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Clinical differences between the respiratory disturbances resulting from spinal cord
involvement and the breathing defects produced by brain stem lesions have been
recognized in poliomyelitis for over 50 years. Despite this long recognition, there
have been comparatively few detailed studies of the mode of development,
frequency, or pathological physiology of “central respiratory failure” in
poliomyelitis.

The earliest reference to supraspinal lesions causing respiratory difficulties in
poliomyelitis appears to have been that of Wickman,' who stated in 1905 that
respiratory paralysis could result from involvement of either “the centre for the
intercostal muscles” or “the nucleus of the pneumogastric nerve.” Petren and
Ehrenberg,” in 1909, more correctly designated “the bulbar centre for respiration”
as the source of supraspinal respiratory defects in poliomyelitis. Subsequently, a
number of authors made direct or passing reference to shallow, irregular breathing
with marked variation in rate and depth as characteristic of central respiratory
failure. Pathological studies, particularly by Baker and co-workers ** confirmed
the belief that patients who showed this type of respiratory defect suffered major
. damage in the lateral medullary reticular formation. As a matter of fact, damage
to the medullary reticular formation has been so common a finding in patients
dying of poliomyelitis >7 that it is surprising that - centrogenic respiratory
abnormalities have not been more frequently noted as a clinical problem.

Quantitative measurements of the defect in respiratory regulation which occurs in
acute bulbar poliomyelitis are limited to Sarnoff, Whittenberger, and Affeldt's
observations.® Sarnoff et al. presented clinical, pneumotachographic, and blood
gas observations on four subjects with central respiratory failure. Retention of
carbon dioxide without dyspnea, correction of hypoventilation upon command, and
reduction of ventilation on oxygen therapy were demonstrated. It was advanced
that bulbar poliomyelitis produced three defects in respiration: (1) irregularity in
rate and depth; (2) incoordination of respiratory muscles, and (3) reduction in
sensitivity to carbon dioxide as a respiratory stimulus. The frequency of these
defects in bulbar poliomyelitis was not presented, and little comment was made on
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the physiological implications of correction of hypoventilation upon arousal and
command.

The present report details the clinical and physiological findings on 20 patients who
developed centrogenic respiratory disturbances due to acute poliomyelitis.
Pathological material was available for correlation in two of these subjects. In
addition, abnormalities are described in the central control of respiration, which
persisted beyond the acute phase of illness, to produce problems in the
management of convalescence. These physiological defects in respiration, which
appear during both acute and convalescent stages of Poliomyelitis appear to have
relevance in evaluating current theories of the neurogenesis of normal human
respiration.

Material and Methods

Patients with acute central respiratory failure were studied in the ward s of the
King County Hospital Seattle, and the Providence Hospital, Anchorage, Alaska. -
Patients with respiratory in- sufficiency convalescing from poliomyelitis were
studied in the Northwest Respirator and Rehabilitation Centre. The entire brain
was obtained for pathological study from one of the subjects observed in
Anchorage, and brain tissue blocks on another patient were sent us by Dr. James W
Stephens, of the University of Colorado Medical Centre.

Patients with cranial nerve paralyses or respiratory difficulties not explained by
involvement of spinal motoneurons or airway obstruction were or study from over
250 admissions with selected for study from over 250 admissions with acute
poliomyelitis from 1954 to 1956, inclusive. Control studies were performed on
healthy medical and nursing students, as well as on patients with spinal and
nonparalytic poliomyelitis. (The patients with the clinical diagnosis of nonparalytic
poliomyelitis had virus isolated from the stools.) All patients had frequent clinical
examinations, and the vital capacity was measured twice daily during their acute
illness.  Additional studies were performed on selected patients. Respiratory
patterns were monitored by a comfortably fitting chest band to which was
attached a strain gauge connected with an oscillograph, shielded from the patient's
view (inspiration reads up on all tracings in the illustrations). The vital capacity
(VC) and maximal breathing capacity (MBC) were measured with a 9-liter Benedict-
Roth spirometer with valves and CO, absorber removed by the technique described
by Baldwin et al.’ The predicted normal VC and MBC were calculated from the
formulae of the same authors. ° The partial pressure of carbon dioxide in alveolar
air (PAco.) was measured with an instantaneous, continuously recording infrared gas
analyser (Liston-Becker). End-expiratory and forced-expiratory samples were
obtained at either the nares or the orifice of a tracheotomy tube. The arterial
carbon dioxide content and oxygen saturation were determined by the manometric
method of Neill and Van Slyke."® The arterial pH was measured with a Cambridge
Research Model glass-electrode pH meter. The partial pressure of carbon dioxide
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in arterial blood (PAco,) was calculated from the normograph of Singer and
Hastings."" Alveolar and arterial Pco, values corresponded within a range of 2 to 5
mm Hg, the alveolar always being the lower of the two. The respiratory response
to oxygen and to carbon dioxide was determined by a modification of the
technique described by Nielsen.™ Air, 100% oxygen, and quantitatively analysed
mixtures of 3%, 5%, and 6% CO, in air, respectively, were breathed for successive
20-minute periods from a Tissot balanced spirometer. Minute ventilation was
recorded for the last five minutes of each period and the PAco, was monitored
continuously by sampling the expired air at the mouthpiece. Minute alveolar
volume was calculated by subtracting the dead-space ventilation assuming 130 cc,
for female and 150 cc for male subjects plus 55 cc for the valve. To graph the
respiratory response to CO,, the increase in minute ventilation was plotted as a
multiple of resting ventilation in (V/R) on the ordinate, and the increase in PAco, in
millimetres of mercury, was plotted on the abscissa.

Results

Observations During Acute Poliomyelitis

The pattern of development and progression of centrogenic respiratory
decompensation in acute poliomyelitis was similar in most patients and could be
divided into three stages. In Stage 1, respiratory irregularity appeared only during
sleep and was unnoticed by the patient. Stage 11 was marked by more serious
physiological defects in respiration, which persisted during waking hours. Effort or
concentration was required to maintain compensation for oxygen and carbon
dioxide.  Stage 111 was that of respiratory decompensation; hypoxia or
hypercapnia rapidly appeared unless artificial respiration was started. The clinical
and physiological observations made during these three stages are detailed below.

