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ABSTRACT. Chronic hypoxemia is associated with a de- 
creased growth rate and a decreased rate of cell division. 
In lambs with experimental cyanotic heart disease, the gain 
in body mass was decreased. In this study, we determined 
to what extent the lower body mass in these lambs was 
related to alterations in body fluid compartment volumes, 
specifically whether intracellular volume was decreased. 
Therefore, fluid compartment volumes were studied in nine 
lambs, after 3 to 4 wk of experimental cyanotic heart 
disease, and in 13 control lambs. Hypoxemic lambs had a 
lower arterial oxygen saturation (65 + 11 versus 91 2 2%, 
p < 0.001) and a higher Hb concentration (142 + 16 versus 
101 + 8 g.L-', p < 0.001). The lower body mass in 
hypoxemic lambs (10.5 + 2.3 versus 13.0 + 2.8 kg) could 
be mainly accounted for by a decrease in intracellular water 
volume (4.7 + 1.3 versus 6.6 + 1.5 L, p < 0.01). Total 
body water (753 + 27 versus 780 + 40 mL.kg-') and 
extracellular water volume (307 + 25 versus 277 f 15 mL. 
kg-') in hypoxemic lambs were not significantly different 
from those in control lambs, but intracellular water volume 
was decreased (445 + 27 versus 501 + 35 mL.kg-', p < 
0.01). The ratio of extracellular to intracellular water 
volume was higher in hypoxemic lambs (0.69 + 0.10 versus 
0.55 2 0.04, p < 0.01). Blood volume was increased in 
hypoxemic lambs (121 + 29 versus 79 + 15 m L  kg-', p < 
0.01), mainly due to an increased total red cell volume 
(48 + 12 versus 22 + 8 mL. kg-',p < 0.001). We conclude 
that the lower body mass in hypoxemic lambs is mainly 
related to a lower intracellular water volume. These results 
and the increased ratio of extracellular to intracellular 
water volume can be explained by assuming a decreased 
growth of the intracellular compartment. In addition, a part 
of the (decreased) growth in hypoxemic lambs must be 
expended on increased erythropoiesis. (Pediatr Res 33: 
267-272, 1993) 

Abbreviations 

V,,, extracellular water volume 
Vi,, intracellular water volume 
D20, deuteriumoxide 
i.m., intramuscularly 

Congenital heart disease is often associated with a decreased 
growth rate, characterized by a decreased gain in body mass and 
length (1-3). It seems to affect children with cyanotic heart 
disease more than children with noncyanotic heart disease (1- 
3). In young experimental animals exposed to various forms of 
chronic hypoxemia, a decreased body mass is a common finding 
(4-8). Based on studies in rats and mice, it has been suggested 
that a decreased rate of cell division is responsible for the growth 
retardation (4, 5). 

The volumes of body fluid compartments change during 
growth. Both V,, and V,, increase, but per-unit body mass total 
water and V,, decrease and Vi, increases (9, 10). This can in part 
be explained by a relatively faster growth of the intracellular 
compartment (9, 11). In chronic hypoxemia, therefore, body 
fluid compartment volumes may be altered by the effects of 
decreased growth. 

Another factor that may affect fluid compartment volumes is 
the effect of chronic hypoxemia on blood volume. Blood volume 
increases through an increase in red cell volume, whereas plasma 
volume is either normal or decreased (12, 13). 

Fluid compartment volumes and blood volume have been 
measured in chronic hypoxemia. However, to our knowledge, 
the effect of cyanotic heart disease on fluid compartment vol- 
umes and on blood volume has not been measured simultane- 
ously in young, growing subjects. Therefore, we measured total 
body water volume, V,,, and plasma volume in lambs that had 
been hypoxemic for 3 to 4 wk due to experimental cyanotic heart 
disease, and we calculated Vi,, interstitial volume, and blood 
volume. Thus, the relation between the lower body mass found 
in these lambs (7) and alterations in fluid compartment volumes, 
especially the Vi,, was studied, and the alterations in blood 
volume in relation to other fluid compartment volumes was 
determined. 

