Hereditary Aspects of Decreased Hypoxic Response
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ABSTRACT Decreased ventilatory responses to hy-
poxia and hypercapnia have been demonstrated in a
variety of disorders; however, the etiology of these de-
creased drives remains virtually unknown. Recent ob-
servations have suggested a familial influence on hy-
poxic and hypercapnic ventilatory response, but it is
unclear whether this influence is the result of heredi-
tary or environmental influences. Therefore we meas-
ured the ventilatory response to isocapnic hypoxia
(HVR) and hyperoxic hypercapnia in 12 pairs of identi-
cal and 12 pairs of nonidentical twins. Significant cor-
relation (P < 0.01) was found for HVR within identical
twin pairs but not within nonidentical twin pairs. Iden-
tical twins resembled each other more closely with
respect to HVR than was the case for nonidentical twins
(P < 0.0125). This was independent of body size, blood
Pco,, or pH. No such correlation could be found for
ventilatory response to hyperoxic hypercapnia. It is
concluded that hereditary influences aftect HVR and
it is speculated that such influences may play a role
in clinical conditions characterized by decreased hy-
poxic ventilatory responses.

INTRODUCTION

The magnitude of ventilatory responses to hypoxia and
hypercapnia is known to span a broad range in the
normal population (1). In addition, decreased re-
sponses are commonly found in specific subgroups in-
cluding long-distance runners (2), the Enga tribesmen
of New Guinea (3), and in patients with idiopathic hy-
poventilation (4, 5). Decreased ventilatory drive during
hypercapnia has also been demonstrated in hypoven-
tilating patients with chronic obstructive pulmonary
disease when breathing effort has been assessed as
inspiratory work (6), diaphragmatic electromylogram
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(7), or inspiratory occlusion pressure (8), and contrasts
with the near-normal values found in patients with
similar degrees of obstruction, but with normal ventila-
tion. The etiology of decreased ventilatory drives re-
mains largely unknown.

Recently it has been suggested that familial influ-
ences play an important role in the determination of
ventilatory drives. In studies of patients with unex-
plained respiratory failure in whom ventilatory re-
sponses to hypoxia were found to be decreased, sim-
ilarly decreased responses were found in healthy fam-
ily members (4, 5). Furthermore, Saunders et al. have
shown a correlation between hypercapnic ventilatory
responses seen in championship swimmers and their
siblings (9), and we have found decreased hypoxic ven-
tilatory responses in successful endurance runners and
in their nonathletic parents and siblings (10).

All these observations support a familial effect on
the drives to breathe; however, it is not clear whether
these decreased drives are the result of factors within
the environment or are under hereditary influence.
Therefore, to investigate the importance of heredity
we studied the ventilatory responses to hypoxia and
to hypercapnia in nonidentical twins (same environ-
ment, different genes) and in identical twins (same
environment, same genes).

METHODS

Subjects for study consisted of 12 pairs of identical and 12
pairs of nonidentical twins. Both members of nonidentical
twin pairs were of the same sex. Nonidentical twin pairs
ranged in age from 13 to 26 yr (average 17.2 yr) and identical
twin pairs from 12 to 18 yr (average 14.5 yr). All subjects
were healthy with no history of pulmonary disease, were tak-
ing no medications, and were native to low altitude. All twin
pairs with a single exception shared a common residence up
to the time of the study. All subjects gave consent, and study
procedures were approved by the University of Colorado
Medical Center Human Research Committee.