Centrogenic respiratory abnormalities were observed in 20 patients. The major
. associated clinical findings in these subjects are given in Table 1. Every patient
had other clinical manifestations of bulbar poliomyelitis, although at times the
cranial-nerve weaknesses were minimal in degree. Seven patients progressed no
further than Stage | during their illness. Five subjects progressed to Stage I, and
eight others advanced to Stage Ill. Thirty-eight patients acutely ill with respiratory
failure caused by spinal paralysis were also treated during this same period of
time. It is possible that some of the last group also had minor centrogenic defects
which were masked by the more overwhelming problem of diaphragmatic and
intercostal paralysis. In order to keep the observations as clear as possible,
however, the present studies on centrally induced respiratory abnormalities were
performed only on patients in whom spinal paralysis was insufficient to account for
respiratory failure.

Stage |.

Derangement in central respiratory regulation developed insidiously, and patients
were unaware of any breathing abnormality. Breathing patterns were normal



during wakefulness, but irregularity in rate and depth, with periods of apnoea
lasting from 4 to 12 seconds, appeared during drowsiness or sleep (Fig. 1). Arousal
promptly eliminated the abnormal patterns. Because of this disappearance of
irregularity after arousal, respiratory difficulties were not apparent during ward
rounds, direct examination, or vital capacity testing. Alveolar Pco, determinations
were normal during both waking and sleeping hours, and ventilation remained
unchanged with oxygen therapy. Four of the seven patients who remained in Stage
I throughout illness experienced no serious impairment of swallowing. All seven
subjects were free of airway obstruction.

Respiratory irregularities were frequent in bulbar poliomyelitis. Of 15
consecutively studied patients with cranial-nerve paralyses, 7 showed decided
irregularities of sleeping respiratory rhythm, with restoration of regularity upon
awakening. Of 12 consecutive patients with spinal or nonparalytic poliomyelitis, 3
evinced some minor variation in rate and depth of breathing during sleep. These
latter changes were not considered significant.

Stage Il.

The persistence of irregular breathing during wakefulness marked progression into
Stage Il. Patients were conscious of irregular breathing, and several complained
that they had to concentrate continuously on breathing. Concentration of effort
restored regularity, at least transiently (Fig. 2A and B). Vital capacities at this
stage were recorded at levels ordinarily considered adequate to maintain
physiological ventilation (Table 1). Repeated pinching of the Achilles tendon or
repeated commands to breathe resulted in regular respiration for the duration of
the external stimuli and for several cycles beyond (Fig. 2C). Sleep produced a
more marked degree of respiratory irregularity, with longer periods of apnoea,
than was seen in Stage |, so that several patients were afraid to attempt sleep.
Breathing ceased altogether when one man was induced to try sleeping under

- supervision (Fig. 3). Although most of the patients were apprehensive about their

breathing defect and their need to drive respiration consciously, dyspnea, or air
hunger, was usually absent as a specific sensation.

Five patients in Stage Il who were given oxygen therapy manifested hyposensitivity
to carbon dioxide as a respiratory stimulus. A prompt rise in PAco, from resting
levels of 32-41 mm Hg to levels of from 45-54 mm Hg was observed within minutes
of starting oxygen in these subjects (Fig. 4). This depression of ventilation with
oxygen therapy was not universally searched for, since oxygen usually was withheld
from the treatment program of non-respirator patients.

Drugs which depress the brain stem worsened the clinical status of patients with
centrogenic respiratory disturbances. Reserpine markedly accentuated the
respiratory irregularities of one woman in Stage I. A 7-year-old boy (J. B., Table
1), with swallowing paralysis but without clinically apparent respiratory
insufficiency, was given intravenous thiopental anesthesia for tracheotomy. He



remained in coma postoperatively, and his serum bicarbonate rose to 34 mEq. per
litre, providing indirect evidence of abnormal CO, retention. He was placed on
artificial respiration and was unable to initiate any spontaneous breathing for the
next eight days, after which he rapidly and completely recovered without
respiratory paralytic residua. A 26 year-old man (J.S., Table 1), with mild
respiratory irregularity but no severe respiratory difficulties, was given 50 mg of
meperidine hydrochloride (Demerol) to allay his apprehension. Within 30 minutes,
long periods of apnoea and cyanosis appeared and necessitated immediate artificial
respiration. A 36-year-old woman treated in another hospital was reported to have
had mild bulbar poliomyelitis, with partial swallowing paralysis and slightly
irregular respirations. She was given 50 mg. of meperidine hydrochloride on the
eighth day of her illness, when she was afebrile and apparently stable. Thirty
minutes later she became apneic and pulseless and died.

Stage /1.

In this stage respiratory homeostasis was lost. Gross irregularities in the rate and
depth of breathing produced a chaotic respiratory pattern with varying periods of
apnoea. Some patients continued to initiate a few breaths each time they were
commanded to breathe: others responded only transiently and ineffectively to
commands or other external stimuli. At times, there was a complete inability to
initiate any respiratory act. |If artificial respiration was not started promptly,
carbon dioxide retention and arterial oxygen desaturation developed rapidly and
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Stage i developed prec1p1tously in cases w1th fulmmatlng dtsease of the brain
- stem or when depressant drugs were administered to patients in Stage II.

D D., a 23-vear-old man, admitted 14 hours after the onset of swallowing paralysis, had
irregular respiratory efforts with an inspiratory “cogwheel” pattern on spirometric
tracings. His vital capacity was 2.8 litres, and his minute volume was 7.2 litres. A
tracheotomy under local anesthesia provided a clear airway but failed to eliminate the
respiratory irregularity. ‘Within six hours respirations became more irregular in rate and
depth, and the blood pressure rose from 145/80 to 168/98. He was placed in a body
respirator. For a few hours he was able to make single vigorous respiratory efforts upon
command, but then he lapsed into total apnoea. Bilateral paralysis of the 5th, 7th, 9th,
10th, 11th, and 12th cranial nerves developed. He died five days after admission, of a
perforated duodenal ulcer with haemorrhage.

