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Spinal Muscular Atrophy Type 1:
Prolongation of Survival by Noninvasive Respiratory Aids

John R. Bach, MD, Kavita Gupta, BS, Michael Reyna, BS, and Alice Hon, BS

Previous reports on spinal muscular atrophy type 1 (SMA-1) underestimate potential survival because of failure
to optimally use noninvasive respiratory muscle aids including mechanically assisted coughing and noninva-
sive ventilation (NIV) at full support settings. We report our center’s experience in prolonging survival for these
patients. We focus on early initiation of nasal noninvasive ventilation, mechanically assisted coughing, and pulse
oximetry monitoring during acute respiratory tract infections to guide use of assistive technologies. Seventeen
SMA-1 patients with ventilation via tracheostomy are living, with a mean age of 78.2 (range 65-179) months. Ten
died at a mean age of 61.6 (range 16-270) months of age. Twenty five of 27 were not able to regain autonomous
breathing ability after the tracheostomy. None of the 21 who had not developed the ability to verbalize before
undergoing tracheotomy did so after tracheotomy. Six patients had comprehendible speech at the time of tra-
cheotomy and retained some ability to vocalize subsequently. Seventy-two SMA-1 patients using noninvasive
ventilation are alive at mean age 86.1 (range 13-196) months; 13 died at 52.3 (range 13-111) months. Sixty seven
of the 75 could communicate verbally. The noninvasive ventilation patients had significantly more hospitaliza-
tions than tracheostomy patients until age 3 (P < 0.001) but not thereafter. SMA-1 survival past adolescence is
possible using both noninvasive ventilation and tracheostomy ventilation. The tracheostomy-ventilated patients

had greater levels of ventilator dependence and reduced verbal abilities.

Introduction

SPINAL MUSCULAR ATROPHY (SMA) is the second most
common potentially lethal autosomal recessive disor-
der, affecting 1 per 6,000-8,000 live births, and has a 1 in
34 asymptomatic carrier frequency. The SMAs are anterior
horn cell disorders in which deletions at chromosome 5q13
are detectable in 99% of patients and responsible for dimi-
nution of survival motor neuron (SMN) protein. The 80% to
90% of SMN protein is derived from the SMN1 gene with
the rest from the adjacent SMIN2 gene. With absence of the
SMNT1 gene, severity correlates inversely with the number of
copies of SMIN2 such that =2 copies results in type 1 and =3
copies results in type 3.2

The SMAs range in severity from severe weakness and de-
finitive need for ventilatory support as newborns to muscle
weakness first presenting in adults. Patients with SMA type
3 develop the ability to walk independently for some period
of time. Patients with SMA type 2 never walk but are able
to sit independently for some period of time. Children with

SMA type 1, also known as Werding-Hoffmann disease, can
never roll, sit, or walk. SMA-1 is the most common neuro-
muscular disease of the hypotonic newborn.?

SMA-1 can be further subdivided by severity. Children
whose Vital Capacity plateaus over 300 mL and who require
nonoral nutrition or first develop acute respiratory failure
after the second birthday can be considered to have a less
severe SMA-1B. Children whose maximum attainable Vital
Capacity (or plateau Vital Capacity) never exceeds 300 mL
and who, by 24 months of age, have become too weak to take
food by mouth and have developed respiratory muscle fail-
ure have typical SMA type 1A. The most severe SMA type
1A children become lifetime continuously ventilator-depen-
dent due to severe inspiratory muscle weakness before 6
months of age. Occasionally, they require intubation at birth,
undergo tracheotomy, and never wean from full tracheos-
tomy ventilation. Much more often type 1A children develop
acute respiratory failure between 6 and 18 months of age
either during an intercurrent respiratory tract infection or
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from aspiration of food or saliva. An ineffective cough leads
to ineffective mucus clearance, predisposing to respiratory
compromise. Our experience suggests that hospitalizations
and acute respiratory failure events can be reduced by the
use of continuous noninvasive ventilation and mechanically
assisted cough despite plateau and lifetime maximum vital
capacities that do not permit autonomous breathing, that is,
<100 mL (Fig. 1).

Prognosis of SMA-1 Without
Technological Support

Pediatric, neurology, and respiratory textbooks consider
SMA-1 a progressive disease,*® fatal by 3 years of age,*” or even
by age 1.8 We also reported untreated SMA-1A to be uniformly
fatal by 2 years of age with 50% mortality by 7 months and
90% mortality by 12 months of age.> “Symptomatic treatment”
has been considered of no value in altering the course of SMA-
1.4 Although most families of children with SMA-1 report that
there is a substantial caregiving effort, their child has a good
quality of life and their life is worth living® many physicians
have discouraged mechanical respiratory support alleging
“poor quality of life.”” A physician’s view of the “prognosis of
the disease,” like the physician’s estimate of a patient’s quality
of life, '’ will influence whether or not mechanical ventilation of
any kind is offered. For example, expressing therapeutic futil-
ity and a hopeless prognosis, Cobben et al. reported a median
age at death of 176 days for 34 consecutive cases of SMA type
1 in the Netherlands where these children are not offered
mechanical ventilation and are not aggressively treated for
intercurrent respiratory tract infections.!