Zygosity (identical vs. nonidentical status) was determined
by general similarity of appearance, hair color, eye color, ear
lobe attachment, hand prints, and a panel of blood, urine,
and salivary antigens. Marked discordance was present in all
twins classified as nonidentical.
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Ventilatory responses were measured with the subject re-
clining in a semidarkened room, with television as a visual
and auditory distraction. All subjects were studied in the fast-
ing basal state. Hypoxic ventilatory response was measured
during progressive isocapnic hypoxia (11). Briefly the subject
breathed through a Rudolph respiratory valve (Warren E. Col-
lins, Inc., Braintree, Mass.) from which end-tidal oxygen ten-
sion (PA,,)! was measured with a fuel cell oxygen analyzer
(12). Similarly, end-tidal carbon dioxide tension (PAc,,) was
monitored with an infra-red analyzer (Beckman LB-1 Beck-
man Instruments, Inc., Fullerton, Calif.) and minute ventila-
tion (V) was measured with a pneumotachograph and Statham
pressure transducer (PM 97-TC, Statham Instruments, Inc.,
Oxnard, Calif.) calibrated against a Tissot spirometer. Gas ana-
lyzers were calibrated with gases analyzed by the Scholander
technique (13). Progressive hypoxia was induced over ap-
proximately 8—10 min by the addition of nitrogen to a reser-
voir bag filled with 30% oxygen from which the subject
breathed such that PaA,, was decreased from a starting value
of 130 mm Hg to a final level of 40 mm Hg. Throughout
this period PAc,, was kept constant at resting values by the
addition of 100% CO, to the inspired gas. Because small
changes in PA¢, have significant effects on hypoxic ventilatory
response (11), resting PA,, was monitored and testing was
begun only when observers were satisfied with a stable value
of PA(, had been obtained which was unchanged over several
trials. Since arterial pH can influence ventilatory response,
arterialized venous blood (14) was analyzed in each subject
to assure that end-tidal PA, values represented an accurate
reflection of arterial pH and subjects were in normal acid-
base balance (average pH = 7.398+0.0040) (SEM).

Curves relating V; to PA,, are hyperbolic in shape and analyz-
able by a simple hyperbolic equation: V. = V,, + A/(PA,, — 32)
(11). Vi is minute ventilation (BTPS, body temperature, pres-
sure, saturated with water), PA,, is alveolar oxygen tension
in mm Hg, and V, is the asymptote for ventilation obtained
by extrapolation. The parameter A provides a useful, sensitive
determination of the shape of the curve within the observed
data range such that a high value for A denotes a vigorous
ventilatory response to hypoxia and a low value a blunted
response. Minute ventilation calculated from this equation
in within 4% of the measured value (15).

Ventilatory response to hypercapnia was measured with a
simple rebreathing technique. A 5-liter rebreathing circuit
containing 30% oxygen was used. Thus, hypoxia was pre-
vented and the response measured was that to hyperoxic hy-
percapnia. Analyzers and transducers employed were the
same as mentioned above. Utilizing this system, arise in PA¢q,
of approximately 10 mm Hg over control was produced over
approximately 10 min. The ventilatory response to hyper-
capnia is linear and described by the equation V, = S (PA,
— B) where B is the extrapolated intercept on the abscissa
(PAco,) axis and S is the slope of the line expressed as the
change in ventilation (BTPS) per mm Hg change in PAc(,. This
method differs from that of Read (16) in that no CO, is initially
present in the system and data collection begins when in-
spired CO, approaches the initial PA,. This technique pro-
duces linear responses with slopes similar to those obtained
with Read’s method but with slightly lower intercepts (1).

Data was analyzed by standard methods for experiments
comparing identical and nonidentical twins (17).

! Abbreviations used in this paper: BTPS, body tempera-
ture, pressure, saturated with water; PAc,, alveolar carbon
dioxide tension; PA,,, alveolar oxygen tension; Pco,, pres-
sure of carbon dioxide; Vg, minute ventilation.
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RESULTS