MATERIALS AND METHODS 

We studied nine chronically hypoxemic and 13 control lambs, 
5 to 6 wk old, of mixed breed. All hypoxemic lambs underwent 
surgery before the 10th day of life. Control lambs either under- 
went surgery at least 2 wk (14-34 d) before the measurements 
(n  = 4), 1 wk (5-8 d) before the measurements (n  = 4), or had 
neck vessel catheters inserted 3 to 7 d before the measurements 
( n  = 5). 

~ u r & c u l  procedure and  postoperative care. Anesthesia was 
induced by 2 to 3% halothane in oxygen. The lamb was placed 
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Polyvinyl catheters (outside diameter 1.5 mm, inside diameter 
1.0 mm) were inserted into the ascending aorta through the 
internal thoracic artery and into the superior vena cava through 
the internal thoracic vein. The pericardial sac was opened, and 
catheters were inserted through purse-string sutures into the 
pulmonary artery, the outflow tract of the right ventricle, and 
the left atrium. In the lambs that were to be made hypoxemic, 
an atrial septostomy was performed by means of a 5 F balloon- 
tipped Fogarty catheter (American Edwards Laboratories, Santa 
Ana, CA) introduced through a pedal vein. After positioning the 
tip into the left atrium through the foramen ovale, we inflated 
the balloon with 1.5 to 2.0 mL sterile saline solution and rapidly 
withdrew it into the right atrium, thus tearing the atrial septum. 
This procedure was repeated two to three times. An inflatable 
silicone rubber constrictor, inside diameter 8 to 10 mm (Hazen 
Everett Co., Teaneck, NJ), was fitted around the main pulrr~o- 
nary artery. An 8 F polyvinyl catheter was placed to drain the 
left thoracic cavity. All catheters were tunneled to the left flank 
5 to 10 cm caudal of the 4th intercostal space. The thorax was 
closed in layers and all the catheters, except the one for chest 
drainage, were filled with a heparin solution (1000 U/mL). All 
catheters were sealed and protected in a Teflon pouch that was 
attached to the skin. Eight lambs that served as controls under- 
went the same surgical procedure apart from the atrial septos- 
tomy, the constrictor around the pulmonary artery, and the 
insertion of a right ventricular catheter. The left thoracic cavity 
was aspirated daily for 4 to 6 d, then the thoracic drain was 
removed. Daily, the lambs were weighed and catheters refilled 
with fresh heparin solution. 

Three to 5 d after surgery, the constrictor around the pulmo- 
nary artery was inflated with sterile saline solution (9 g.L-I), 
thus inducing an atrial right to left shunt through the foramen 
ovale. On the 1st and 2nd day of inflation, the right ventricular 
systolic pressure was raised to systemic and suprasystemic levels, 
respectively. Thereafter, the constrictor was inflated to lower the 
arterial oxygen saturation to 60 to 70% and to keep it within this 
range. 

Neck vessels were catheterized by incising the skin over the 
right carotid artery and jugular vein under local anesthesia. A 
balloon-tipped catheter that was connected to a pressure trans- 
ducer was inserted into the jugular vein and positioned into the 
pulmonary artery while a pressure tracing was monitored. The 
right carotid artery was ligated, and a catheter was advanced to 
the ascending aorta. All lambs were given 150 mg ampicillin i.m. 
for 4 d after surgical procedures. Weekly, each lamb was given 
iron dextran complex i.m. equivalent to 200 mg iron. 

Experimental protocol. Plasma volume, V,,, and total body 
water volumes were determined by means of a single-injection 
triple-indicator dilution technique. A freshly prepared mixture 
of indicators was injected into the pulmonary artery. Just before 
the injection (time zero), and at 3, 6, 9, 12, 15, 20, 25, 30, 40, 
50, 60, 75, 90, 105, 120, 135, 150, 165, and 180 min after the 
injection, 2- to 4-mL blood samples were withdrawn from the 
aorta into dry-heparinized tubes. Hematocrit of the blood sam- 
ples taken at 0, 20, 30, 40, 50, and 60 min was determined in 
duplicate. Before time zero, blood was obtained to measure 
plasma osmolality and total protein concentration. After the 
withdrawal of each blood sample, a similar volume of sterile 
saline (9 g.L-I) was injected into the pulmonary artery; a total 
volume of 60 to 70 mL blood was withdrawn during the experi- 
ment. 

