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Background:Many patients with spinal muscular atrophy (SMA)
who might benefit from intrathecal antisense oligonucleotide
(nusinersen) therapy have scoliosis or spinal fusion that precludes
safe drug delivery. To circumvent spinal pathology, we designed
a novel subcutaneous intrathecal catheter (SIC) system by con-
necting an intrathecal catheter to an implantable infusion port.
Methods: Device safety and tolerability were tested in 10 SMA
patients (age, 5.4 to 30.5 y; 80% with 3 copies of SMN2); each
received 3 sequential doses of nusinersen (n= 30 doses). Pretreat-
ment disease burden was evaluated using the Revised Hammer-
smith Scale, dynamometry, National Institutes of Health
pegboard, pulmonary function testing, electromyography, and 2
health-related quality of life tools.

Results: Device implantation took ≤2 hours and was well tolerated.
All outpatient nusinersen doses were successfully administered via
SIC within 20 minutes on the first attempt, and required no regional
or systemic analgesia, cognitive distraction, ultrasound guidance,
respiratory precautions, or sedation. Cerebrospinal fluid withdrawn
from the SIC had normal levels of glucose and protein; cerebrospinal
fluid white blood cells were slightly elevated in 2 (22%) of 9 speci-
mens (median, 1 cell/µL; range, 0 to 12 cells/µL) and red blood cells
were detected in 7 (78%) specimens (median, 4; range, 0 to 2930
cells/µL).
Discussion: Preliminary observations reveal the SIC to be rela-
tively safe and well tolerated in SMA patients with advanced
disease and spinal fusion. The SIC warrants further study and, if
proven effective in larger trials of longer duration, could double
the number of patients able to receive nusinersen worldwide
while reducing administration costs 5- to 10-fold.
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Spinal muscular atrophy (SMA; MIM# 253300) is a
common monogenic cause of spinal motor neuron

(SMN) degeneration caused by biallelic deletions of
SMN1, which encodes SMN protein.1–4 Within the SMN1
locus on chromosome 5q13, humans have a second SMN-
encoding gene (SMN2) that can be present in multiple
copies. SMN2 contains a base difference (c.850C>T) that
excludes exon 7 from ~90% of mRNA transcripts to
produce an unstable protein fragment (SMNΔ7) that is
rapidly degraded.5,6 Residual intact SMN translated from
each SMN2 copy partially compensates for SMN1 defi-
ciency such that genomic SMN2 copy number correlates
inversely with disease timing and severity.7–9

Functional overlap between SMN1 and SMN2 in-
spired the design of nusinersen, an antisense oligonucleo-
tide engineered to alter splicing of SMN2 pre-mRNA and
thereby increase expression of stable SMN protein.10
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Repeated intrathecal injections of nusinersen improve
survival and motor development among infants with se-
vere SMA (2 copies of SMN2) treated between 30 and
262 days of age, and also benefit patients started
on therapy between 2 and 9 years of age as observed in
CHERISH, a study to assess the efficacy and safety
of nusinersen in participants with later-onset SMA
(NCT02292537).11

The CHERISH trial excluded older symptomatic pa-
tients with joint contractures, severe scoliosis (radiographic
Cobb angle >40 degrees), gastrostomy, or dependence on
mechanical ventilatory support.11 Unfortunately, such com-
plications are common among surviving SMA patients,
many of whom have skeletal deformity or instrumentation
that hinders repeated interlaminar nusinersen dosing.12,13

This has prompted a search for alternative nusinersen dosing
strategies14 and engenders related questions about how to
structure functional assessments for patients who have ad-
vanced neuromuscular disability and its attendant skeletal
and respiratory complications.12,13,15–17 We were confronted
with this problem in March 2017, when an 11-year-old
Mennonite boy with advanced SMA was denied intrathecal
nusinersen at 2 different academic medical centers because of
spinal fusion.

To circumvent spinal pathology, we devised a novel
subcutaneous intrathecal catheter (SIC) system using an
off-label configuration of 2 Food and Drug Admin-
istration (FDA)-approved devices: an intrathecal catheter
and power injectable implantable infusion port. This al-
lowed for repeated nusinersen dosing via subcutaneous
port (Fig. 1). Following successful implantation in the
sentinel patient, we designed a prospective study to
evaluate 20 SMA participants treated via SIC for
14 months (through 4 loading and 3 maintenance doses
of nusinersen) and tailored functional assessments to older
individuals with moderate to severe neuromuscular
disease.11,18 Here we report preliminary safety and
tolerability of the SIC for the first 10 participants, each
of whom received 3 loading doses over 4 weeks, and
discuss the implications for future studies.