Anthropometric data, results of measurement of hy-
poxic and hypercapnic ventilatory responses and blood
gas acid-bases status are shown in Table 1. Ventilatory
responses to hypoxia were similar for both members
of identical twin pairs such that when the value for
one twin was plotted against that of the other, the re-
sults were distributed along the line of identity (Fig. 1).
No such distribution was found for nonidentical twins.
For this and subsequent figures twins were allocated
to x and y on a random basis. Changes in order would
influence the tightness of distribution in such a plot
but not the tendency of data to distribute along the
line of identity. The techniques used for statistical anal-
ysis of the data are free of any order effect. Hypoxic
responses for each group of data were subjected to a
one-way random effects analysis of variance in order
to estimate the variability between twin pairs and the
variability between individuals within each twin pair
(17). The results are shown in Table II. The intraclass
correlation coefficient of 0.76 for identical twins cor-
responds to a P < 0.01 and indicates that hypoxic re-
sponses for the members of identical twin pairs are
significantly correlated. In contrast no significant cor-
relation was found between members of nonidentical
twin pairs. Direct comparison of within pair variability
for the two classes of twins indicates that the varia-
bility within twin pairs was significantly smaller (P
< 0.0125) for identical twins than for nonidentical
twins, indicating that identical twins are more homo-
geneous with respect to hypoxic ventilatory response
(A) than nonidentical twins. Variability between twin
pairs was similar for both groups. In the case of hyper-
capnic ventilatory response no significant correlation
was found between members of either identical or non-
identical twin pairs (Fig. 2). No correlation was found
for either identical or nonidentical twin pairs’ heart rate
response to hypoxia.
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FIGURE 1 Correlation was found between hypoxic ventila-
tory responses (HVR) (A) for identical twins (left) but not
nonidentical twins (right). The variability within twin pairs
was significantly smaller (P < 0.0125) for identical twins
than nonidentical twins, indicating identical twins are more
homogeneous with respect to A than nonidentical twins.
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TABLE 1

Ventilatory Responses to Hypoxia (A) and Hypercapnia (S) in Identical and Nonidentical Twins

Body A/Body Arterialized venous
surface surface
Twin pair Sex Age area A area Vo PAco, S B Paco, pH
yr M? BTPS liters/min mm Hg BTPS mm Hg mm Hg
Identical twins

la F 13 1.38 142 103 5.12 33.4 1.84 28.8 34.6 7.393
1B F 13 1.36 124 91 7.15 34.9 2.68 32.2 32.6 7418
2a F 14 1.41 142 101 6.66 31.6 1.92 28.8 27.6 7.425
2B F 14 1.38 154 112 5.18 31.8 241 31.2 28.8 7.405
3a F 25 1.78 144 81 4.53 35.1 1.73 31.0 34.5 7.390
3B F 25 1.82 129 71 5.30 33.1 2.75 33.4 34.0 7.375

4a F 15 1.55 59 38 6.29 344 1.86 32.7 — —
4B F 15 0.88 37 42 5.09 35.4 1.84 35.5 40.2 7.405

5a F 14 1.60 65 41 4.37 34.2 2.23 35.5 — —

5B F 14 1.58 67 42 4.29 32.9 1.84 33.2 — —_
6a F 22 1.70 33 108 4.50 33.6 3.91 33.2 32.7 7.407
6B F 22 1.72 123 71 3.97 33.5 3.79 35.3 31.6 7.415
Ta F 17 1.62 151 93 4.65 34.6 2.53 31.2 29.9 7.390
7B F 17 1.87 104 55 5.39 30.2 2.77 30.4 28.8 7.396
8a M 21 1.79 28 16 4.93 33.7 1.94 35.4 37.0 7.385
8B M 21 1.82 15 8 5.89 38.1 2.69 40.2 37.1 7.398
9a M 13 1.58 178 112 4.85 33.2 3.49 31.2 31.5 7.379
9B M 13 1.64 182 111 5.51 30.8 8.27 35.3 32.1 7.402
10a M 26 1.92 114 59 5.92 36.2 2.04 32.8 33.5 7.420
10B M 26 1.84 198 108 5.62 33.2 4.06 32.3 39.2 7.275
11a F 10 1.02 80 78 4.23 29.5 2.34 30.6 32.5 7.392
11B F 10 1.06 83 78 3.46 315 2.35 32.4 30.3 7.402
12a M 18 1.98 184 93 6.22 33.5 3.34 34.2 31.1 7.405
12B M 18 1.92 198 103 4.43 33.1 3.76 34.2 30.6 7.405