A less rapid development of Stage lll was seen when artificial respiration was delayed for
patients in Stage Il. Progressive fatigue appeared to be an important factor in the gradual
loss of ability to drive respiration consciously. However, evaluation of fatigue in
producing total respiratory failure was limited, as patients treated by us from the onset of
their disease usually were provided with artificial respiration whenever they progressed
significantly into Stage II.



RR. 284"

CHEST~ P

ACUTE BULBAR M, e o : =y
POLIOMYELITIS "’A : : ; Mt AT gy
July 1954 i

l  awAKE , t SLEEPING aroused]
RECOVERED . . - ‘ L
Sctabet 54 e _ , AAANAANAANANNAN \AAAAAA

L one minvte——}

Fig. 3—Agpnea developing during sleep (Stage 11} R. R. developed an irregular breathing
pattern on the third day of his acute illness. The VU was 269 ol the predicted nurmal
There were no definite cramal nerve paralyses, He sp«)ntaneousls comnlalned that he had to
stav awake to keep breathing. Reassured that he would be sqper‘mcd for any difficuhty, he
dozed L upper tracing). Apnea ensued and persisted for 73 seumds umxl he was ‘orcibly
aroused by shouting. Note the lack of hyperpnea at the end Ot the apneic period. Compietely
normal ventiatiun was regained in convalescence {Table 33, The lower tracing demonstrates
his breathing pattern three months atter the acute silness.

gL 23d

V.C. 42 % pradicted

w L‘ 1505 ra

Fig. 4 —Hypoventila-
tion with oxygen therapy.
Continuous  PAces,  (at
the nares) ané pneumo-

e R g gram recorded on Patient

: % G. L. 27 hours afrer the

mean PAco, . tracing in Figure 2.4 He
=385 mm Hg i bad been able to sleep

- s intermitzently. The upper

R : tracing shows s resting

& e level ©f PAcsa.  One

o hundred per cent oxygen

R was given by 3 face cone

, ;",.a at 12 liters & munute.

’im i Note the mise in PAcoa

Afh' {Omin D demonstrated in the lower
on- yqon L. tracing. The panent was
- mear: Py placed in the respirator
=43 m}q' 4 after the above observa-

tion was made.




suismoup
uaym pdap pue ajed ul ALendaal| SUON %001 3UON ainjtej oN SUON SUON 0°06 + - 67 W ar
2as G Jo spouiad oraude yym ‘daa)s skep 7
Suunp yadap pue a3ea ul AjLre|ndaul| BUON %G°18 SUON ainjiej oN QUON SUON 8°G/ +H+t + 1z 4 aw
Jas g Jo spouiad dtaude
yam aurdissal 1a1je pajemuadde shep ¢
‘yadap pue ajes ul Ajueindaul| BUON %Z°G9 3UON ainjiej oN SUON BUON 08§ b - 87 4 40
[RES
/ Jo spouad saude yjm ‘Buismoup
uaym yydap pue ajel ut Ajueinsadl| QUON %001 QUON alnjej oN SUON BUON 0°00L + - ¥ 4 S)
*235
9 jo spouad oiaude ym “Buismoap shep ||
uaym tjpdsp pue ajed up Lueinsad| SUON %001 auoN ainjiey oN SUON auoN 07001 e + 87 W Ar
*09s
 Jo spouad o1aude yym ‘Suismoap
uaym yadap pue ajel up Ajueindaui| SUON %0L SUON ainjtej oN SUON SUON 0°0. + + +0l 18y 97 4 Mg
[EES
71 Jo spouad diaude yum ‘Buismodp
uaym yadsp pue ajed up Ajueindaud| SUON %L"8L SUON ainjte} oN BUON BUON G'G9 ++ + ++0L ¥ €€ 4 s3
e
ainjiey
Aiojeaidsay pajoipasd
Awojos A uopeing jo uolsuay uoisuay % sishjeled AAISN
suoljejsajiuew -yoed| A1aAoday dsay 1y | swil e DA -odAY -19dAH IA Ulw Sumojjems | jeuids Jeluet) a8y | xes aweN
juawilesas | uolejnaL) sisAjesed Jo Juaixy

$131)3AWO1)0d JUBISI|DAUOD PUD 3INJY YIIM SJUa1IDd A3uam] ui bip@ [pdul)d’ | 379v.L




suoljedidsal
JUS))9IX3 UM puelILLIOD
0} papuodsal ‘Jojeuidsal sAep 7
ul 3d9adxa ssau 1] 93nde unnp U)W
daajs 0} ajqeun jualjed ‘uiejyyed Ja3ul LY
Aiojeaidsal Jejn8auil Ajjejo] SUON %0G< yuey %0F ¢/08 SUON o'or Hh + 0l 18y 4 E| ofr
% LZ Ueyy ssay 19Aau
DA 91gqeplodal fiojelidsal yue)
WIO4) PBAOWIS] USUM pURLILLIOD
uo suollelidsal pauteisns ajerjiul shep 1z
0} 9)qeun Jaje) juatjed ‘{iodnis Buppdod +++01 18Y
-wias ojul 8uisde) ‘Buiyyesuq ‘shep +++01 18y
JejnSalil Jo uolissalold pidey SOA %89 g jue| %Ly SUON | 00L/0LL 0Lz b +ht +++/ Y 14 W 1
ayjealq 0} spuRLIWOD 0} sAep 09
asuodsal juaisuer) Ajuo s 7 Jo Bsupjol
sporiad diaude ym ‘axyeme uaym M
yidap pue ajel u| Ajuendall) SOA %9/ Zue] %6°TT SUON | (0L/00T 6°7C e+ +h ++01 18y PE W Sy
%CLL
03 paddoip JA pue padojanap 193e)
sisAjeed yeulds (%7°9G DA 9idsap skep 01
uopjejLjuaA ugeisns 0} sygqeun u:w_uma m:_v_uo;
‘esoude Jusnjiwiaiu| fBuyyesuq ‘shep sheq y1 +++1] IBY
yirdap pue ajed uj fyuengaul| SIA %19 guey %L"9G SUON 06/06G1 A R 5 *+ +01 18y [4% W EL|
skep 71
daays Buunp Bupjoou
*23s g/ Joj o1aude A)a32)1dwiod ‘axeme ‘skep
uaym yadap pue ajeu ut Aueingaull SuoN %P0L | Ob>uel %9 SUON | G6/GEL 9°ZL - + 0| 8| W Uy
Z #5p35
aJnjied
Aiojeaidsay pajoipasd
Awojoa A uoljeing jo uoisuay uolsuay % sisAjeaed SAION
suoljejsajiuew -yoed| A1anoday dsay Juy | awil e HA -odAY -1adAH IA UW Summojjems | jeurds Jetues) a8y | xas aweN
Juawijesal | uolejnaity sisAjedeq Jo juaix3