METHODS

Patients
Ten study participants born between 1987 and 2012

shared homozygous exon 7 deletions of SMN1 that traced
to common ancestral founders across 11 generations and
segregated into individuals with 2 (n= 1), 3 (n= 8), or 4
(n= 1) copies of SMN2 (Table 1). The 6 eldest patients
(age, 12.1 to 30.5 y) had spinal fusion that precluded
repeated lumbar puncture; the 4 youngest (age, 5.4 to 10.4
y) had no spinal pathology, but parents elected the SIC
based on its perceived administration safety, convenience,
and cost. The study was approved by Penn Medicine-
Lancaster General Hospital Institutional Review Board.
Adults consented in writing to participate and parents
consented on behalf of their children. In accordance with
journal policy, a separate signed consent was obtained for
reproduction of the photograph in Figure 1. This interim

analysis, focused upon initial safety and tolerability of the
SIC, was conducted between June 2017 and January 2018.

Surgical Procedure and Nusinersen Dosing
We constructed a hybrid infusion system using 2

FDA-approved devices: a catheter commonly utilized for
continuous or repeated intrathecal infusion (Medtronic)
and a power injectable implantable infusion port (Med-
Comp) designed for repetitive blood sampling or chemo-
therapy (Fig. 1). The infusion port locked firmly into the

FIGURE 1. SIC system. A, The interlocked intrathecal catheter
and subcutaneous infusion port used to construct the hybrid
nusinersen delivery system. B, Distortions of spinal and
pulmonary anatomy, commonly observed among older SMA
patients, that inspired design of the SIC system. C, The SIC
system in situ, with the infusion port and intrathecal catheter
tip marked by a yellow arrow and arrowhead, respectively. D,
The SIC allows for safe, low-cost, repeated outpatient nusi-
nersen dosing. SIC indicates subcutaneous intrathecal cathe-
ter; SMA, spinal muscular atrophy.
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intrathecal catheter, nonleakage was verified ex vivo, and
the implantation procedure was performed under general
anesthesia.

We exposed the spine through a 3 to 4 cm incision
and drilled a hole (under fluoroscopic guidance) through
the spinal fusion to access the epidural space. The catheter
was threaded into the midthoracic intrathecal space and
the threading needle withdrawn to document free back-
flow of cerebrospinal fluid (CSF). Although nusinersen is
typically administered in the lumbar region via inter-
laminar puncture, SMA affects lower motor neurons
along the entire neuraxis, and lumbar administration is
based on tactical rather than biological considerations.19

Unlike infants with SMA who spend much of their time
supine,18 most of our patients are upright (ie, on a
wheelchair) during waking hours. We therefore chose a
higher delivery site to expose thoracic and potentially
cervical motor neurons to nusinersen.

Once positioned, an anchor was placed over the
catheter and sutured to deep fascia, just a top bone. The
infusion port was then placed through a 2 cm incision of
the chest wall and implanted subcutaneously, where it was
anchored to hard fascia of the chest, flank, or lower back,
depending on anatomic considerations and patient pref-
erence. The port catheter was tunneled under the fascia to
the posterior wound and connected firmly to the intra-
thecal catheter. Before wound closure, the port was ac-
cessed to document CSF flow through the complete hybrid
system.

The posterior bone hole was closed with a pressure
injection of surgical sealant-coagulant to prevent CSF leak
and fascia were closed tightly to further safeguard against
leakage. Following complete posterior wound closure, the
exposed anterior infusion port was again aspirated to
document free flow. A CSF volume of 5 mL was with-
drawn from the port followed by injection of 12 mg (5 mL)
of nusinersen (loading dose 1; LD1), which was then
cleared from the catheter using 0.5 mL of normal saline.
The anterior wound was then completely closed.

Patients remained supine for 48 hours postoperatively,
after which they were placed in seated position and, if
asymptomatic when upright for 12 hours, discharged home.
Surgical wound inspection was performed on postoperative
day 14 to insure the access port was completely under the
skin, readily palpable, and easily accessed via a noncoring
needle (Fig. 1). No imaging, sedation, or regional anesthesia
was required to access the port or administer drug thereafter.

All subsequent nusinersen doses were given in the
outpatient setting by standard procedure: (1) topical li-
docaine 2.5%/prilocaine 2.5% was applied over the in-
fusion port at least 30 minutes before dosing; (2) skin
overlying the access port was then prepped and draped
using sterile technique (Fig. 1); (3) the port reservoir was
accessed via noncoring needle and flushed with 0.2 mL
saline to float the intrathecal catheter tip free from
surrounding pia and arachnoid mater; (4) 3 mL CSF was
withdrawn and discarded and an additional 4 mL
withdrawn for analysis; and (5) nusinersen 12 mg (5 mL)
was infused through the port and the catheter was flushed
with 2mL saline.