Nonidentical twins

la F 15 1.66 213 129 4.71 32.8 2.63 26.2 30.6 7.438
1B F 15 1.60 278 174 5.74 30.6 2.00 26.7 27.8 7.432
2a M 16 1.93 40 21 7.17 34.1 2.01 33.5 36.0 7.370
2B M 16 1.95 118 61 5.54 32.4 2.68 359 32.8 7.405
3a M 12 1.53 86 56 4.59 33.8 3.45 374 30.5 7.390
3B M 12 1.37 55 40 6.39 34.1 2.75 34.1 33.0 7.365
4a F 12 1.57 123 78 5.36 32.5 2.25 32.5 33.4 7.405
4B F 12 1.79 101 56 4.66 33.6 2.06 33.7 28.8 7.355
5a F 17 1.76 75 43 9.58 35.1 1.79 29.2 31.6 7.368
5B F 17 1.77 115 65 6.66 34.4 1.57 29.5 30.0 7.385
6a F 12 1.31 163 124 6.54 32.4 2.37 30.2 37.3 7.404

6B F 12 1.36 201 148 4.20 33.5 2.58 29.4 — —
7a F 11 091 155 171 4.23 31.5 2.74 313 31.0 7.427
7B F 11 0.97 249 260 2.69 33.1 2.55 31.7 33.0 7.405
8a F 15 1.67 104 62 3.46 33.1 2.12 314 32.5 7.402

8B F 15 1.79 161 90 5.01 35.0 2.16 33.7 — —
9a F 12 1.46 160 110 5.24 31.3 2.21 30.3 29.2 7.365
9B F 12 1.43 74 52 5.68 32.6 1.63 30.2 35.7 7.388
10a M 18 2.05 64 31 7.67 37.5 2.96 35.8 37.3 7.385
10B M 18 1.80 219 121 10.57 34.0 3.69 32.8 32.1 7415
lla M 17 1.86 221 118 3.70 34.1 1.98 29.4 32.5 7.400
11B M 17 1.85 161 87 5.14 34.4 3.08 33.6 35.5 7.395
12a M 14 1.62 38 24 6.66 35.3 2.21 33.7 34.5 7.398
12B M 14 1.84 104 56 9.31 31.3 5.74 32.5 30.2 7.390
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TABLE 11
Variance Components for Two Types of Twins

Identical Nonidentical
Variance component twins twins Difterence
Between pairs (og?) 2,498 1,884 P = NS
Within pairs (oy?) 789 2,761 P < 0.0125
Total 3,287 4,645
Intra class correlation
coefficient 0.76 0.41

It could be that ventilatory response to hypoxia was
correlated in identical twins because of similarity of
body size, a known determinant of the magnitude of
hypoxic ventilatory response (1). However, when hy-
poxic response was corrected for body size by dividing
the parameter A by body surface area, hypoxic re-
sponses remained correlated in identical twins and
uncorrelated in nonidentical twins (Fig. 3).

Because hypoxic responses are influenced by acid-
base chemistry (11) (augmented by acidosis and de-
creased by alkalosis) we looked for intrapair relation-
ships of blood pressure of carbon dioxide (Pco,) and
pH. Significant correlation between pair members
was found for blood Pco, (Fig. 4) in identical but not
in nonidentical twins indicating that alveolar ventila-
tion is more similar in identical than in nonidentical
twins. The similarity of PAc,s raises the question
whether this could be influencing hypoxic responses.
This is unlikely. Hypoxic response is influenced by
pH, not by the Pco, per se (18). Thus, acid-base
chemistry does not appear to explain the findings.
The pH of arterialized venous blood showed no cor-
relation between twin pair members for either the
identical or nonidentical group.

DISCUSSION

We found ventilatory responses to hypoxia to be simi-
lar in identical twin pairs and dissimilar in nonidenti-
cal twins, even though both types of twins shared a
common environment. This supports the idea that
hereditary factors have important influences on ventila-
tory responsiveness to at least one chemical stimulus,
hypoxia.