Almost as inadequate as providing no treatment at all
is the use of bilevel positive airway pressure (BiPAP) at
low pressure spans (<10 cm H,O between expiratory and
inspiratory pressure, subsequently referred to as “low
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span”). Lower settings are inadequate for full ventilatory
support, inspiratory muscle rest, and reversal of paradoxical
chest wall movement to promote lung growth and chest wall
compliance.”” Low levels of respiratory assistance using low-
span BiPAP for nasal “noninvasive ventilation” is not suffi-
cient to markedly prolong life for children with SMA-1.1%

Current Management Strategies
There are 4 management approaches to consider:

1. To “let nature take its course” is to provide palliative care
without parenteral nutrition and assisted ventilation and
to consider use of narcotics and/or supplemental oxygen
to relieve perceived suffering and likely hasten death.

. To perform elective tracheostomy or tracheostomy fol-
lowing translaryngeal intubation for an intercurrent epi-
sode of acute respiratory failure, and provide ventilatory
assistance via tracheostomy.

. To treat SMA-1 like sleep disordered breathing with low-
span BiPAP until acute respiratory failure inevitably
develops. This approach may not provide sufficient sup-
port to facilitate lung and chest wall growth and develop-
ment and to prevent ankylosis of costovertebral joints.

. To use a spectrum of noninvasive respiratory muscle aids
with sufficient pressures and frequency to assist inspira-
tory and expiratory muscle function, thereby to avoid or
postpone respiratory failure and tracheostomy.

Problems With Using Polysomnography to Titrate
Respiratory Support

Extrapolation from sleep medicine algorithms developed
for obstructive sleep apnea can lead to inappropriate ven-
tilatory strategies for children with severe neuromuscular
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FIG.1. Graph over time demonstrating plateau (maximum lifetime) vital capacity for 3 typical spinal muscular atrophy

(SMA) type 1A patients and 1 type 1B patient.
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disease. Polysomnography does not take into account mus-
cle weakness. Paradoxical chest-abdominal movements are
interpreted as indicating obstructive events and therefore
treated by increasing expiratory pressure, whereas when
they are due to muscle weakness the treatment should con-
sist of increasing inspiratory pressure. Whereas continu-
ous positive airway pressure (CPAP) and low-span BiPAP
can treat obstructive apneas, they do not treat inspiratory
muscle insufficiency for which inspiratory positive pressure
is needed. Further, polysomnograms in SMA-1 children can
be almost normal with few apneas and hypopneas, normal
end expiratory carbon dioxide, and normal oxyhemoglobin
saturation (SpO,) despite severe paradoxical respiration,
arousals, nocturnal flushing, and perspiration. Since the
goal should be to promote chest wall and lung development
and rest inspiratory muscles, polysomnography is not the
optimal way to evaluate respiratory muscle weakness and
titrate respiratory support for children with SMAs.

Bilevel positive airway pressure devices, which can be
used for full ventilatory support, do not permit air stacking
(stacking of sequentially delivered volumes of air), generally
have no internal batteries, and if a moderate to high expira-
tory pressure is used will render exhalation uncomfortable
and cause patients to breathe at higher than necessary lung
volumes. This unnecessarily increased intrathoracic pres-
sure can make it difficult if not impossible for SMA-1 infants
to trigger and, therefore, synchronize with the devices. They
should only be used for SMA-1 at high (>10 cm H,O pressure)
spans (subsequently referred to as “high span”) and only
when a more suitable portable ventilator is unavailable.

Problems With Conventional Critical Care

The typical surviving child with SMA-1 is hospitalized
frequently until the third birthday and usually intubated
during many of the hospitalizations. Thirty nine of 100
SMA-1 patients followed at our center were intubated dur-
ing their first hospitalizations and 12 of the patients, none
of whom managed by our group, underwent tracheotomy
at that time.