Measurements and calculations. One mL. kg-' of a mixture of 
0.4 mmol. L-I Evans Blue (Merck, Darmstadt, Germany), 100 
mmol . L-I sodium ferrocyanide (BDH Chemicals, Poole, Eng- 
land) in D 2 0  99.8% (Merck) was injected to determine the 
plasma volume, the V,,, and the total body water volume, 
respectively. The exact amount of indicator injected was deter- 
mined by weighing the syringe containing the indicator mixture 
before and after the injection. After treatment of the samples as 
described below, light absorbances were measured and converted 

to concentrations by using a calibration line that was determined 
before each set of measurements as described by Zweens et al. 
(14-16). 

The Evans Blue concentration was measured in the samples 
withdrawn at 20, 30, 40, 50, and 60 min. Polyethylene glycol 
(240 g. L-I; 0.8 mL) was mixed with plasma (0.8 mL) and allowed 
to stand for 10 min. The mixture was then centrifuged at 
7000 x g for 10 min, and the absorbance of the supernatant was 
measured at 620 nm with a Hitachi 100-40 spectrophotometer 
(Hitachi Ltd., Tokyo, Japan) against a similarly treated plasma 
blank. The concentration at time zero (coEB) was calculated by 
extrapolation from the monoexponential concentration versus 
time curve. Because Evans Blue is completely mixed with plasma 
10 min after injection and subsequently disappears from plasma 
in a first-order fashion, the error made in cOEB by assuming 
monoexponential elimination between 20 and 60 min after 
injection is negligible (16). The plasma volume (V,) was calcu- 
lated as: 

where miEB denotes the amount of Evans Blue injected. 
The sodium ferrocyanide concentration was determined in all 

samples. A solution (4.5 mL) containing trichloric acetic acid 
(0.14 mmol/L) and perchloric acid (1.10 mmol/L) was mixed 
with 0.5 mL plasma and allowed to stand for 10 min. Subse- 
quently, it was centrifuged for 10 min at 7000 x g; then 1 mL 
of a solution containing FeS04 (5 g/L) and (90 mmol/L) 
was added to 4 mL of supernatant. After 25 min, a blue color 
had developed that remained stable for at least 15 min. During 
this period, the absorbance of the solution was measured against 
a reagent blank at 700 nm by means of an Optica CF4 spectro- 
photometer (Optica, Milan, Italy). The plasma concentrations 
(cTC) were converted to plasma-water concentrations (cPwFC), by 
correcting for plasma protein concentration 

where cPTP is total plasma protein concentration (g/L) and 0.75 
is the specific volume of protein (mL/g). The time-concentration 
curve obeyed a triexponential model: 

where A, B, and C are the coefiicients, and k l ,  k2, and k3 the 
exponents of each of the monoexponential parts of the curve, 
which can be determined by curve stripping. The V,, was then 
calculated: 

The symbols are identical to those in equation 3, and mTC 
denotes the amount of sodium ferrocyanide injected. 

To determine the D 2 0  concentration, about 0.5 mL of red 
cells were vacuum-sublimated to near dryness, and the conden- 
sate was trapped in tubes immersed in liquid nitrogen. The 
absorbance of the condensate was determined against a reference 
of ordinary window glass at 4023 nm by a Perkin-Elmer 177 
infrared-spectrophotometer (Perkin Elmer Corp., Norwalk, CT) 
(15). Because the distribution phase of D 2 0  is short (-40 min) 
relative to the elimination phase (tIl2 - 6 d) (15), coD20 can be 
calculated assuming monoexponential elimination. In four 
lambs, D 2 0  concentrations were determined in all samples, and 
no observable change in D 2 0  concentration was found after 40 
min. Therefore, in the subsequent experiments, we calculated 
coDzO as the mean of the concentrations at 50 to 120 min. Body 
water volume (Vbw) was calculated as: 

