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Abstract

Background—~Respiratory weakness and spinal deformity are common in patients with Spinal
Muscular Atrophy (SMA). Posterior (distraction type) growing rods have recently gained favor as
a treatment option in this population, due to their ability to prevent spinal deformity progression
and their potential to allow lung volumes to increase over time. The objective of this study was to
determine the impact of posterior growing rods on the spinal alignment and respiratory function in
children with SMA with intermediate term follow-up.

Methods—A single center, retrospective review was performed on SMA patients treated with
growing rods, inserted between 2004 and 2010, with a minimum of two-year follow-up. SMA
type, changes in the route of bi-level positive airway pressure respiratory support and the amount
of time receiving respiratory support are reported. Pulmonary function tests (PFTs) and
radiographs were reviewed and data evaluated pre-insertion, post insertion, and at latest follow-up.

Results—Sixteen children with SMA (five Type I, eleven Type II) met inclusion criteria. The
average age of insertion was 5.8 (+/-1.5) years, the median number of lengthenings was 4 (range
3-5), and the median time between insertion and last clinical review was 4.7 (range 2.7-9.5) years.
Radiographic review demonstrated significant (p<0.05) improvements in the following: Spinal
curve magnitude, pelvic obliquity, space available for the lung, rib vertebral angle difference, and
thoracic kyphosis following growing rod implantation. Thoracic and lumbar height and chest
width and depth increased significantly (p<0.05) over the lengthening process. None of the
patients initially required more than non-invasive positive pressure ventilation (NIPPV) support.
Fifteen of the sixteen experienced no changes in their NIPPV support needs throughout the study
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duration, requiring support only at night and naps. Serial PFTs were available for six children with
SMA Type Il. PFTs demonstrated significant improvements in absolute forced vital capacity
(FVC), minimal changes in the maximal inspiratory and expiratory pressures, and a gradual
worsening of percent predicted FVC.

Conclusions—<Clinical respiratory support requirements appear to stabilize following the
insertion and lengthening of posterior based growing rods in the SMA population. Similar to
previous studies, increased spinal height and thoracic cavity size were noted throughout the
process. Despite an increasing absolute FVC, the percent predicted FVC diminished over time.

Level of Evidence—Therapeutic Level IV

Introduction

Methods

Spinal Muscular Atrophy (SMA) is a rare disease that has devastating effects on the
neuromuscular system. The disease generally results from homozygous absence of the
SMN1 gene, affecting creation of the SMN protein needed for lower motor neuron survival.
[1-3] The consequences of this genetic mutation includes progressive weakness and in most
children, especially those with the more common severe and intermediate subtypes (Type |
and I1)[4], results in a shortened lifespan due to progressive respiratory failure.[5, 6]

In addition to respiratory complications, children with SMA Types | and Il almost
universally develop spinal deformity, often at a very young age.[7] Despite being difficult to
treat historically, surgical management with posterior (distraction type) growing rods has
emerged as safe and effective for curve correction.[8, 9] Treatment has been advocated as it
is believed that these procedures allow increases in lung volume over time as the thorax is
lengthened while preventing curve progression. Maximizing lung growth and development is
especially appealing in this population due to their fragile respiratory state. However, it has
previously been shown that when compared to those with idiopathic early-onset scoliosis,
patients with SMA have much smaller yearly improvements in spinal height and more rib
collapse after growing rods treatment.[9] Thus, while assumed, the benefits of growing rod
treatment on the pulmonary function in children with SMA has not been clearly
demonstrated.

The objective of this study was to determine the impact of posterior growing rods on the
spinal alignment and respiratory function of children with types I and Il spinal muscular
atrophy at intermediate term follow-up. Our hypothesis was that growing rods would
improve and maintain spinal alignment and stabilize pulmonary function.

This retrospective longitudinal analysis was completed with approval from the University of
Wisconsin-Madison Health Sciences Institutional Review Board. Medical records were
reviewed for children with SMA who had received dual posterior (distraction type) growing
rods at our institution between 2004 and 2010 that had a minimum of two-year follow-up.
The child's SMA subtype, age at growing rod insertion, dates of lengthenings, and
pulmonary support and pulmonary function test (PFT) results were recorded. Radiographic
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measurements were made using digital radiographs and measurement tools available through
our clinical picture archiving and communicating system (PACS) (Mckesson, San Francisco,
CA).

