtained from the subjects to 

Eour previously published prediction formulas, as well as to the 

formulas developed in this study. Significant differences (~<.05) were 

found between the RV prediction formulas of Crapo et a?. (1982) and 

Goldman and Becklake (1959) when compared to the RV prediction formula 

60 



developed in this study. Significant differences (~<.05) wero also 

determined between all of the previously published FRC prediction 

formulas when compared to the FRC prediction formula developed in this 

study. This suggests the need to measure this lung volume while 

immersed if it is to be used in the t l W  procedure. 

The formulas developed in the present study for the prediction of 

immersed RV and FRC are as follows: 

RV (liters) = .0260376(Age) + .0256005(Ht) - 3.89794 

FRC (liters) = .0493365(Mt) + .0116958(Age) - .00919313(Glt) - 

6.20966 

Note. Age = years, Ht = Height(cm). Wt - Weight(kg) 
All subjects were HW at the FRC and RV lung volumes. Body 

densities and percent body fats were calculated for each iung volume and 

tested for significant differences. Significant differences (~<.05) 

between percent body fat at the FRC and RV lung volume maneuvers were 

determined. However, the .54% difference was judged to be within the 

measurement error associated with the HW procedure. There was no 

significant difference (~>.05) between HW determinations of body density 

using the FRC and RV lung volume maneuvers. It was concluded that 

although the use of HW at FRC (as measured immersed) for percent body 

fat determination may be acceptable in the practicr.1 setting, it may be 

inadequate for research purposes. It is suggested that if a more 

comfortable lung volume is desired without sacrificing extreme accuracy 

in the HW procedure then FRC should be measured simultaneously with 



underwater weight ,  a s  descr ibed by Thomas and Ether idge (1980) 

Conclusions 

The r e s u l t s  of t h i s  s tudy suppor t  the  fo l lowing conclus ions:  

1 .  Age and he igh t  were s i g n i f i c a n t  p r e d i c t o r s  of RV. The n u l l  

hypothes is  was r e j e c t e d .  Weight, c h e s t  depth ,  and smoking h i s t o r y  were 

not  s i g n i f i c a n t  p r e d i c t o r s  of  RV. The n u l l  hypothes is  could  not  be 

r e j e c t e d  f o r  t hese  c h a r a c t e r i s t i c s .  

2 .  Age, h e i g h t ,  and weight were the  b e s t  p r e d i c t o r s  of  FRC. The 

n u l l  hypothes is  was r e j e c t e d .  Chest depth and smoking h i s t o r y  were no t  

s i g n i f i c a n t  p r e d i c t o r s  of FRC. The n u l l  hypothes is  could n o t  be 

r e j e c t e d .  

3 .  There was a  s i g n i f i c a n t  c o r r e l a t i o n  between t r i a l s  f o r  t h e  

c losed  c i r c u i t  oxygen d i l u t i o n  technique of  RV and FRC determinat ions .  

The n u l l  hypothes is  was r e j e c t e d .  

4 .  U t i l i z i n g  the  d a t a  from t h i s  s tudy ,  t h e r e  were s i g n i f i c a n t  

d i f f e r e n c e s  between the  RV p r e d i c t i o n  formulas of  Crapo e t  a l .  (1982) 

and Goldman and Becklake (1959) and RV values  based on the  formula 

developed i n  t h i s  s tudy.  The n u l l  hypothes is  was r e j e c t e d .  

5 .  There were no s i g n i f i c a n t  d i f f e rences  between RV va lues  

p red ic t ed  by the  formulas o f  Boren e t  a l .  (1966) and Grimby and 

Soderholm (1963) and RV pred ic t ed  by the  formula developed i n  t h i s  

s tudy .  The n u l l  hypothes is  could n o t  be r e j e c t e d .  

6. U t i l i z i n g  the  da ta  from t h i s  s tudy ,  t h e r e  were s i g n i f i c a n t  

d i f f e r e n c e s  between the  FRC p r e d i c t i o n  formulas c f  Boren e t  a l .  (1966),  

Crapo e t  a l .  (1982),  Goldman and Becklake (1959),  and Grimby and 



Soderholm (1963). The null hypothesis was rejected. 

7. There was no significant difference in body density in the 

subjects tested using the FRC and RV lung volume maneuvers in the I-iW 

procedure. The null hypothesis could not be rejected. 