where miDzO denotes the amount of D 2 0  injected. 
Plasma osmolality was determined in duplicate by means of 

an Osmomat 030 (Gonotec GmBH, Berlin, Germany), concen- 
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tration of total protein by an automatic chemical analyzer ACA 
111 (DuPont Co., Wilmington, DE) and concentration of sodium 
by flame photometry (IL343, Instrumentation Laboratory Inc., 
Lexington, MA). Hematocrit was determined by the microhe- 
matocrit method; the centrifugation time was 7 min. Because 
ferrocyanide is freely filtered by the glomeruli and neither ex- 
creted nor reabsorbed by the tubules, the GFR was calculated 
from the slope of the monoexponential tail of the disappearance 
curve (14). 

Blood volume (Vb) was calculated as V, x 100/(100 - hema- 
tocrit x 0.92); the factor 0.92 corrects for the difference between 
the arterial and total body hematocrit (12). The total red cell 
volume (VTedcell) was calculated as Vb - V,; the total amount of 
Hb  as Vh (L) x Hb concentration (g.L-I); the interstitial water 
volume (V,,,) as V,, - V,; the Vi, as Vhw - Vet; and, the mass of 
the solids, as body mass - total body water mass, assuming a 
density of water of 1.00 kg.L-I. To determine the effects of 
hypoxemia on V,,, not related to alterations in red cell mass, we 
calculated the intracellular volume that was extravascular (V,,'". 
lrilvascular 1: 

~ , , e ~ t r n v a ~ ~ ~ l a r  - 
- Vlc - (Vred cell - Vhemaglobln) 

Vhe,,,~,b,, was calculated assuming a similar specific volume of 
Hb  and of plasma protein (0.75 mL/g). 

Statistical analysis. The mean and SD of each variable were 
calculated. Control lambs were divided into three groups: a group 
that underwent surgery more than 2 wk before the experiment 
(n  = 4), a group that had surgery 5 to 8 d before the experiment 
( n  = 4), and a group that underwent neck vessel catheterization 
(n  = 5). The data of the three groups of control lambs and those 
of hypoxemic lambs were analyzed by means of one-way analysis 
of variance with a statistical program (NCSS, J.L. Hintze, Kays- 
ville, UT). When the F value was higher than the critical value, 
multiple contrasts were used to test for the effects of surgery, 
timing of surgery, and hypoxemia. Therefore, the following 
subgroups were compared: the two groups of control lambs that 
underwent surgery (n = 4 in each group), control lambs that 
underwent surgery (n = 8) versus those that underwent neck 
vessel catheterization (n = 5), and control (n  = 13) versus 
hypoxemic lambs (n = 9). If no differences between the 
subgroups of control lambs were found, an unpaired I test was 
performed between control and hypoxemic lambs. Unless oth- 
erwise stated, the results of analysis of variance are reported. 
Linear regression was used to analyze body fluid volume ratios 
as a function of body mass. In all analyses, p < 0.05 was chosen 
as the level of significance. 

RESULTS 

Age, body mass, and fluid compartment volumes per unit 
mass in the three groups of control lambs and in hypoxemic 
lambs are shown in Table 1. Because no differences were found 
in any of these variables between the three groups of control 
lambs, the data of all control lambs were pooled. 

Hypoxemic lambs were studied 26 + 3 d after the induction 
of hypoxemia. Their arterial oxygen saturation was decreased 
(65 k 1 1 versus 9 1 + 2%, p < 0.001), and their Hb concentration 
was increased (1 42 + 16 versus 10 1 k 8 g . L-', p < 0.00 1). 

Body mass of hypoxemic and control lambs and the division 
in body compartments are shown in Figure 1. Body mass and 
Vi, were lower in hypoxemic lambs, whereas the Vec and the 
mass of solids were similar in hypoxemic and control lambs. The 
difference in body mass between hypoxemic and control lambs 
could almost completely be accounted for by the difference in 
total body water volume (7.9 1.8 versus 10.3 + 2.3 L, p < 
0.02, t test). 