Radiographic Outcomes

Spinal radiographs were reviewed for Cobb angle (of the major curve), pelvic obliquity,
thoracic and lumbar heights, the space available for the lung (SAL), rib vertebral angle
(RVA), rib vertebral angle difference (RVAD), thoracic kyphosis, and chest width and depth.
These measurements were repeated on pre-operative, post-operative, and most recent
radiographs available. Space available for the lung (SAL) is a measurement described by
Campbell et al[10] and is done on standard x-rays. The value is a ratio of the heights of the
two hemithoraces. The value suggests asymmetry in the thorax and inhibition of growth of
one hemithorax. This value allows for comparison across multiple sizes of children and is
insensitive to growth, so can be used to follow the severity of impairment even as a child
grows. An example of these measurements can be found in Appendix I.

Pulmonary Function

The medical record was reviewed for available pulmonary function testing. When available,
forced vital capacity (FVC), percent predicted FVC (%FVC), maximal inspiratory pressure
(MIP), and maximal expiratory pressure (MEP) were recorded before lengthening, after
lengthening, and at most recent follow-up; (N=6). Percent predicted FVC was calculated
using Zaplatel reference equations for all subjects under 8 years of age. For subjects 8 year
of age and older the Zaplatel reference equation was used until 2011 when the percent
predicted reference equation was changed to NHANES (National Health and Nutrition
Examination Survey). All reference equations are determined based on height, age, and
gender.[11] FVC and FVC percent predicted is a reliable measure in children with SMA.[12,
13] However, due to reduced strength, not all patients (especially those with the more severe
Type | SMA) were capable of completing pulmonary function testing. Therefore, the charts
of all patients were also reviewed to determine their baseline need for respiratory support.
Both the type of support (e.g. non-invasive positive pressure ventilation (NIPPV) with bi-
level positive airway pressure (BiPap) and the number of hours per day were recorded at
similar time periods as pulmonary function testing (i.e. before surgery, after surgery, and
most recent).

Statistical Analysis

To analyze the radiographic variables paired t-tests with Holm adjustment for 2 tests were
used to determine if patient data was different at pre-surgery versus post-surgery and post-
surgery versus most recent follow-up. Significance was set at p < 0.05. Patients were only
included in a particular statistical test if values existed for both time points being compared
in each particular test. Step-wise comparisons of pulmonary function test variables were
compared between time points, using a paired student T-test.
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Demographics

Sixteen children with SMA met inclusion criteria. Five of the children had SMA Type I,
while eleven had SMA Type Il. The average age of insertion was 5.8 (+/-1.5) years, the
median number of lengthenings was 4 (range 3-5), and the median time between insertion
and last clinical review was 4.7 (range 2.7-9.5) years. Eight of the sixteen children had
completed the lengthening process. Only one of the eight underwent definitive fusion.

Radiographic Analysis

Radiographic review demonstrated significant (p<0.05) improvements in the following:
major curve magnitude as measured by Cobb angle, pelvic obliquity, thoracic and lumbar
heights, the space available for the lung (SAL), rib vertebral angle difference (RVAD), and
thoracic kyphosis following growing rod implantation. Thoracic and lumbar height
continued to increase significantly (p<0.05) over the lengthening process. While chest width
and depth increased, only chest width changes reached statistical significance. Finally rib
collapse, as measured by the RVA, did not change significantly throughout the process.
These findings are summarized in Table 1, and radiographs of a patient during the
lengthening process are demonstrated in Figure 1.

Pulmonary Function

None of the 16 patients required more than NIPPV support at baseline and only one patient
had a an increase of their respiratory support. This child required the addition of NIPPV use
at night. Except for this one patient, none of the sixteen patients experienced significant
changes in their positive pressure respiratory support needs. All patients required support
only at night and naps. One child with SMA Type | recently died, cause of death was
determined to not be respiratory in nature.

Serial pulmonary function tests (PFTs) were available for six children with SMA Type II.
PFTs demonstrated significant improvements in absolute FVC. On average, children
improved 0.41 L from initial testing to final follow-up (standard deviation +/- 0.25 L) n=6,
p<0.05). Percent predicted FVC (%FVC) showed an average decline over time. Patients
(n=5) began with an average of 48% of expected F\VC and declined to 35% at latest follow-
up (p<0.05). Inspiratory and Expiratory respiratory muscle force pressure as a group
appeared to stabilize over the testing, with some patients showing improvement and others
showing decline. Average maximum inspiratory pressure increased from a pre-operative
value of 33 to 43 cm H,0 post-operatively and 49 cm H,O at latest follow-up (n=4), but
none of these changes were statistically significant (p=0.22, p=0.24 respectively). Maximum
expiratory pressures stayed nearly constant with average values of 29, 30, and 28 cm H,0 at
pre-operative, post-operative, and latest evaluations respectively. Figure 2 demonstrates
these PFT findings.
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Discussion

The purpose of this study was to determine the effects of posterior growing rods on the
spinal alignment and pulmonary function of children with SMA. Due to the relatively rare
occurrence of this disease, this is the first single center study, using a uniform spinal
treatment, to evaluate the pulmonary outcomes that this surgery has on a population of
children with SMA. Our results indicate that spinal deformity is improved and maintained
over the long term. Further, forced vital capacity was found to increase after surgery.
However, percent of predicted forced vital capacity has the opposite trend, actually reducing
over time.