When intubated, critical care physicians often set wean-
ing parameters and “spontaneous breathing trials” that must
be passed before extubation is conventionally considered.
Continuation of supplemental oxygen may suppress respira-
tory drive (if the patient relies on hypoxemia for respiratory
drive due to chronic hypoventilation) and obscures the ability
to use oxygen desaturation as a gauge of hypoventilation and
extent of airway obstruction with secretions,* and thus predis-
poses to failure of the extubation attempt.’> Continuous pos-
itive airway pressure does not aid weak muscles. Low-span
BiPAP is helpful but often insufficient to permit successful
extubation. Not surprisingly, in our experience conventional
extubation without BiPAP succeeds 6% to 10% of the time,
and with BiPAP <50% of the time, leading clinicians to think
that tracheostomy is required for survival.® Many physicians
discourage endotracheal intubation, thinking that extubation
will not be possible without tracheostomy, which may worsen
quality of life for the patient and caregiver.

The noninvasive strategy

The goals of the noninvasive strategy are to promote lung
growth and chest wall compliance, maximize cough flows,
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maintain normal alveolar ventilation, and extubate patients
recovering from acute respiratory failure to noninvasive
aids without resort to tracheotomy.

Promoting Lung Growth and Chest Wall Compliance

Normal babies take deep breaths to fill their lungs with
air, expanding both abdomen and chest when crying. When
SMA-1 children cry, the paradoxical movements worsen as
the upper thoracic wall retracts inward due to weakness of
intercostal muscles and the normally hypercompliant thorax
of the young infant. Untreated, this paradoxical breathing
can result in severe pectus excavatum and a small funnel-
shaped chest (Fig. 2). Seventy three of our 75 SMA-1 noninva-
sive ventilation users presented with paradoxical breathing.
It seems reasonable that small children with neuromuscular
disease and paradoxical breathing use noninvasive ventila-
tion with sleep from the time of diagnosis to prevent pectus
excavatum and to promote lung growth and chest wall com-
pliance (Fig. 3).12

Further, the full respiratory effort of normal infants
involves the movement of the thorax via the costovertebral
joints. Recovery of range of motion is difficult after ankylosis
has occurred. We consider this insight as another strong in-
dication for beginning of high-span positive airways pres-
sure early in the course of SMA.

Glottic function does not permit air stacking to achieve
greater volumes for children with SMA-1A; the only practical
method to achieve maximal lung and chest wall expansion
is to supplement full tidal volume noninvasive ventila-
tion with frequent maximal insufflations provided by the
insufflations phase of mechanical insufflation-exsufflation

FIG. 2.

Typical funnel-shaped chest of an untreated child
with spinal muscular atrophy (SMA) type 1.
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FIG. 3. Two severe spinal muscular atrophy (SMA) type
1 brothers, continuously noninvasive ventilation (NIV)-
dependent since 8 and 4 months of age, respectively, with no
pectus and preservation of lung expansion and compliance.
Michael, on the left was born in April, 1995, and Danny, on the
right, in September, 1997.

(MI-E).! Small children can also be insufflated to total lung
capacity by a single squeeze from an adult manual resusci-
tator. The exhalation valve of the manual resuscitator can
also be blocked for “artificial” air stacking to allow infla-
tion to total lung capacity for older children and adults. The
more often this is done, the better. We recommend at least 3
times daily sessions with 10-15 insufflations each time. The
insufflations should be performed as follows: the care pro-
vider observes full chest expansion and feels resistance to
additional air delivery, without apparent discomfort of the
child, and to pressures of 35 cm H,O or greater. Remarkably,
despite thousands of such sessions in our SMA and other
neuromuscular patients with some of latter doing this 3
times a day for over 50 years to pressures of over 60 cm H,O,
pneumothorax has been rare.”

The Maximization of Cough Flows (Expiratory Aids)

The expiratory muscles are critically important for cough-
ing. These muscles can be aided by applying negative pres-
sure to the airways and/or positive pressure to the chest and
abdomen during exhalation to increase cough peak flow. A
cough involves: (1) a deep inspiration (normal cough volumes
in adults are 2,300 mL, far greater than the vital capacities of
SMA patients),® (2) glottic closure to permit the positive tho-
racoabdominal pressure, and (3) thoracoabdominal pressure
generation to 200 cm H,O. Since SMA-1 children can neither
inspire deeply, generate much thoracoabdominal pressure,
nor firmly close the glottis, all 3 elements of an effective
cough must be provided by caregivers. By far the easiest way
of achieving this is with mechanical insufflation—exsufflation
used for mechanically assisted coughing. The mechanical
insufflation—exsufflation involves the delivery of a deep lung
insufflation to full clinical lung/chest wall expansion imme-
diately followed by a pressure drop from about 40 to —40
cm H,O to maximally exsufflate the lungs to near residual
volume. These pressures or higher can be used for all ages.
This pressure drop of 80 or so centimeter H,O can result in
a 10 L/s exhalation flow. An abdominal thrust is delivered,
albeit gingerly within 1 h after meals, in conjunction with the
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exsufflation to further augment cough peak flow. Mechanical
insufflation-exsufflation used with an abdominal thrust is
what we call mechanically assisted coughing.