%SG 10 DA
2)dsap uotjesuadwiod uiejurew *Japul
01 a)qeun juaijed INg puBWIWOD W8 je siossaid +++Z1
uo syjealq deap jaLiq ‘sdses Supoos -0SeA ‘Lol 1By
jenyoayiaul 03 Apides SuissauSoud ‘sAep B pooid ++ /1
‘yydap pue a3es ul Aye)ndaul) SOA %8°7¥ | OE Muel %GS Sttt GL/0GL 8 et ++ ++ Gy 6l W 4
sAep
(074
Ajsnolosuod uoljelidsal 8upjpol siossaud
SALIP 0} Paau JO ssaualeme ajnde sAep -0Sep
pue yidap pue ajes u| Ajenda| SOA %9°8F | £€ue] %8¥ St SUON L b+t ++ ++0 18y € W MY
Aneuruniy F—vry
suonjow sutyiealq axn- s Isa.le ‘1oL’
¢ sisAjeded jeutds jewitui Yyim “ay oeip.led ‘1°9'6¥°e
eaoude 103 03 ssaidoud pidey SOA paig | z1juel %t +++ SUON - it + 18y 9¢ 4 Od
1oe Alojelidsal ajeljul
03 Ajhigeur a3a)dwod yym siossaud
‘eaoude pue AjL1eINgall 1810} -0seA eaoude AN
01 Apides SuissaiBoud ‘uonyedidsul skep B poolg a.0jaq ‘oL‘6°L's
10 Ajuendalit 199ymso),, SOA paig 9 yue| %9779 St 06/091 9°79 FEEF #k 18y €7 W aa
Jojelidsal Apoq ui paoseyd 1ajje
sAep g| 4o} 110}4o Atojelidsal Aue
a3jenj1ulL 03 a)qeun juailed -b3w
€ Jo @1eU0qgJediq YyIM padojaasp siossaud
uoljualal 1QH ‘eisayisaeue %06 158 -0seA
Jejuadolyy Aq pajenjuadde painseau sAep paunseaw B poolg painseaw
‘yydap pue ajel ul Ajiendal) S9A 10N | ZzueyL JON St SUON 10N Fefh ++ | +++0l 1By L w ar
19H auipuadaw ow g
‘8w og Ja34e sisoueAd pue sporiad supol + 11718y
o1aude pasduojoid yum yidep ‘shep paJnseaw paunseaw +++01 18Y
pue ajel uj AjLiendalll payaew SO %y | 0z Muel J0N SUON ++ 10N R ++ £718Y 9T W st
€ 85D31S
alnjied
Alojesidsay pejotpasd
Awojod A uoljeing jo uolsual uoLsua} % sisAjesed SAION
suoljeIsajluey -yoes] K1anooay dsay Jy | aw e DA -odAH ~1adAH JA Ulw Sumojjems | jeuids jewues) 98y | x3s aweN
juawjess | uolje|ndJL) sisAjeled jo juaixy




pasnpolid sem
uorjejizuaaladAy 113un waygoud
e Jojelidsal pue suiajyjed
Bulyjeauq Jendalll usamiaq
uorjeulpioodul f1odnis pue
sJ04)9 Alojelidsal 1enydayaul %001 ‘1@
03 Apidel Suissaiboud Suiyjesiq painseawl sAep | painseawl painseawl ++t L)

Jeindalt ‘sisAjesed jeurds oN SOA 10N | ¥ Yuel 10N SUON ¢/0€L JON +++ + ‘01 1By S w rA
uoije)juanodAy
paysew 0 84 ww zg 03 paquii
02y d ‘dasp Ajjualjiwiaiul
INq Jejndauuy suoljedidsal
fewod ul pautewsad ‘Awoloaydel)

10} d118y3sarUE RISUSS USALS siossaud
‘ainiey) suimoljems ‘sisAjesed Ty, -0SeA
jeutds a)q818au yum piyd SIA paig 6 due] %0b Shtt 88/8¥L 5 ++ + | +++0118Y 9 W ad
aJdnjley
Alojeuidsay pajoipaud
Awojos JA uoljeing jo uolsuay uoisuaj % sisAjesed SAION
suope3sajiuey -yoed| A1aaooay dsay 34y | swy e JA -odAH -19dAH IA UIW Sumojjems | jeuids Jelues) agy | xsas aweN
jualeal uole|NdILD) sisAjeded Jo juaixy




Treatment

No specific treatment was required for the breathing defect in Stage 1, although
the clinical symptoms alerted the staff that more serious problems might develop.
It was learned that sedative or tranquillising drugs must be avoided with acutely ill
patients, and oxygen therapy could be used safely only in conjunction with
artificial respiration. When general anesthesia was employed for tracheotomy, it
proved necessary to follow it with artificial respiration.

Artificial respiration by tank respirator was required sooner or later to treat all 13
patients in Stage Il or Stage Ill. Respiratory decompensation was an obvious
indication for artificial respiration, but most patients were placed in the respirator
before decompensation was reached. Artificial respiration was started whenever
patients admitted the need to concentrate in order to breathe, when sleep had
been delayed because of apprehension about breathing, or when alveolar CO,
tensions rose above normal (40-42 mm Hg).