Familial clustering of depressed ventilatory re-
sponses to hypoxia has been described in parents and
siblings of patients with unexplained hypoventilation
and in the immediate nonathletic family members of
successful endurance athletes (10). It might be ar-
gued that these familial clusters of decreased hypoxic
response in family members who are genetically re-
lated, but not identical, is at variance with the lack of
demonstrated similarity in the nonidentical twins
who also have genetic relationship. The difference
may be that in the studies of patients, athletes and
their relatives, an extreme end of the spectrum of
ventilatory responses was being examined, a situa-
tion which optimizes the likelihood of demonstrating
a genetic trait. In the present study no attempt was
made to select twins with extreme ventilatory re-
sponses and hence the values were evenly distributed
over the normal range. Under these conditions, maxi-
mum genetic influence would be necessary to demon-
strate an effect. Although we found a genetic influence,
we cannot speculate at this time as to a pattern of
inheritance.

We found no hereditary influence on the ventilatory
response to hypercapnia. This is consistent with the
study of Arkinstall et al. (19) who also measured
hypercapnic ventilatory responses in identical and
nonidentical twins, and were unable to demonstrate a
hereditary influence on the ventilatory response to
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FIGURE 2 Correlation of hypoxic ventilatory responses (HVR) for identical twins was maintained
when corrected for body size by dividing response by body surface area (M?).
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FIGURE 3 Resting arterialized venous Paco, and pH in identical and nonidentical twins.
Significant correlation (P < 0.05) was found for blood Paco, in identical twins (upper left),
but not in nonidentical twins (upper right); however, no correlation could be demonstrated

tor pH (lower left and right).

hypercapnia, although they did find an effect on breath-
ing frequency and tidal volume responses to hyper-
capnia. Unfortunately, technical aspects of the system
used for data acquisition precluded an examination of
frequency and tidal volume aspects of hypoxic and
hypercapnic responses in the present study.

The finding that genetic factors influence hypoxic
but not hypercapnic responses provides a clue to the
potential mechanism involved. Ventilatory responses
to hypoxia are exclusively sensed by the carotid
bodies in man (20-22) while responses to hypercapnia
are generally held to be mediated by both the carotid
bodies and, to an even larger extent, by the central
medullary chemoreceptor. Thus, a relatively selective
effect on hypoxic response suggests that the genetic
factors are related either to carotid body responsive-
ness itself or to the central nervous system processing
of signals coming from the carotid body. It is possible
that a hereditary effect mediated through the carotid
body or its central connections also exists for the
hypercapnic ventilatory response, but because only a
portion of that response is dependent upon the periph-
eral arterial chemoreceptors, the effect may be too
small to demonstrate with the techniques and num-
ber of subjects studied. That genetic factors influenc-
ing hypercapnic response may exist is suggested by
the observation of ethnic and familial clusters of de-
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creased hypercapnic ventilatory response in the Enga
tribesmen of New Guinea (3), patients with unex-
plained hypoventilation (4, 5), and in swimmers (9),
although environmental influences could not be ex-
cluded.

These studies do not provide clues to the genetic
mode of transmission (dominant vs. recessive, mono-
vs. polygenic). They also leave unanswered questions
concerning the locus at which genetic factors influence
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FIGURE4 No correlation was found for either identical or
nonidentical twins’ ventilatory response to hypercapnia
(HCVR).
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ventilatory control. Whether such efforts operate on the
carotid body itself, or influence central signal proc-
essing remains unresolved. In theory, effects on pul-
monary mechanics could also play a role but the con-
stancy of the hypoxic ventilatory response in the face
of alterations in breathing load (23) makes this last
possibility unlikely.

We speculate that genetic factors may account for
the diversity of ventilatory responses to hypoxia and
hypercapnia observed in the normal population and
may account for familial clusters of such decreased re-
sponses in athletes and in patients with unexplained
hypoventilation. Growing evidence suggests that
decreased ventilatory drive is closely related to, and
may account for, hypoventilation in chronic obstruc-
tive pulmonary disease, and may constitute the fac-
tor which separates “fighter” from “nonfighter” (6-8).
These diverse clinical profiles may reflect the effects
of lung damage combined with differing levels of pre-
existing ventilatory drive. In this way, genetic factors
may be important determinants of the clinical features
in patients with abnormal lungs.
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