Per-unit body mass total body water was similar in hypoxemic 
and control lambs, but V,, was higher in hypoxemic lambs, and 
Vi, was lower (Table 1). V,,/V,,, the ratio of V,, to Vie (Fig. 2), 
decreased with body mass in hypoxemic lambs (y = - 0 . 0 3 ~  + 

1.04, r = 0.8 1, p < 0.01) but did not change with body mass in 
control lambs (y = 0 . 0 0 3 ~  + 0.52, r = 0.10). V,,/Vj, was higher 
in hypoxemic than in control lambs (0.69 5 0.10 versus 0.55 + 
0.04, p < 0.01). Plasma osmolality (281 + 10 versus 286 + 4 
mmol. L-I), total protein concentration (6 1 + 7 verszls 59 + 5 g . 
L-I), sodium concentration (144 + 4 versus 145 +. 2 mmol. L-I), 
and GFR (2.7 + 0.5 versus 2.7 + 0.4 mL.min-'.kg-') were 
similar in hypoxemic and control lambs. Blood volume (Fig. 3) 
was increased in hypoxemic lambs because of an increased total 
red cell volume. The total amount of Hb in hypoxemic lambs 
was increased 2-fold ( 177 a 5 1 versus 97 a 28 g, p < 0.0 1). 

The V,, that was extravascular was lower in hypoxemic lambs 
(415 k 29 versus 489 34 mLkg-I, p < 0.001). The ratio of 
interstitial water volume to the extravascular part of Vi,, which 
is the extravascular equivalent of Ve,/Vic, was also increased 
in hypoxemic lambs (0.57 + 0.07 versus 0.45 f 0.05, 
p < 0.001). 

DISCUSSION 

The present study demonstrates that 3 to 4 wk of chronic 
hypoxemia in lambs, due to experimentally induced cyanotic 
heart disease, has two distinct effects on body fluid compartment 
volumes. First, blood volume is increased mainly through an 
increased red cell mass. Second, Vi, is decreased, which almost 
completely accounts for the difference in total body water volume 
and body mass between hypoxemic and control lambs. Because 
total water volume per unit of mass is similar in hypoxemic and 
control lambs, a larger fraction of body water is distributed to 
the extracellular space in hypoxemic lambs, which is demon- 
strated by the increased ratio of Vec to Vi,. 

We found no differences between the three subgroups of 
control lambs (Table I), indicating that surgery or the timing of 
surgery did not affect body fluid compartment volumes. Al- 
though the number of lambs in each subgroup is small, the data 
of the control lambs are very similar to each other and in contrast 
with those of hypoxemic lambs. When a t test is applied, more 
differences between control and hypoxemic lambs become ap- 
parent. For example, body mass is lower in hypoxemic lambs, 
which is in accordance with the decreased gain in body mass that 
has been shown in hypoxemic lambs by Teitel el ul. (7). 

Alterations in body fluid compartment volumes in (congenital) 
heart disease may be related to water and salt retention (17, 18). 
However, the alterations in fluid compartment volumes in the 
hypoxemic lambs in our study are not readily explained by this 
mechanism. Water and salt retention is associated with an in- 
crease in total body water and V,,, whereas ViC is not decreased 
(19). In dogs with an experimental pulmonary stenosis, no signs 
of venous congestion or water and salt retention were found (20, 
21). The hypoxemic lambs in our study had no signs of venous 
congestion either. Water and salt retention in chronic obstructive 
lung disease was related to hypercapnia rather than to hypoxemia 
(22, 23). In the early phase of (simulated) high-altitude hypox- 
emia, voluntary sodium and water intake are decreased, and 
natriuresis and diuresis are increased (24). In chronically hypox- 
emic rats, GFR and urinary sodium excretion were normal (25), 
similar to the GFR in our study. It is improbable that body water 
in hypoxemic lambs was redistributed due to osmotic shifts, 
because plasma osmolality, sodium, and total protein concentra- 
tions were not increased. Thus, water and salt retention or an 
osmotic shift of water from the intracellular to the extracellular 
compartment cannot explain the differences in fluid compart- 
ment volumes between hypoxemic and control lambs. 