Irregular central respiratory control and laryngeal incoordination sometimes
produced chest motion out of phase with the respirator. This problem was
overcome by eliminating glottic obstruction by tracheotomy and then increasing
respirator pressures and rates to produce hyperventilation (with PAco, usually about
28 mm Hg). Respirator pressures then were reduced gradually to maintain just
enough ventilation to eliminate the endogenous respiratory drives caused by
carbon dioxide.

Complete swallowing paralysis developed sooner or later in 9 of the 13 patients in
Stages Il and Ill, and all 9 of them were given tracheotomy. Tracheotomy was
performed in several patients in advance of serious swallowing difficulty because
artificial respiration was contemplated; with progressive bulbar disease the
likelihood of eventual nucleus ambiguus involvement was great. Tracheotomy
. failed to eliminate abnormal centrogenic breathing patterns, although coughing,
gasping, or other irregularities induced by obstructing secretions disappeared after
the procedure.

Mortality and Pathology .-

There were 3 deaths in the total series of 51 patients with either central or spinal
respiratory failure. All three were in patients with fulminating disease of the brain
stem and central respiratory failure. Autopsy was obtained on one of our own
subjects (D. D.), and, in addition, examination was made of tissue blocks from the
brain of another patient (H. I. S.), who suffered from central respiratory failure.
This woman, a patient of Dr. James W. Stephens, died suddenly on the 20th day of
her illness. The immediate cause of death was not apparent on autopsy. Dr.
Stephens' notes recorded: “It was repeatedly noted that when she was taken out of
the tank ... she had a vital capacity ... usually between 1200 and 1500 (cc.); yet
when she was left alone, without any sensory stimulus given her outside the tank,
her respirations became shallow and very irregular and from time to time would



stop altogether for a period as long as 30 or 45 seconds, only starting again when
she was told to breathe, so that repeatedly one would have to stand over her
counting in order to make her breathe.”
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Tissue blocks were taken from the brain of H. I. S. at the level of the decussation
of the pyramids, at the level of the hypoglossal nucleus and inferior olive, and at
the mid-pontine level. Sections were examined from D.D. at 2-3 mm. intervals

. from C-1 to the midbrain. Selected blocks also were prepared from other sites.
Both patients showed extensive inflammation and neuronal alterations in the
medullary reticular formation particularly in the ventrolateral reticular formation,
from the level of the acoustic tubercles down to the level of the pyramidal
decussation. In both cases, small necrotic foci of 1-2 mm diameter were observed
in the ventrolateral reticular formation (Figs. 5A-5D). At pontine levels,
inflammatory changes in the reticular formation were moderately intense and
consisted predominantly of perivascular infiltration with mononuclear cells without
severe neuronal alteration or necrosis. D. D. also showed fairly severe
inflammatory infiltration and neuronal loss in the trigeminal motor nuclei.



Observations During Convalescence from Poliomyelitis

Permanent Respiratory Irregularity and Hyposensitivity to Carbon Dioxide
During Sleep.

The characteristic clinical abnormalities in respiration induced by defective central
control of breathing seldom lasted more than two weeks after the end of the acute
stage of poliomyelitis. However, major disturbances in central respiratory control
persisted late into convalescence in at least two subjects. Both these patients
progressed to Stage Ill failure during their acute illness, and it proved difficult
during convalescence to emancipate them from respiratory aid, particularly during
sleep. Physiological studies showed irregular respirations during drowsiness or
sleep, retention of carbon dioxide during sleep, depression of ventilation when



breathing oxygen, and a reduced response to carbon dioxide as a respiratory
stimulus. Both subjects demonstrated choreiform movements involving the head
and extremities during sleep.

Fig, 3D.—Medulla at the level orf the pvramdal
decussatior.  The necrotic focus on the right lies
in the reucular formation just ventral to the
desrendine ronr af snimas’ W

Report of Cases

F.L., a 19-vear-old youth, developed swallowing paralysis two days prior to admission, on Nov. 15,
1954. He had partial paralysis of the right 5th and left 7" and bi-lateral paralysis of the 10, 11%
and 12" cranial nerves. Respiration was markedly irregular in rate and depth when he was awake,
but his vital capacity was 55% of the predicted normal. During his first hospital day a tracheotomy,
was done, and he was placed in a body respirator because the marked respiratory irregularity
threatened to produce hypoventilation. There were serious complications during the acute illness:
Gastrointestinal haemorrhage necessitated transfusion with whole blood, and his blood pressure was
supported with vasopressors for 96 hours (Table 1).

During the first six months of convalescence he was seriously and, at times, critically ill. Persistent
swallowing paralysis with regurgitation of gastric contents made it difficult to feed him, and he had
repeated episodes of pneumonitis and pyelonephritis. His vital capacity gradually increased to 1.7
litres (39% of predicted) by the sixth month, but, in order to sleep, he required respiratory aid in the
form of a rocking bed. During drowsiness or sleep his respirations were irregular, and chorieform
movements of the head and extremities appeared. He became progressively drowsier during the
day, falling asleep when eating or during physical therapy. Residual skeletal muscle strength was
sufficient to allow walking and functional use of both arms, but his progress was slow. Ten months
after the acute illness, studies were performed (Table 2A) which demonstrated marked arterial
hypercapnia and normal O, saturation. Breathing pattern is shown Figure 6, upper tracing. He had
an audible inspiratory laryngeal stridor and a diminished inspiratory flow rate. At first, airway
obstruct was suspected to be the cause of his respiratory difficulty, and the tracheotomy, which had
been closed during the seventh month, was re-established. Table 2A records the data following
tracheotomy. Ventilation improved, but irregular respiration (Fig. 6, middle and lower tracings)



with retention of carbon dioxide persisted during sleep. His minute ventilation was reduced when
he was breathing 100% oxygen. He had adequate pulmonary reserve to overcome CO, retention and
could ventilate voluntarily into hypocapnic ranges.

The CO, retention and overwhelming drowsiness during the day were relieved by the tracheotomy,
however, and his rehabilitation program progressed more rapidly.