Most children over age 3 and adults can cooperate
nicely with mechanical insufflation-exsufflation so that the
machine’s automatic cycling function can be used. Effective
use of mechanically assisted cough for babies, however, can
only be performed on automatic cycling when the baby is
so weak that he or she does not close the glottis or counter
the action of the machine. This is usually not the case. Thus,
manual cycling should be done with the insufflation phase
timed to the baby’s inhalation (the abdomen protruding) and
the exsufflation phase timed to exhalation. Because these
children can have very high respiratory rates, mechanically
assisted cough tends to be inefficient in the very young,
which is one of the reasons that respiratory hospitalization
rates of infants with SMA-1 remain high until the children
are at least 2.5 years, after which full cooperation generally
develops.

Humidification should be individually adjusted to pre-
vent inspissation of secretions while avoiding increasing the
volume of watery secretions. While chest physical therapy in
combination with postural drainage can be very effective in
small children, it is not a substitute for effective mechanically
assisted cough. Likewise, a normal cough clears airways to
the sixth division of the respiratory tree whereas the muco-
ciliary elevator moves debris up to these 6 divisions from the
peripheral airways. While chest percussion, vibration, and
oscillation may facilitate mucociliary action, they are not nec-
essary when patients are well and not aspirating saliva. They
are not a substitute for mechanically assisted coughing.

Noninvasive Ventilation

Parents are trained in how to adjust ventilator settings and
how to apply the nasal interface in the clinic and at home.
Children are introduced to noninvasive ventilation at home
during deep sleep, initially tolerating the nasal interface with
minimal inspiratory pressures that are gradually increased
to 1520 cm H,O. The parents are instructed how to observe
for patient-ventilator synchrony by observing the synchrony
of abdominal movements with air delivery and ventilator
gauge pressures. Parents note that their children quickly
adapt to noninvasive ventilation, will not sleep withoutit, and
have fewer arousals and less perspiration and flushing using
it. Since BiPAP is suboptimal due to the expiratory positive
airway pressure and synchronizing difficulties, these chil-
dren trigger portable flow sensitive ventilators with backup
rates. Thus, our practice is to set the ventilator for infants at
15-20 cm H,O inspiratory pressure on assist-control mode
with an appropriate backup rate for age and sensitivity set-
tings adjusted to facilitate triggering to augment each breath
during sleep. We commonly use the LTV-950 (Pulmonetics
Systems Inc., Colton, CA). Earlier LTV models like the 800
and 900 do not do both pressure and volume cycling.

Nasal interfaces can be created for children of all sizes
and ages including the Fisher-Paykel Bubble CPAP inter-
face for children under 6 months of age. We continue to find
the infant CPAP circuits (Hudson 15.0 French CPAP Nasal
Prongs) the most practical for this population. These prongs
can be taped into the prongs of the small adult Adam circuit
(Puritan Bennett, Boulder, CO)."” The larger prongs of the
Adam circuit seal the child’s nostrils and the Adam circuit’s
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suspension system retains the interface. Another option for
infants under 6 months age is to seal one end of the Hudson
Infant Nasal CPAP Adaptor (INCA) and connect the other
end to the ventilation circuit using intervening tubing adapt-
ers (Fig. 4). The prongs themselves are passed through foamy
material such as the nasal bridge cushions of a Respironics
CPAP mask or the center of a Duoderm™ patch (Bristol
Myers Squibb Co., New York) that adheres to the nostril lin-
ings and seals the nasal orifices.!” These prongs are designed
for infants between 1,500 and 2,000 g. Custom headgear is
prepared to secure the interface. We have had success with
these prongs in infants and young children up to 2 years of
age. The Respironics Small Child Nasal Mask is also very
useful for children from 6 months to 4 years of age at which
time we often switch to using the Petite Profile Lite Nasal
Mask Interface (Respironics International Inc., Murraysville,
PA). For continuous noninvasive ventilation users, multiple
nasal interfaces are often alternately used to avoid excessive
local skin contact and skin breakdown. The exhalation holes
of the “CPAP/nasal masks” and prongs need to be sealed
when used on a ventilator circuit with an exhalation valve.