8 .  There was a significant difference in percent body fat in thc 

subjects tested using the FRC and RV lung volume maneuvers in the HW 

procedure. The null hypothesis was rejected. 

Recommendations 

Based on the findings of this study the following recommendations 

were made: 

1. Use another group of male subjects to evaluate the accuracy of 

the developed formulas against an outside population. 

2. Compare calculated body density and percent body fat 

differences using the residual volume formula developed in this study 

against the actual measured residual volume. 

3. Compare calculated body density and percent body fat 

differences using the functional residual capacity formula developed in 

this study against the actual measured functional residual capacity. 

4. Further research is needed to determine the influence of 

hydrostatic forces on total lung capacity if it is to be used in the 

hydrostatic weighing procedure. 
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APPENDICES 



APPENDIX A 

INFORMED CONSENT FORM 



Informed Consent Form 

1, -- have agreed to volunteer to be a 
subject in this research study. My participation in this study involves 
breathing into a specially designed apparatus to determine the amount of 
air remaining in my lungs after a normal and maximal exhalation. My 
height, weight, and chest depth will be measured and I will also 
complete a questionnaire regarding cardiac and respiratory disorders, 
age, and smoking history. The purpose of this thesis is to develop a 
prediction equation for functional residual capacity and residual volume 
from the characteristics of age, height, weight, chest depth, and 
smoking history. It is also the purpose of this thesis to establish a 
more comfortable lung volume used in body fat determination from 
underwater weighing. 

The possible rislcs that may occur in this study are dizziness, 
nausea, possible electrocardiographic (EKG) changes due to forced 
expiration or slight discomfort due to total immersion while at the end 
of a maximal exhalation. Instruments will be sterilized and cleaned 
prior to testing, but the possibility of infection always exists. In 
addition, there exists the possibility of injury as a result of slipping 
or falling upon entrance into the underwater weighing tank. 

I have read the above information, and I have been fully advised of 
the nature of the procedure and what is expected of a participant in 
this study. I am aware of the possible risks involved and that I may 
wit:hdraw from this study at any time. 

In signing this consent form, I hereby release the University of 
Wisconsin - La Crosse, the La Crosse Exercise and Health Program, the 
Human Performance Laboratory employees and students engaged in my 
evaluation process from any and all legal liability associated with the 
above described procedures. 

To my knowledge, I am not limited by any condition(s) tk,at would 
affect my ability to participate in this study. 

Signed Date 

Witness Date 

1, (parent or guardian) of the above- 
named subject have read the experimental consent form and do hereby 
consent to said procedure. 

Signed Witness - 



APPENDIX B 

SUBJECT QUESTIONNAIRE 



Subject Questionnaire 

Name (please print) Date 

Parent and/or Guardian (if under 18 years) 

Address 

'Telephone .II (home) (work) 

Age (at last birthday) Height (inches) 

1. Date of Birth (month/day/year) 

2. Do you have any respiratory disorders such as asthma, 

bronchitis, or tuberculosis? YES - NO - 

3. Have you ever had heart surgery of any kind or had a heart 

attack? 

YES - NO - 

4. Do you or have you ever smoked? YES - NO - 

If yes, how many packs per day do/did you smoke? 

If yes, how many years have/had you smoked? 

5. Are you apprehensive about holding your breath while completely 

submerged in water? YES - NO - 

6. Do you have any other condition(s) that the investigator 

should be aware of? If so, please explain: 



APPENDIX C 

DATA RECORD SHEET 



Data Record Sheet 

A. Anthropometry 

Dry Weight lb kg Height cm 

Chest Depth //1 cm # 2 -  cm 1 3 -  cm Avg. - 
B. Vital Lung Capacity #1 L #2-- L 

C. Smoking History: smoker - non-smoker - ex-smoker - 
packs/day years smoked - pack x years = - pack 

years 

D. Residual Volume Trial 1 Trial 2 Trial 3 

Bag Volume of Oxygen (BV) 
Alveolar Nitrogen (AN) 
Impurity Nitrogen (IN) 
Equilibrium Nitrogen (EN) 
Final Nitrogen (FN) -- 

E. Functional Residual Capacity Trial 1 Trial 2 Trial 3 

Bag Volume of Oxygen (BV) 
Alveolar Nitrogen (AN) 
Impurity Nitrogen (IN) - 
Equilibrium Nitrogen (EN) 
Final Nitrogen (FN) 

F. Immersed Weight (water temp - C) 
FRC 1 2 3 4 5 6 7- 