A follow-up examination nine months later showed persistence of the irregular respiration and
choreiform activity during sleep. Sleeping PAco, was 53.2 mm Hg (normal mean PAco, during
sleep=46.3 mm Hg"’). Numerous attempts to free him from artificial respiration at night were
unsuccessful, as they, induced progressive CO, retention without dyspnea. His ventilatory response
to increased tensions of CO; in the inspired air was depressed markedly. (Fig. 8B, F. L., Table 3).

A.W., a 32-vear-old man, was admitted Oct. 23, 1954, with acute poliomyelitis. He complained of
stiffness of his neck and a weak left arm. There were no gross cranial-nerve paralyses, but his voice
had developed a nasal quality. His vital capacity was 4.2 litres (94% of the predicted normal).
During his first hospital day he complained of having to concentrate on breathing, and his
respirations were jerky and irregular. The vital capacity fell to 49%, and he was placed in a body
respirator in order to provide rest. His disease progressed and coma and swallowing paralysis
developed. Partial obstruction of the airway by secretions ensued, although he had a tracheotomy,
and arterial oxygen desaturation was present for five days during the acute illness. His blood
pressure had to he supported for three days (Table 1).

In early convalescence irregularity in rate and depth of breathing and choreiform movements of the
extremities were noted during drowsiness or sleep. The vital capacity returned to 36%; but
emancipation from the respirator was slow, and four months were required to eliminate night-time
respiratory aid. He was discharged seven months after admission. At that time his trunk and lower
extremity muscles were normal but he had severe residual paralysis in his neck, shoulders, and
upper extremities.

Nine months later he developed a low-grade tracheobronchitis. A chronic cough and increasing
drowsiness persisted for a month before he sought medical care. He did not complain of dyspnea
but had a PAco, of 55.5 mm Hg. Drowsiness and hypercapnia cleared after three days of artificial
respiration and treatment of the tracheobronchitis. Table 2B records ventilators and blood gas data
before and after treatment. The sleeping respiratory pattern was irregular in rate and depth (Fig.
7), and he had chorieform movements during sleep. Despite the respiratory abnormalities, he no
_longer needed a respirator once the infection was clear. He was able to reduce his PAco, to
hypocapnic ranges by voluntary overbreathing. A follow up examination two months later revealed
that the irregular breathing pattern and choreiform movements during sleep were unchanged. His
sleeping PAco, was 50.8 mm Hg. Measurements of his ventilation while he was inhaling increased
concentrations of CO, showed depressed response to the CO, stimulus (Fig 8) although his MBCwas
51% of the predicted normal (Table 3). Oxygen breathing depressed his minute respiratory volume.

Studies were again repeated in March, 1958. Sleeping PAco, was 57 mm Hg, and he was repeatedly
awakening from sleep, feeling frightened but not dyspneic. . Because of these findings the patient
has been provided permanently with a rocking bed for sleep. This has eliminated both the nocturnal
awakening and the elevated PAco,.
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Ventilatory Response to Carbon Dioxide Following Poliomyelitis

After the reduced ventilatory response to carbon dioxide was observed in the two
patients described above, CO, response curves and the ventilatory response to
oxygen were determined on a group of 16 additional patients convalescing from
poliomyelitis. The patients were divided into three groups. All had required
respirators during acute poliomyelitis and were studied several months after the
end of acute disease. Group A had Stage || or Stage ||| centrogenic respiratory
failure during acute poliomyelitis but had shown good to excellent recovery at the
time of study. Vital capacity and maximal breathing capacity values were over 50%
of the predicted normal. Group B had both bulbar and spinal paralysis during acute

“poliomyelitis. At the time of the study, moderate to sever residual spinal

respiratory paralysis remained, with the VC or MBC less than 50% of the predicted
normal. Group C had no evidence of central respiratory, with a defects or cranial
nerve paralysis during acute illness; the patients suffered moderate to severe
residual paralysis of the diaphragm and intercostal’' muscles, with an MBC or VC of
less than 50% of the predicted normal. Only E. T. still required artificial
respiration.
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Patients with overwhelming residual paralysis showing either a MBC or a VC of less
than 25% were not included in either Group B or Group C. This exclusion was made
in order to prevent, as much as possible, factors of restricted chest motion and
fatigue from affecting the CO, response. At the time of study no patient was
systemically ill, and no patient had parenchymal disease of the lungs.



Figure 8 and Table 3 show the ventilatory response to inhaled carbon dioxide of
healthy adults studied in this laboratory, as well as the responses of the three
groups convalescing from poliomyelitis. In the normal subjects a mean rise in PAco,
of 1.67 mm Hg (range 1.5-2.0 mm Hg) was required to double the ventilation over
resting levels. This corresponds closely with Peabody's ™ and Tenney's *° findings
for normals. In Group A, a mean rise in PAco, of 1.88+0.37 mm Hg resulted in
doubling the ventilation. Only H. W's values fell significantly outside the normal
range. In Group B, a mean rise in PAco, of 12+1.70 mm Hg was required to double
the ventilation. No patient in Group B fell within the normal range. In Group C, a
mean rise in PAco, of 5.14+1.36 mm Hg was required to double the ventilation over
resting levels. Although the rise in PAco, associated with doubling ventilation over
resting levels was usually less marked in this group than among patients in Group B,
only two patients in Group C had responses which were within the normal range.
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The ventilatory response to oxygen was determined in all patients in Group A, in
three patients in Group B, and in six patients in Group C. The difference in
response to oxygen between subjects in Group A and subjects in Group C was not
significant, and no patient in these groups had the minute ventilation reduced
more than 10.5% while breathing oxygen. Both A. W. and F. L. in Group B,
however, showed a decrease in minute ventilation of more than 20% while
breathing oxygen.