The Oximetry/Respiratory Aid Protocol

Care providers are trained and equipped to use pulse
oximetry properly. The parents are instructed to use pulse
oximetry monitoring at the first sign of an upper respiratory
tract infection or cough, and to use noninvasive ventilation

FIG. 4. Child with typical spinal muscular atrophy (SMA)
type 1, born in September, 1993, using nasal noninvasive
ventilation (NIV) via Hudson CPAP prongs on ventilator
circuit (see text for description).
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(if not already in use) combined with mechanically assisted
coughing to maintain waking SpO, =95%. SMA-1 noninva-
sive ventilation users are instructed to use continuous non-
invasive ventilation during these episodes. Every decrease
in SpO, below 95% first requires an assessment for hypoven-
tilation. The care provider checks to see that targeted air-
way pressures are being reached; the interface is not leaking;
and the ventilator tubing is connected properly and unob-
structed. If hypoventilation is not the problem, decreases
in SpO, are most frequently due to ventilation—perfusion
mismatching related to airway secretions. The parents then
apply mechanically assisted coughing until the SpO, base-
line returns to normal. We also recommend a broad spec-
trum antibiotic to prevent the development of clinically
apparent pneumonia during these episodes. If SpO, baseline
does not return to =95%, then hospitalization is indicated.

Extubation of “Unweanable” Children

The use of noninvasive ventilation, mechanically assisted
coughing, and antibiotics are not always successful in avert-
ing pneumonia and acute respiratory failure, especially for
children under 3 years of age. Although intercurrent respi-
ratory tract infections often necessitate intensive care and
intubation, tracheotomy can be avoided for most SMA-1
children by a short-term intubation followed by timely extu-
bation to noninvasive ventilation following the indications
and protocol noted in Table 1.2

While intubated, patients are managed conventionally
except for the frequent use of mechanical insufflation—ex-
sufflation via the endotracheal tube. Because of pressure
drop-off due to resistance, small gauge infant tubes render
mechanical insufflation—exsufflation much less effective.
Mechanical insufflation—exsufflation use via endotracheal
tubes, however, can be very effective for older patients with
larger endotracheal tubes. Once the patients satisfy extuba-
tion criteria (Table 1), they are extubated to full noninvasive
ventilatory support, that is, inspiratory pressures of 15-22
cm H,O with an age appropriate backup rate, as noted in
Table 1. Extubation is usually successful irrespective of the
extent of ventilator dependence without post-extubation
supplemental oxygen.?*?!

Ideally, the children are extubated to noninvasive venti-
lation at the full ventilatory support settings they had been
using before they were intubated. Patient-ventilator syn-
chrony should be optimized. Acutely ill infants with respi-
ratory rates over 50 breaths per minute may initially have a
backup rate set to capture every other breath until the spon-
taneous rate decreases with the augmented assisted volumes
and minute ventilation. The great majority of postextubation
episodes of hypoxemia (decreases in SpO, below 95%) are
due to airway secretions, which can be mobilized by me-
chanically assisted coughing used up to every 20 min. In our
institution, committed family members and care providers
in the critical care unit perform this frequent care around-
the-clock for at least the first 2-3 days postextubation. We
consider extubation to be successful when re-intubation is
not required during the same hospitalization.??

Outcomes Using This Strategy

Continuous noninvasive ventilation-dependent patients
with Duchenne muscular dystrophy,?? bulbar amyotrophic
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TABLE 1.
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INDICATIONS AND SMA-1 EXTUBATION PROTOCOL

While intubated:

1. Conventional management of infectious disease, nutrition, and other supportive medical care.

2. Oxygen administration limited to maintain SpO, 94%-95%.

3. Mechanical insufflation—exsufflation used via the tube at 40-60 cm H,O to 40 to —60 cm H,O pressures, 15-20 cycles,
along with exsufflation-timed abdominal thrusts up to every 60 min as needed when there is auscultatory evidence
of airway secretion accumulation and especially to reverse oxyhemoglobin desaturations due to airway mucus
accumulation. Endotracheal tube and upper airway are suctioned after mechanically assisted coughing.

4. Ventilator weaning attempted without permitting hypercapnia.

5. Extubation done whether or not the patient can pass spontaneous breathing trials when meeting the following

conditions:
A) A febrile and normal white blood cell count;
B) SpO, =95% in ambient air for over 12 h;

C) Chest radiograph abnormalities cleared or clearing;

D) Fully alert mental status, no sedative medications;

E) Airway suctioning required only 1 or 2 times during 8 h or airway secretions no longer decreasing;
F) Coryza diminished sufficiently so that suctioning of the nasal orifices is required less than once every 8 h

(for postextubation nasal ventilation).
Extubation
1. Nasogastric tube, if present, removed.

2. Extubation to continuous full-setting nasal ventilation using portable volume/pressure ventilator and no

supplemental oxygen.

3. Oximetry feedback used to guide in the need for mechanically assisted coughing, postural drainage, and chest
physical therapy to reverse any desaturations due to airway mucus accumulation.

4. With CO, retention or ventilator dyssynchrony nasal interface leaks should be eliminated and settings adjusted to
capture every or every other breath at full ventilatory support settings. Persistent oxyhemoglobin desaturation
despite eucapnia and aggressive mechanically assisted coughing indicates impending respiratory failure and the

need to re-intubate.