Fluid compartment volumes per unit body mass change during 
growth. After birth, total body water and Vec decrease and Vi, 
increases (9, 10). These changes have been attributed both to a 
relative loss of body water and to growth of the intracellular 
compartment. In infants, a redistribution of water from the 
extracellular to the intracellular compartment was found in the 
first 2 wk of life, and this was attributed to the effects of cellular 
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Table 1 .  Fluid comllartment volumes in control and hvaoxemic lambs* 

Control/surgery Control/surgery Control/no Control/pooled I test 
(>2 wk) (<I wk) surgery data (p value) Hypoxemia 

Number 4 4 5 13 9 
Age (dl 43 + 7 40 + 7 37 t 2 40 + 5 3 7 + 4  
Days after surgery 22 + 10 6 + 1  4 + 2  10 t 9 29 + 3 
Body mass (kg) 13.2 + 2.4 12.0 + 2.4 13.6 + 3.7 13.0 t 2.8 10.5 + 2.3 <0.05 
Total water (mL/kg) 765 2 22 791 t 58 784 + 40 780 + 40 752 t 27 
v,, (mL/kg) 277 c 12 278 + 19 276 c 19 277 t 15 307 + 27 <O.O 1 
v,, (mL/kg) 488 + 16 512 + 49 503 a 36 501 + 35 445 + 2 7 t  ~ 0 . 0 0  1 
Blood volume (mL/kg) 78 + 2 1  83 t 34 83 + 13 82 + 21 121 rt 2 9 t  <O.O 1 
Red cell volume (mL/kg) 23 + 6 22 + 13 23 + 6 22 t 8 48 + 12t  <O.OO 1 
vec/v,c 0.57 + 0.05 0.54 + 0.05 0.56 + 0.05 0.56 + 0.04 0.69 + 0. IOt <0.01 

*Control group is divided into lambs that underwent surgery (Control/surgery) more than 2 wk before the experiment or approximately 1 wk 
before the experiment and lambs that only underwent neck vessel catheterization (Control/no surgery). In addition, pooled data for control lambs 
are shown (4th column) and the results of the unpaired t test for all control (n = 13) vs hypoxemic lambs (n = 9). V,,/V,, = Extracellular to 
intracellular water ratio. 

? Hypoxemic lambs (n = 9) significantly different from control lambs (n = 13) by analysis of variance and multiple contrasts (p < 0.05). 

ECV 

Fig. 1. Body mass in control (C) and hypoxemic (H) lambs and the 
division thereof in solids and extracellular (ECV') and intracellular (ICV) 
fluid. Mean and SD for solids, ICV, and ECV are shown. *, Hypoxemic 
lambs (n = 9) significantly different from control lambs (n = 13) by 
analysis of variance and multiple contrasts ( p  < 0.05). 

growth ( I  1). In children, V,, decreases from 350 mL. kg-' to 280 
mL.  kg-' in the first 6 mo of life, and after 9 to 12 mo Vec makes 
up a constant fraction of total body water, similar to that in 
adults (9). Hence, from that time on, the ratio of V,, to V,, 
(V,,/Vi,) will not change anymore. When growth is decreased, 
one may expect that V,, and V,,/Vi, are increased, as compared 
with those of normally grown peers, and that adult values will 
be reached later, if at all. This is supported by the observation 
that, in young rats on a low caloric or a low protein diet, a 
decreased rate of cellular growth or cellular wasting was accom- 
panied by an increased extracellular volume (26). 