Review of the clinical data and ventilatory capacity of the subjects in Groups B and
C who showed varying degrees of CO, responsiveness evinced no consistent
differences in severity of acute illness, “encephalitic” symptoms, pulmonary
complications, or other clinical findings. Within each group there was no
correlation between the CO, response curves and the extent of ventilatory return.
All the patients were able to hyperventilate voluntarily to levels considerably in
excess of the minute volumes obtained by determining CO, responsiveness. The
two patients with the lowest responsiveness, O. K., in Group C, and A. W., in Group
B, had the highest MBC values of their respective groups.
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Although CO, responsiveness could not be correlated with the return of ventilatory
function, when one patient was compared with another, there was evidence that
factors outside the nervous system affected the response to CO,. Figure 9
illustrates the ventilatory response to CO, of R. W., a 25-year-old man, who had
severe spinal poliomyelitis in 1946. He had not needed respiratory aid from 1947
until October, 1956, when he had severe bronchopneumonia, with marked carbon
dioxide retention and respiratory acidosis. This required two weeks of treatment
in a respirator for correction. On Nov. 20, one month after this illness, he doubled
his ventilation only after a rise in PA CO, of 15 mm Hg. His MBC at this time was
30%; his VC 33%. Three months later his MBC had increased to 58% of the predicted
normal level and his VC to 37%. He doubled his ventilation, with a rise in PA CO, of
4 mm Hg.
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Comment

These observations outline a progressive physiological abnormality in the control of
respiration resulting from bulbar poliomyelitis. Respiratory rhythmicity is first
impaired, but, in its early stages, dysrhythmia appears only during sleep, when
afferent neural stimuli and the activity of the rostral reticular formation are
markedly reduced. As the lesion progresses, loss of rhythm persists into waking
hours, and increased neural activation by conscious effort or by auditory or painful
stimuli is required to restore regularity. Impairment of chemosensitivity of the
respiratory centers at this stage is strongly suggested by reduction in ventilation
and induction of CO, retention by oxygen therapy.'®' Further progression of the
disease produces a state in which an increasing amount of neural stimulation must
be recruited to produce ventilatory efforts. Finally, reflex responsiveness of the
respiratory center is lost, and sustained ventilation will not follow any stimulus. At
any of the above stages of progressive failure, depressant drugs rapidly accelerate
the deterioration of respiratory control.

There are two major theories of the neurogenesis of respiration. The first,
summarized by Pitts,'® views the medullary respiratory center as tonically active in
inspiration, requiring periodic inhibition from a supramedullary “pneumotaxic
center” to produce rhythmic breathing. The second theory, that of Hoff and
Breckenridge,'® views the medullary center as possessing intrinsic rhythmicity, with
supramedullary and extramedullary impulses converging upon it to produce by
summation the final respiratory act. If respiratory failure in bulbar poliomyelitis
reflects progressive damage to-the medullary respiratory center, the findings
strongly support, the view that rhythmicity is an inherent and extremely sensitive
function of that center.

All available evidence indicates that central respiratory failure in poliomyelitis is
medullary in origin. The medulla is the site of major pathological damage in
patients suffering central failure.*?*?? Experimental physiological studies have
demonstrated only in the medulla a dissociation in responsiveness to chemical and
reflex stimuli, such as occurs in bulbar poliomyelitis.>?

Indeed, the pattern of development of respiratory failure in bulbar poliomyelitis
bears a close resemblance to the manner in which respiration deteriorates in the
medullary animal who has suffered anoxia, drug depression, or trauma.?®*? Finally,
unpublished observations on humans in our own laboratory indicate that
supramedullary brain stem lesions affecting respiration produce sustained
hyperventilation or Cheyne-Stokes respiration rather than the breath-to-breath
variations in respiratory rhythm with hyposensitivity to carbon dioxide that is seen
in centrogenic respiratory failure in poliomyelitis.

Little elaboration of the clinical implications of observations made during acute
poliomyelitis is necessary. Evidence presented in the clinical descriptions indicates
that the changes observed in these patients could not be attributed to respiratory
obstruction: Pharyngeal secretions were carefully removed in all patients before



recordings were made; some of the severest anomalies appeared in subjects who
lacked swallowing paralysis, and establishment of tracheotomy with complete
assurance of a clear airway failed to relieve the respiratory irregularity or to
restore spontaneously adequate ventilation. Also, the respiratory defects could
not have resulted from progressive involvement of spinal motoneurons serving
diaphragm and intercostal muscles, since every patient demonstrated upon
command the capacity for individual breaths, which, if rhythmically sustained,
would have been adequate to maintain respiratory compensation.

One clinical phenomenon which was searched for was never observed. This was
incoordination of the respiratory muscles themselves, resulting in expiratory and
inspiratory groups contracting simultaneously. At times, retraction of the
abdominal wall during inspiration gave the impression that active expiration was
taking place, but fluoroscopic examination demonstrated diaphragmatic descent at
this time and tidal volume showed no decrease. Wade® has emphasized how
misleading abdominal movement may be in estimating the phase of diaphragmatic
activity. He also reported inability to induce dissociation of inspiratory muscle
groups. When respiratory rhythm was most markedly disturbed in poliomyelitis,
the central respiratory discharge appeared to be either inspiratory or expiratory,
and never a combination of the two. Incoordination of laryngeal activity with
respiratory cycling was noted during both acute and convalescent poliomyelitis, but
this could not be attributed to dysfunction of the respiratory center.

The defects in respiratory regulation persisting after poliomyelitis were
unexpected. The view is widely held that, if the patient survives poliomyelitis,
central regulation of respiration will return to normal.”’ The impairment of
respiratory rhythm, hypoventilation during sleep, depression of ventilation by
oxygen, and low CO, responsiveness, shown by F. L. and A. W. strongly suggest that
these patients have abnormally functioning respiratory centers. Less clear is the
cause of the persistent defects observed in the larger number of subjects in Groups
B and C. These defects were largely confined to reduced respiratory sensitivity to
carbon dioxide without evidence of impaired respiratory rhythmicity or significant
suppression of breathing by oxygen. Similar findings in a series of convalescent
poliomyelitis patients with markedly reduced breathing capacity recently were
presented by Linderholm and Werneman.’® These authors noted that low CO,
responsiveness was selective and did not apply to their entire low-vital-capacity,
low-maximal-breathing-capacity group. The ventilatory response to exercise
appeared normal in their low- CO,-responsive cases, and ventilation during work
was greater than during CO, inhalation. The percentage of low- CO,-responsive
cases among their patients with pure spinal paralysis was as high as the percentage
among patients having bulbar pareses. The highest incidence of
low-CO,-responsive cases, however, was among patients showing “cerebral”
symptoms during acute poliomyelitis. Linderholm and Werneman concluded that
low responsiveness to CO, after poliomyelitis was due to persistent damage to the
medullary chemoreceptors. They attributed little clinical importance to the



finding, save that it might create difficulties at times of future surgical
intervention or anesthesia.