5. After re-intubation the protocol is repeated for a second extubation to nasal ventilation, or after successful extubation,
the patient may wean to nocturnal nasal ventilation in 3-21 days, usually accomplished at home.

6. Discharge home after the SpO, remains =95% for 24-48 h.

Abbreviation: SMA, spinal muscular atrophy.

lateral sclerosis (ALS),® post-polio,* high-level tetraplegia,®
and other conditions with respiratory muscle paralysis can
avoid tracheostomy.?® Thus, older children and adults with
little or no vital capacity can be managed without tracheo-
stomy provided that bulbar-innervated muscle dysfunction
is not to the degree that continuous saliva aspiration causes
SpO, baseline to decrease below 95%.% This rarely happens
in any neuromuscular condition other than advanced bul-
bar ALS. Since dysfunction of SMA-1 children’s bulbar-in-
nervated musculature appears to be similar to that of bulbar
ALS patients, like other physicians we recommended tra-
cheotomy and considered it essential for survival in SMA-1
until 1995.

In 1995, the parents of 2 children with typical SMA type 1
(Figs. 3 and 4), refused tracheotomies despite being informed
by us that their children would probably not survive 1 year.
One of the 2 SMA-1 patients became continuously nonin-
vasive ventilation-dependent at 8 months of age. His vital
capacity plateaued at 150 mL at age 4 (Fig. 3). With severe bul-
bar-innervated muscle failure, the patient could never speak
and required nutrition via nasogastric tube by 4 months of
age. The second child’s vital capacity plateaued at 190 mL at
age 10. These children, now 14 and 16 years old, respectively,
still have no tracheostomy tubes (Figs. 5 and 6), and one has
a brother with the same condition 2 years younger with a
vital capacity plateau of 70 mL (Fig. 1) at age 6 years (Figs.
3 and 5). The 2 brothers now have vital capacities of 20 and

15 mL, respectively (Fig. 1). Because, despite absence of any
autonomous ability to breathe, these first 2 children did so
well without tracheostomy tubes, in 1996 we began to dis-
courage tracheotomy and promote noninvasive ventilation
and mechanically assisted coughing for these patients.

We reviewed the status of all SMA-1 patients who visited
our neuromuscular disease clinic from March 1996 through
2009. We have previously reported outcomes on 80 of these
patients including 21 who did not use mechanical ventila-
tion, through June 2006."° These 21 patients died from respi-
ratory failure at mean (SD) age 94 * 4.1 months of age. For
20 of these patients, noninvasive ventilation, mechanically
assisted coughing, and invasive tubes were refused. One pa-
tient died before insurance company approval for the respi-
ratory support equipment.

There were 95 with typical, severe SMA type 1A and 7
with SMA-1B who have received assisted ventilation at our
center. SMA-1 was diagnosed on the basis of DNA evidence
of chromosome 5 exons 7 and 8 deletion in 95 of 102 chil-
dren, affected siblings with genetically confirmed disease in
5 patients, and characteristic laboratory, muscle biopsy, and
electromyography results in 2 children who did not undergo
DNA testing. Inclusion criteria for “typical” SMA type 1A,
besides inability to roll or sit unsupported at any time,
included plateau vital capacity never exceeding 300 mL, and
respiratory muscle failure and loss of ability to receive any
nutrition by mouth before 24 months of age. By 18 months
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FIG. 5. Brothers with spinal muscular atrophy (SMA) type 1
seen in Figure 3 are now 14 and 12 years of age. Remarkably,
unlike all 100 other patients, these boys have received all nutri-
tion via nasogastric tubes since 8 and 4 months of age, respec-
tively, without episodes of sinusitis or other untoward effects.

of age all of the patients had little more than residual fin-
ger, toe, and facial movements. SMA-1 patients whose vital
capacities ever exceeded 300 mL or who were able to take
food by mouth and did not develop respiratory failure until
age 2 or later are considered type 1B.
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The 27 of 95 type 1A patients who had tracheostomy
tubes included 14 who had the tubes placed at mean (SD)
76 * 3.3 months of age, before referral to our clinic. Three
others underwent tracheotomy because of acute respiratory
failure before being able to procure prescribed equipment
for noninvasive ventilation because of medical insurance
delays. Seven of 27 were type 1A patients who were initially
managed using noninvasive ventilation until a mean (SD)
age of 41.5 = 18.3 (range 24-71) months and a 1B patient on
continuous noninvasive ventilation who underwent tracheo-
stomy at 20 years of age due to upper airway obstruction.
Two other patients underwent tracheostomy at mean (SD)
12.0 = 6.6 months of age because of congenital bronchomala-
cia and anoxic encephalopathy, respectively.