Assessments
Each participant received 3 loading doses of

nusinersen via SIC (baseline, LD1; week 2, LD2; week 4,
LD3). At scheduled doses, we obtained laboratory indices
of safety and solicited information about adverse events
and concomitant medications. Before administration of
LD3, CSF was collected through the SIC and divided into
aliquots for measurement of cell counts, protein, and
glucose. A structured battery of assessments was con-
ducted at the preimplantation visit and 4 weeks after im-
plantation, before administration of LD3. We did not
expect to observe any significant changes in motor func-
tion, power, or respiratory performance after just 2 doses
of nusinersen, which for infants only improves event-free
survival beyond the loading phase.18

Motor assessments were performed at ~09:00 hours
by the same examiner and included tests of neuromuscular

TABLE 1. Patient Characteristics (n=10), Comorbidities, and Cerebrospinal Fluid Indices
Cerebrospinal Fluid From SIC

Patient
Number Age (y) Sex

SMN2
Copies

Motor
Baseline*

Mean
CMAP
(mV) Wheelchair Scoliosis

Spinal
Fusion G-tube BiPAP RBC/µL WBC/µL

Glucose
(mg/dL)

Protein
(mg/dL)

1 6.3 F 4 65 6.6 4 8 49 68
2 5.4 M 3 30 1.5 • 0 0 53 19
3 7.9 M 3 26 1.1 • • 1 5 58 25
4 10.4 F 3 27 1.5 • • 0 3 76 25
5 13.7 M 3 4 1.2 • • • 3 1 67 18
6 15.8 F 3 7 1.7 • • • 69 0 53 20
7 20.4 F 3 3 0.6 • • • 13 0 53 18
8 23.0 M 3 6 1.1 • • • 11 12 53 29
9 30.5 F 3 6 1.9 • • • – – – –
10* 12.1 M 2 16 0.1 • • • • • 2930 0 62 45

*Motor function was assessed using the RHS (maximum score= 66) with the exception of patient #10, who had 2 copies of SMN2 and could not complete the RHS;
he was instead assessed using the CHOP INTEND scale (maximum score= 64).

“–” indicates data not available/test not completed; “•”, the presence of a morbid outcome; BiPAP, bilevel positive airway pressure >6 hours daily; CMAP, compound muscle action
potential; F, female; G-tube, gastrostomy feeding tube;M, male; RBC, red blood cells; RHS, Revised Hammersmith Scale; SIC, subcutaneous intrathecal catheter; WBC, white blood cells.
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function [Revised Hammersmith Scale (RHS)20 or Child-
ren’s Hospital of Philadelphia Infant Test of Neuro-
muscular Disorders,21 as appropriate to pretreatment
functional level]. Nine (90%) participants could be studied
using the RHS, for which scores range between 0 and 66
(with higher numbers indicating better motor function).
Motor speed and dexterity were assessed using the Na-
tional Institutes of Health (NIH) Toolbox pegboard,22

and power was measured by 12 dynamometry maneuvers
(JTech Medical, Commander Echo MMT Dynamom-
etry). A novel dynamometric parameter, the SMA Force
Index (SFI) was devised to capture the distribution of
weakness characteristic of SMA (see Supplemental Ma-
terials for details, Supplemental Digital Content 1, http://
links.lww.com/BPO/A180).

Baseline compound muscle action potential (CMAP;
mV) was recorded from the distribution of ulnar (abductor
digiti minimus), radial (extensor carpi radialis longus), and
deep peroneal (extensor digitorum brevis, tibialis anterior)
nerves—and used to calculate an average CMAP ampli-
tude for each patient.23 Pulmonary function testing was
performed in the seated position in accordance with
American Thoracic Society standards using an EasyOne
Pro Lab (NDD). Maximal inspiratory (MIP) and ex-
piratory (MEP) pressures were measured after full ex-
halation and inhalation, respectively, using a Micro
respiratory pressure monitor (RPM; Micro Direct); these
are reported as z-scores calculated from age-specific and
sex-specific reference values,24 where z= (patient value/
reference mean)/(reference SD) and normal z-scores range
between −2 and +2. To assess well-being, we administered
age-appropriate Pediatric Quality of Life (PedsQL) Acute
and Family Impact Modules (www.pedsql.org; parent and
child forms)25 and the NIH Toolbox Emotion Domain.22

Statistics
Functional measures, laboratory indices, and mea-

sures of HRQOL at preimplantation and week 4 were
compared using a paired t test. Relationships of RHS,
dynamometer measures, and pulmonary function to pa-
tient age were studied with Pearson (r) correlations (Prism
7, GraphPad).