Traditionally, scoliosis in SMA had been treated with bracing and/or early fusion. However,
bracing was found minimally effective and lead to problems with respiration.[14, 15]
Similarly early fusion didn't always stop curve progression[16] and is thought to reduce
maximal lung volumes.[14, 17, 18] Because of these consequences, other treatments
approaches have been sought in this population. Surgical placement of growing rods as
treatment gained favor after Chandran et al. showed much improved spinal curvature with
very few complications (none surgical), and increased FVC at 9 months of follow-up (0.53
to 0.67 L).[8] Another group, demonstrated improvement even when curves began much
larger (89 to 55 degrees at 55 months of follow-up).[9] Despite these gains, this study
showed that rib collapse continued in the children with SMA. However, neither of these
studies determined whether pulmonary benefits would persist over time following growing
rod insertion. In our study, the average most acute rib vertebral angle did not change, over
the study period, the average chest width and average trunk heights (sum of thoracic and
lumbar heights) increased during the lengthening process. All of these radiographic findings
likely contributed to our generally favorable pulmonary results.

Our pulmonary function test results mirror other studies evaluating the surgical treatment of
early-onset scoliosis associated with different devices or a variety of diagnosis. Dede et al.
reported that the use of VEPTR in children with early-onset scoliosis due to a variety of
conditions led to large improvements in FVC (a 45% improvement (0.31 L) at 72 months).
[19] However, similar to our results, these children had reduced percent predicted FVC (77%
to 58%).[19] Other work however, has shown increases in percent predicted FVC. A study
of six children with neuromuscular disease with magnetic growing rods showed an
improvement of 14% percent predicted FVC at an average of 30 months of follow-up.[20]
Comparing our results with recently reported PFTs for children with type 11 SMA, it does
appear we are improving FVCs over the natural history and perhaps slowing the rate of
percent predicted FVC decline.[21]

Pulmonary function is a major issue in children with SMA. A majority of children die to
pulmonary compromise, due to restrictive lung disease with progression to respiratory
failure. Therefore, sources of gain or stabilization in pulmonary function are often sought.
Given that scoliosis is known to limit space available for the lungs and hinder lung
development,[22] treatment of scoliosis at an early age is hypothesized to improve
pulmonary function. From our results, we are encouraged by the increases in forced vital
capacity seen over time and the stabilization of the inspiratory and expiratory respiratory
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muscle pressures. The reduced percent predicted FVVC could be in part due to continued
change in rib shape or further reduction in chest wall and lung growth of the child relative to
their length compared to normal (altering the effects of normalization over time). Time
between lengthenings being less than ideal could also contribute to reduced %FVC, though
risks of surgery must be weighed before increasing frequency.

While we feel this study presents valuable new information, we should acknowledge the
following limitations. First the study lacks a control group. It is unclear whether children
with SMA not receiving growing rods would show similar changes in their lung volumes
over time. Another limitation is the small sample size, especially of children actually
receiving full pulmonary function testing. Furthermore, our study included patients who
were too young or too weak to complete standard pulmonary function testing. Inclusion of
this group is important to characterize the change in pulmonary function in this severely
affected group. Despite the disease severity of this group (many SMA type 1), we
surprisingly found that only one patient had an increase in respiratory support during this
period and most needed NIPPV only during sleep. Another potential shortcoming of this
study was the inability of to capture or quantify adverse respiratory events in the
perioperative period. The authors did not identify these events in the study design and while
doing so may have strengthened this manuscript such data would have required a prospective
design to capture. Also using three-dimensional imaging may have provided more accurate
measurements of changes in thoracic volume, but this imaging is not routinely obtained
serially. Due to the rare nature of the disease, we feel that the new information provided on
these patients can give insight not provided to date.

In conclusion, in children with SMA, posterior growing rods can stabilize spinal deformity
over time. Further, after implantation, vital capacity improves, but the percentage of
predicted FVC tends to decrease. The need for pulmonary supportive therapy remains
relatively stable. From these findings, we conclude that growing rods may help to stabilize
pulmonary function and slow decline, though this cannot be stated with certainty due to a
lack of a comparison group. Because of the fragile pulmonary status of children with SMA,
growing rods are a good option for patients to help achieve spinal and pulmonary
stabilization.
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Appendix |

Radiographic measurements used in SMA study. (Upright films used if available).