Ten of 27 tracheostomy ventilation users died at mean
(SD) 61.6 = 72.2 (range 16-270) months of age, 5 suddenly
either from mucus plugging or bradycardia, 2 from acciden-
tal disconnections, and 1 each from sepsis, cerebral hem-
orrhage, and complications of bronchiectasis. One patient
died at 270 months of age from bradycardia after continuous
respiratory support via tracheostomy tube since 2 months
of age. Two who died suddenly had chronic purulent bron-
chitis, which is likely a complication related to the artificial
airway. One patient died suddenly due to persistent whole
lung atelectasis from congenital bronchomalacia 6 months
after tracheotomy and one died 2 weeks after tracheotomy
because of anoxic encephalopathy that occurred during
a cardiopulmonary arrest from airway mucus plugging
before undergoing tracheotomy. Seventeen are still alive at
mean (SD) 78.2 = 36.1 (range 65-179) months of age.

Six patients had comprehendible speech at the time of tra-
cheotomy and retained some verbalization afterward. None
of the 21 patients who had not developed speech before tra-
cheotomy did so after it. Twenty five of 27 lost all autonomous
breathing ability immediately after tracheotomy, whereas 2
patients temporarily weaned to nocturnal-only ventilation.

Of the 75 remaining SMA-1 patients on noninvasive ven-
tilation, 68 are type 1A and 7 are type 1B. Of the 68 type 1A
patients using noninvasive ventilation, 56 are still alive at a

FIG. 6. Child seen in Figure 4 is now 16
years of age with a vital capacity plateau of
190 mL at age 14.
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TABLE 2. RESPIRATORY HOSPITALIZATIONS PER YEAR
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TABLE 2. (CONTINUED)
Year
Patient # 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22
56 2 1 2>
57 2 — 1 =
58 1 -1 - =
59 1 2 - - — 1 — >
60 2 1>
61 — 1>*
62 1 >
63 - — 1 - — >
64 1 3 — >F
65 1>*
66 1 2 2 3 2y
67 — 3 - - 2 3 — — >
68 1 1 - = — >
TotalHosp 75 84 38 9 16 8 3 2 2 3 0 1 0 0 0 1 0
Total Pts 68 66 55 48 41 33 27 23 19 15 13 13 12 7 6 2 1
SMA Type 1B
1 3 5 1 - = - - - = — — >
2 — 2 - - - - — >
3 -1 1 - =1 - =1 1 1 — = — — — — — — 1 — =>*
4 - - 1 - = -1 - 1 — — >
5 - = - = = 9 >
6 _ - - - — — ¥
7 — 1 - = = - - - - — 1 - - = >
TotalHosp 3 9 3 o0 o0 10 1 0 2 1 2 0 0 0 0 0O 0O 0o o0 1 o0 O
TotalPts 7 7 7 7 7 7 5 4 4 4 4 2 2 2 2 2 2 2 1 1 1

Abbreviations: Pt(s), Patient(s); Hosp, Hospitalizations.
— Indicates no hospitalizations in a given year.

- Indicates that the patient is still alive.

¥ Indicates when the patient died.

* Indicates that the patient underwent tracheotomy.

mean age of 80.3 (range 13-196) months. Twelve died at 52.1
(range 13-111) months of age. Eight died suddenly at home
from probable mucus plugs or bradycardias. One died from
an intracranial hemorrhage while intubated for respiratory
failure. Two died from mucus plugs during respiratory tract
infections when intubation was unsuccessful. Another died
from a pulmonary embolism.

Sixty of the 68 individuals on chronic noninvasive venti-
lation could communicate verbally and 19 were continuously
dependent on noninvasive ventilation with no ventilator-
free breathing ability. Thirty-four users of nocturnal nonin-
vasive ventilation extended its use through daytime hours,
including all 15 who are over age 10 and all 6 who are over
age 15. Except for 3 whose vital capacities plateaued at 210,
270, and 300 mL, respectively, all others” vital capacities
never attained 200 mL.

The 7 SMA type 1B patients’ mean age is 11.6 (range
6-21) years. They have a mean (SD) maximum (plateau) vital
capacity mean (SD) of 816 = 354 mL with their vital capacity
plateaus occurring between ages 5 and 12 years. Their initial
episodes of respiratory failure occurred at 9, 13, 15, 24, 31, 41,
and 55 months of age and gastrostomy tubes were placed at
16, 41, 72, and 179 months of age, except for 3 patients who
did not require them. The 22-year-old patient with the high-
est plateau vital capacity of 1,170 mL has been a 24 h/day

ventilator user for 9 years. Three require continuous non-
invasive ventilation. The other 4 require only nocturnal
noninvasive ventilation. This group has had 32 respiratory
hospitalizations in 87 patient-years. One died at 78 months
of age from sepsis.