Similar changes in body fluid compartment volumes during 
growth as have been observed in children may be expected in 
lambs. Presumably, these changes in lambs occur over a shorter 
period of time, because they grow much faster. Newborn lambs 
double their body mass in 3 wk and triple it in 7 to 8 wk (27). 
T o  the extent that total body water is a good indicator of lean 
body mass, our results indicate that it makes up a similar fraction 
of total body mass in hypoxemic and control lambs. However, 
the fact that V,,/Vi, is increased in hypoxemic lambs indicates 
that intracellular volume in hypoxemic lambs is a smaller frac- 

Body Mass (kg) 

Fig. 2. V,, to V,, ratio (V,,/V,,) as a function of body mass in control 
(open circ1e.c) and hypoxemic (Dlaclc circles) lambs. 

tion of lean body mass than in control lambs. The fact that their 
V, /ViCeXtril"a~~"lar 

,,It , the extravascular equivalent of V,,/Vi,, is also 
increased indicates that the difference in V,,/Vi, between hypox- 
emic and control lambs is not related to the changes in blood 
volume. In addition, Ve,/Vic decreases with body mass in hypox- 
emic lambs, whereas it is stable over a broad range of body mass 
in control lambs. This suggests that V,,/V,, in control lambs has 
become stable and may resemble that of adult sheep, whereas in 
hypoxemic lambs, it resembles that of younger, less mature 
lambs. These differences between hypoxemic and control lambs 
can be explained by assuming a decreased growth of the cellular 
compartment. 

The mechanism of decreased growth in hypoxemia is unclear. 
In hypoxemic children, no relation between decreased growth 
and either nutritional intake or the severity of hypoxemia has 
been found (1-3). In experimental hypoxemic animals, a de- 
creased growth rate has been related to a decreased rate of cell 
division rather than to a decreased cell volume (4, 5). Both a 
decreased caloric intake and an effect of hypoxemia on cell 
division have been implicated as the cause of the decreased rate 
of cell division (4, 5). The distinction between decreased cell 
numbers and decreased cell volume is important, because when 
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PV 

RCV 

Fig. 3. Blood volume a n d  its components ,  plasma volume (PV), a n d  
red cell volume (RCV) per  uni t  mass  in  control (C) a n d  hypoxemic ( I I )  
lambs.  Mean a n d  S D  for R C V  a n d  P V  a re  shown. *, Hypoxemic lambs 
( n  = 9) significantly different f rom control lambs (n  = 13) by analysis o f  
variance a n d  multiple contrasts (p  < 0.05). 

cell numbers are decreased, catch-up growth may not completely 
compensate for the growth retardation (28). The results of our 
study, however, offer no clues about the mechanisms of the 
decreased cellular growth in hypoxemia. 

The second goal of our study was to determine the effects of 
chronic hypoxemia on blood volume and its components. Blood 
volume in hypoxemic lambs was increased, mainly through an 
increased red cell volume. This is consistently found in hypox- 
emia (12, 13, 29, 30). The effects of hypoxemia on plasma 
volume, however, are variable. In acute hypoxemia, plasma 
volume decreases (24,3 1). In chronic hypoxemia, plasma volume 
is normal but tends to decrease when hematocrit increases to 
over 60% (12, 13, 29). In rats exposed to simulated high altitude, 
plasma volume decreased concurrent with an increase in both 
total blood volume and red cell volume, whereas hematocrit 
increased from 50% at sea level to 75% at high altitude (30). The 
mechanism behind the decrease in plasma volume is unclear. 
Inasmuch as the decrease in plasma volume prevents an excessive 
increase in blood volume, it may be mediated through atrial 
natriuretic peptide release, as has been shown in conditions of 
increased intravascular volume (32). A disadvantage of a decrease 
in  plasma volume is a further increase of blood viscosity. Even 
though blood volume was increased by 50% in our hypoxemic 
lambs, there were no signs of a decreased plasma volume or of 
increased vascular filling, suggesting that a mechanism to de- 
crease the intravascular volume was not yet activated. 

In conclusion, we have demonstrated that V,, is decreased in 
chronically hypoxemic lambs and that this is the main cause of 
their decreased body mass. The alterations in V,, and Vi, per 
unit mass and in V,,/Vi, can be explained by assuming a de- 
creased growth of the cellular compartment. They are not related 
t o  the increase in blood volume, which is mainly brought about 
by an increase in the red cell volume. These results confirm and 
extend previous observations that the adaptation to chronic 
hypoxemia in lambs is established almost completely through an 
increase in H b  concentration and at  the expense of growth, by 
linking the decreased body mass to  a decreased intracellular 
volume and by showing the extent of the erythropoietic response. 
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