RESULTS

Baseline Assessments
Motor function, dexterity, power, mean CMAP,

pulmonary function, and HRQOL among 10 study par-
ticipants are represented in Tables 1 and 2. For 8 patients
with 3 copies of SMN2, the RHS, weigt-adjusted SFI, and
select dynamometry maneuvers correlated inversely with
age in children below 16 years (Pearson r values −0.94 to
−0.97). These correlations broke down thereafter,
revealing their limits for patients with advanced
neuromuscular disease (Fig. 2). Measured parameters
did not change significantly after 2 loading doses of
nusinersen (Table 2). Baseline mean CMAP varied by
SMN2 copy number: values for patients with 4 (n= 1), 3
(n= 8), and 2 (n= 1) copies of SMN2 were 6.6 ± 0.8,

1.3 ± 0.7, and 0.2 ± 0.1 mV, respectively. Motor nerve
amplitude did not vary as a function of age among
patients with 3 copies of SMN2 (Fig. 2).

Total lung capacity and forced vital capacity were
32% to 78% and 16% to 97% predicted, respectively
(Tables 1, 2, and Fig. 2). MIP and MEP pressures
decreased with age and MEPs corrected for age and sex
were low relative to MIPs (Fig. 2). This reflects a reversal

TABLE 2. Clinical Assessments Pretreatment and After 2
Loading Doses of Nusinersen (n=10)

Preimplantation Week 4*

Mean SD Mean SD P

Revised Hammersmith
Functional Motor Scale†

19.0 19.2 19.5 19.4 ns

Dynamometry, left-right average (N)‡
Shoulder abductors 10.3 16.4 10.1 15.5 ns
Elbow extensors 9.1 14.9 7.7 12.3 ns
Grip strength 20.9 14.0 21.1 13.2 ns
Three-point pinch 12.9 8.1 12.8 7.5 ns

SMA Force Index§ 0.085 0.083 0.080 0.070 ns
NIH Toolbox Pegboard score
(s)

33.0 6.2 31.3 7.0 ns

Mean CMAP amplitude (mV)‖ 1.7 1.8 — — —
Pulmonary function
Total lung capacity (L) 3.1 1.3 3.5 1.0 ns
Forced vital capacity (L) 1.6 0.5 1.9 1.6 ns
Maximum inspiratory

pressure (cmH2O)
41.8 27.6 49.8 23.0 ns

Maximum expiratory
pressure (cmH2O)

30.9 21.3 40.1 15.8 ns

PedsQL physical functioning (scale 0-100)
Subject report 32 9 36 17 ns
Parent report 45 18 34 22 ns

PedsQL emotional functioning (scale 0-100)
Subject report 74 18 79 16 ns
Parent report 68 18 75 12 ns

PedsQL Global Family Impact
(scale 0-100)

71 13 74 3 ns

NIH toolbox emotion domain (T scores)
Positive affect 51 9 54 8 ns
Life satisfaction 55 13 57 13 ns
Loneliness 44 7 48 9 ns
Anger 47 10 44 11 ns
Sadness 45 11 46 9 ns

*After 2 loading doses of nusinersen.
†Nine of 10 subjects had 3 copies of SMN2 and completed the RHS (maximum

score, 66). One subject had severe type 1 SMA (2 copies of SMN2), was 12 years old
at implantation, and unable to generate a score on the RHS. He was instead
assessed using the CHOP INTEND (maximum score, 64), on which he scored 16
(preimplantation), and 15 (week 4). These scores were included in the mean statistic.

‡Full dynamometry assessment was comprised of 12 maneuvers, which in-
cluded neck flexors, shoulder abductors, elbow flexors and extensors, wrist ex-
tensors, hand grip, 3-point pinch, hip flexors and abductors, knee flexors and
extensors, and foot dorsiflexors. Pearson correlations showed that only 4 among
these (shown) had a temporal correlation with disease course (Supplemental
Materials, Supplemental Digital Content 1, http://links.lww.com/BPO/A180).

§The weight-adjusted SFI was derived from the 4 informative dynamometry
maneuvers using the equation: SFI= [(Shoulder Abductors+ElbowExtensors
+Grip)/(Pinch)]0.5, and correlated strongly disease course (Pearson r=−0.94,
P= 0.0001).