Anterior Posterior Radiographs
1) Max Coronal Cobb — Largest Cobb angle of largest curve

2) S1-L1 vertical distance — Measure distance (mm) from mid-point of S1 endplate
to the midpoint of the superior endplate of L1
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3) T12-T1- vertical distance from midpoint of inferior endplate of T12 to the
midpoint of the superior endplate of T1

4) Space Available for Lung — See Figure Below from Campbell et al JBJS 2003.
[10]

\

K

Space Available
for Lung ;
73% /

“The height of the hemithorax is defined as the distance from the middle
of the most cephalad rib down to the center of the hemidiaphragm (A lines).
A ratio, expressed as a percentage, is derived by dividing the height of the
concave hemithorax by the height of the convex hemithorax, defining the
space available for the lung”

OR

“A variation of this measurement technique uses points on ribs at similar
distances caudad to the hemidiaphragms (B lines) to define the inferior bor-
der of the hemi-thorax, with the width of a vertebra (X) measured laterally

long the chosen ribs.” In this technique “if distance ‘X" measured out along the

ib does not place the inferior mark below the hemidiaphragm, then measure

X to obtain the proper position. Make sure all films from the same patient are
easured in the same way.

5) Smallest Rib Vertebral Angle (most acute angle) RVA and RVDA, From Corona
et al. JBJS 2012, adapted from Mehta JBJS Br. 1972.[23, 24]
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0

Head of rib

Neck of rib

Shaft of rib

RIB VERTEBRAL ANGLE

(RVA = the angle made between a vertebra and its rib)

1) Draw a line parallel to the bottom of the apical vertebra (apical vertebral endplate).

2) Draw a line perpendicular to the line drawn in STEP 1.

3) Find the MIDPOINT of the head of the rib. Find the MIDPOINT of the neck of the rib
(just medial to where the neck becomes the shaft of the rib). See dots.
These landmarks are estimated and mental note is taken.

4) Draw a line from the MIDPOINT of the head of the rib to the MIDPOINT of the neck
of the rib to the line from STEP 2.

5) The resulting angle is the Rib-Vertebral Angle for one side.

RIB VERTEBRAL ANGLE DIFFERENCE

(RVAD = the difference of the RVA on the concave side minus the RVA on the convex side)

6) In order to calculate the RVAD, the RVA for the other side needs to be calculated.
Use the lines created in STEP 1 and 2 above. Repeat STEPS 3-5 for the other side.

7) Width Chest Cavity -Inner rib to inner rib (measured in (mm) at the widest spot)

8) Pelvic Obliquity — lliac crest from horizontal (or clavicles if supine).

Lateral Radiograph

1) Maximum Chest Depth — distance from posterior aspect of sternum/or rib
(anteriorly) with the anterior edge of posterior rib. (widest measurement)

2) Thoracic Kyphosis — T2-T12, the angle formed between the superior endplate of
T2 and the inferior endplate of T12.
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Figure 1.
Radiographs of a patient throughout the lengthening process: pre-operatively, post-surgery,

and at follow-up.
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Figure 2.

PFTs for subjects pre-surgery (Pre), post-surgery (Post), and at last follow-up (Last). Means
are indicated by the filled black dots, and error bars represent +/- 1 standard deviation. Gray
circles represent individual patients. * = p<0.05 (FVC = Forced Vital Capacity, MIP =
Maximal Inspiratory Pressure, MEP = Maximum Expiratory Pressure).
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Radiographic measures for patients pre-surgery, post-surgery, and at last follow up.

Table 1

Variable Preop Postop Latest PrevsPost | PostvsLatest
Cobb Angle 70.7246) | 27289 | 28419 <0.001 0.134
Pelvic Obliquity 23.1(22) 5.8 (4.9) 48(3.1) 0.021 0.367
Thoracic Height | 179.9 (14.9) | 195.1(13.7) | 220.7 24.9) | <0.001 <0.001
Lumbar Height 109.6 (11.6) | 1182 (11.9) | 134.6 (16) 0.007 <0.001
SAL 0.77(0.17) | 0.90(0.08) | 0.93(0.08) 0.013 0.104
Acute RVA 26(203) | 27.7(142) | 28.1(18) 1 1
RVAD 478(242) | 361076) | 331239 0.075 0.712
Thoracic Kyphosis | 53.1(322) | 34.7(19.8) | 303@17.8) 0.084 0.242
Chest Width 1605 (27.2) | 1652 (28.9) | 1822 (35.9) 0.211 0.044
Chest Depth 1487 (30.1) | 147.2 (24.8) | 170.8 (32.1) 0.159 0.088

Reported as Mean (SD)

*
p-values reported as Holm adjusted p-values from paired t-tests
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