Fifty nine of the 75 SMA-1 patients have been intubated
at least once for respiratory failure before 1 year of age and
287 times in all. The success rate extubating SMA-1 patients,
most of whom could not pass spontaneous breathing trials
either before or after extubation using the Table 1 protocol,
is 121 of 143 or 85%. Eighty eight of the 121 extubations were
performed on SMA-1 patients who had failed extubation in
other facilities and were transferred to us after persistently
refusing tracheotomy. This included 6 patients who had
failed post-gastrostomy extubation.

The 27 patients with tracheostomy tubeshad 31 respiratory
hospitalizations in 69 patient-years (0.4 *= 0.8/patient-year)
in their first 3 years with the tubes, then 23 hospitalizations
in the 109 patient-years (0.2 = 0.7/patient-year) subsequently.
This compared with 197 hospitalizations over 189 patient-
years for the SMA-1A group (1.1 * 1.3/patient-year) and 15
hospitalizations over 21 patient-years (0.7 = 1.3/patient-year)
for the SMA-1B group’s first 3 years, then 45 hospitaliza-
tions over 260 patient-years (0.2 * 0.6/patient-year) for the
SMA-1A group and 17 hospitalizations over 66 patient-years
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(0.3 = 1.2/patient-year) for the SMA-1B group’s years subse-
quent to the third birthday. While the tracheostomy patients
had significantly fewer hospitalizations over the first 3 years
(P = 0.0003) than both 1A and 1B noninvasive ventilation
groups, there was no difference subsequently (P = 0.86).
Hospitalizations per patient-year for the noninvasive ven-
tilation users are noted in Table 2. The noninvasively ven-
tilated patients’ parents also reported hundreds of avoided
hospitalizations defined as episodes of continuous respirator
dependence with oxyhemoglobin desaturations below 95%
that were reversed by mechanically assisted coughing with-
out hospitalization.” Mechanically assisted coughing use by
tracheostomy ventilation users also appeared to result in a
drop-off of hospitalization rates for individual patients, for
example, one patient had 4 respiratory hospitalizations in 4
years post-tracheostomy versus none in 9 years subsequent
to initiation of mechanically assisted coughing.

Eight noninvasive ventilation users underwent tracheos-
tomy. The 4 who had tracheostomy for severe airway secre-
tion management difficulties were felt by their parents to be
better off with the tracheostomy. The 4 patients who under-
went tracheotomy for extubation failure later regretted it.
Since most health care providers are familiar with tracheo-
stomy tubes, parents tend to be spared from having to pro-
vide continuous care when the patient has a tracheostomy
tube.

While the ages of the tracheostomy patients are greater
than those of the noninvasive ventilation users, the data
are skewed by the fact that the 27 tracheostomy patients
were referred to our center at 25.7 + 44.3 months of age as
opposed to 9.1 * 10.7 months of age for noninvasive ventila-
tion users and, in most cases, after undergoing tracheotomy.
For example, in one case, a tracheostomy ventilation user
who subsequently died at 22 years of age first visited us at
age 19.

Conclusions

Following our protocols for assisted ventilation using
volume or pressure-control intermittent positive pressure
ventilation, mechanically assisted coughing, and home
pulse oximetry monitoring to identify need for escalation of
noninvasive ventilation and mechanically assisted cough-
ing, prolonged survival is possible for patients with SMA
type 1, with survival to 17 years for SMA-1A and 22 years
for SMA-1B documented so far. Patients managed with tra-
cheostomy had fewer hospitalizations prior to age 3 com-
pared with those managed with the noninvasive ventilation
approach. Post-tracheostomy, patients did not regain the
ability to breathe spontaneously and did not develop the
ability to verbalize.”

Our experience demonstrates that “unweanable” SMA-1
patients can be successfully extubated to noninvasive ven-
tilation, which allows these patients prolonged survival
without tracheostomy, far beyond the survival described
in textbooks and the medical literature. Hospitalization
rates diminish to levels equal to those of patients with
tracheostomy tubes after age 3 when children can fully
cooperate with mechanically assisted coughing. Routine
nocturnal use of noninvasive ventilation from diagnosis
facilitates future extubations besides its other benefits. The
current paradigm of not extubating patients until ventilator
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weaned, extubating without full noninvasive ventilation
support, using airway and chest vibration methods rather
than mechanically assisted coughing to expulse secretions,
and routinely administering oxygen rather than using full-
setting noninvasive ventilation and mechanically assisted
coughing with oximetry feedback must be re-thought to
permit long-term survival without tracheostomy.
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