Permanent damage to chemoreceptive neurons in the respiratory center is an
attractive explanation for the widespread finding of low CO, responsiveness after
poliomyelitis. This explanation is supported by the observation that the indolent
ventilatory responses to carbon dioxide were most prominent among patients who,
clinically, had bulbar poliomyelitis. Permanent damage to central breathing
mechanisms also would explain why impaired CO, sensitivity was not proportional
to the reduction in the ventilatory ability when subjects within each group were
compared. However, damage to the respiratory center is probably not the only
cause of the impaired response to carbon dioxide during convalescence from
poliomyelitis. Except in the case of H. W., low CO, responsiveness was never
observed in convalescence among patients who had central respiratory failure
unless they also suffered a significant restriction of MBC due to spinal paralysis.
Isolated low responsiveness to CO, after poliomyelitis was nearly as frequent in
patients who had had only spinal paralysis as it was in patients who also had
suffered bulbar paralysis. The only common denominator to all patients who had a
pronounced impairment in the ventilatory response to CO, was a restriction in the
MBC or VC of 50% or more. At least part of the impaired sensitivity, therefore, may
have been peripheral rather than central in origin. Peripheral mechanisms
recently have been concluded to have such an effect in pulmonary emphysema.
Cherniak and Snidal’' demonstrated that low CO, response curves in emphysema
are directly related to the reduction in the level of the MBC. If the MBC of
emphysema patients was increased, so was the CO, responsiveness, in a manner
similar to that if the MBC of a normal subject is reduced by artificial airway
obstruction, CO, re-noted in the case of R. W., reported here. Furthermore,
Cherniak demonstrated that responsiveness shows a proportionate decline.
Restriction of MBC and VC in poliomyelitis is associated with a pronounced loss of
chest-lung compliance.?? Reduced compliance, of necessity, imposes an increase
above the normal in the work- of breathing. Recent evidence®® indicates that in
emphysematous patients with restricted ventilation the increment in the work of
breathing following CO, stimulation may be normal, although impaired pulmonary
mechanics limits the ventilatory. response. Thus, “impaired CO, responsiveness
following poliomyelitis in many instances may reflect merely an increase in the
work requirements of breathing, and not any defect in the respiratory center.

Whatever its cause, reduced CO, responsiveness following poliomyelitis has
important clinical implications. Emancipation from respiratory aid is an important
goal during convalescence from poliomyelitis. The final, and usually the most
difficult., step in the program of withdrawing respiratory aid is in enabling patients
to sleep without artificial respiration. Extramedullary respiratory stimuli may be
required to maintain respiratory homeostasis in the presence of low CO,
responsiveness after poliomyelitis. Sleep eliminates many of these stimuli,
producing the setting for respiratory decompensation to ensue. This was observed



in F. L. whenever artificial respiration was withdrawn at night. A. W. and R. W.
developed the same problem during respiratory infections These findings indicate
that there is a physiological basis for the claims of those convalescent poliomyelitis
patients who state that they need artificial respiration in order to sleep, although
they have what appears to he relatively good return of respiratory f unction. The
findings also demonstrate that respiratory infections may induce insidious
respiratory decompensation long after patients recovering from poliomyelitis have
recovered apparently adequate ventilatory reserves.

Summary and Conclusions

Clinical, physiological, and pathological observations on the nature of central
respiratory failure in anterior poliomyelitis are presented. Central respiratory
disturbances were noted in 20 patients during acute illness and in at least 2
patients during late convalescence.

Central respiratory failure in acute poliomyelitis evolves through three stages.
Respiratory rhythmicity is first impaired during sleep. Dysrhythmic breathing then
persists into wakefulness, and conscious drives must be recruited to maintain
respiratory regularity and compensation. Impaired chemosensitivity to carbon
dioxide is indicated by depression of ventilation while the patient is breathing
oxygen. Finally, the respiratory response to chemical, as well as to reflex and
other neural, stimuli shows progressive impairment, and artificial respiration is
required to maintain respiratory homeostasis.

Depressant drugs accelerate markedly the deterioration of central respiratory
control in acute poliomyelitis.

Pathological studies were performed on two patients. Both showed marked
inflammatory changes and small areas of necrosis in the ventrolateral reticular
formation of the medulla.

Irregular respiration during sleep persisted in two subjects for many months after
acute poliomyelitis. These same patients also demonstrated carbon dioxide
retention without dyspnea, an impaired ventilatory response to increased tensions
of inspired carbon dioxide, and reduction in ventilation while . breathing 100Yo
oxygen.  These physiological abnormalities were attributed to permanent
abnormalities in the functioning of the medullary respiratory center.

Seven out of nine convalescent subjects with spinal poliomyelitis having MBC or VC
values of less than 50% of the predicted normal also demonstrated subnormal
responsiveness to carbon dioxide as a respiraatory stimulus. It appears that in
poliomyelitis, as in pulmonary emphysema, peripheral mechanisms restricting chest
motion may contribute to an impaired ventilatory response to carbon dioxide.



The clinical and physiological findings in central respiratory failure in
poliomyelitis support the theory that an intrinsic and sensitive function of the
medullary respiratory center is to establish the rhythmicity of breathing.

Elizabeth McGowan and Charles. A. Donaldson gave technical assistance. Dr. James W. Stephens, of
the University of Colorado Medical Center, placed the clinical observations and pathological material
from his case at our disposal. Dr. Raymond F. Hain Director of the Laboratory of Neuropathology,
assisted in the preparation and interpretation of the pathological material.

University of Washington School of Medicine (5).
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