‖Electromyography was only performed at pretreatment baseline and will be
conducted again at study conclusion (14 mo).

CMAP indicates compound muscle action potential; LD3, nusinersen loading
dose 3; NIH, National Institutes of Health; ns, not significant (P> 0.05); PedsQL,
Pediatric Quality of Life Inventory; RBC, red blood cells; RHS, Revised Ham-
mersmith Scale; SFI, SMA Force Index; SMA, spinal muscular atrophy; WBC,
white blood cells.
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FIGURE 2. Multidomain baseline assessments. Among SMA patients with 3 copies of SMN2 and below 16 years of age (blue
circles), we found strong inverse Pearson correlations between age and Revised Hammersmith Functional Motor Scale (A), weight-
adjusted SFI (B), and forced vital capacity. This association broke down after age 16 (gray circles). C, MEP as compared with
inspiratory pressure (corrected for age and sex) was low for all patients, reflecting weakness of intercostal muscles relative to the
diaphragm. Gray shaded area indicates normal z-scores ranging from −2 to +2. D, Baseline mean CMAP, averaged from 4 separate
recordings, varied by SMN2 copy number (white triangle, 4 copies; blue circles, 3 copies; purple diamond, 2 copies) but did not
vary as a function of age among patients with 3 SMN2 copies. Gray shaded area represents the range of CMAP amplitude observed
in ambulatory (as compared with nonambulatory) SMA patients (Lewelt et al23). E, Independent PedsQL responses of participants
and their caregivers were generally in good agreement (blue-dashed line represents unity) but there was a tendency for parents to
overrate their child’s well-being. F, The overall burden of disease on family functioning (PedsQL family impact module) was strongly
associated with patient age. CMAP indicates compound muscle action potential; SMA, spinal muscular atrophy; PedsQL, Pediatric
Quality of Life.
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of normal physiology characteristic of SMA; the
diaphragm is less impaired than intercostal muscles and
results in development of a bell-shaped chest (Fig. 1).

PedsQL responses of participants and their care-
givers, elicited independently, were generally in good
agreement (r2= 0.77, P< 0.0001). Participants and parents
alike consistently rated physical function lower than
emotional function and parents tended to overrate their
child’s physical well-being (Fig. 2). Within our cohort
of predominantly Old Order Mennonite participants
harboring 3 copies of SMN2, baseline indices of
emotional health were similar to values from healthy
pediatric reference populations, 26,27 whereas physical
functioning scores were 60% to 70% lower (Table 2).

Safety and Tolerability of the SIC
For all 10 participants, the SIC was successfully im-

planted during a single procedure lasting an average 1.4
(range, 1.1 to 2.0) hours followed by a hospital stay of 50 to
55 hours. There were no perioperative or postoperative com-
plications and all wounds were clean and dry by postoperative
week 2. Each participant received 3 nusinersen doses over a 4
week postimplantation period (30 doses for the cohort). All
outpatient nusinersen doses were successfully administered via
SIC with a single attempt through topical anesthetic, and re-
quired no regional or systemic analgesia, cognitive distraction,
ultrasound guidance, respiratory precautions, or sedation.28

No patient required oropharyngeal suctioning, supplemental
oxygen, or noninvasive ventilation before or during receipt of
an outpatient SIC dose.

During the interim study period, 3 adverse events
occurred among 3 participants. These included: (1) uri-
nary tract infection in a male child, (2) back pain sec-
ondary to a protruding spinal rod in an adult female, and
(3) inability to withdraw CSF from the SIC port during
LD2 in another adult female; nusinersen could, however,
be freely administered through this same port, implicating
dynamic suction-induced catheter obstruction. None of
these events were serious and only the latter was definitely
related to the device.

Nine study participants had CSF withdrawn from the
SIC. CSF glucose (median, 53mg/dL; range, 49 to 76mg/
dL) and protein (median, 25mg/dL; range, 18 to 68mg/dL)
levels were normal. White blood cells were slightly elevated
in 2 (22%) of 9 specimens (median, 1 cell/µL; range, 0 to 12
cells/µL) and red blood cells were detected in 7 (78%) of 9
specimens (median, 4; range, 0 to 2930 cells/µL) (Table 1).
There were no serum or urine laboratory abnormalities
associated with SIC nusinersen administration.

DISCUSSION

Barriers to Nusinersen Administration
Nusinersen has well-documented efficacy for infants

and children with SMA,11,18 but clinical studies to date do
not adequately address older patients who have more
advanced neuromuscular disease and its attendant skeletal
and pulmonary morbidities. Specifically, scoliosis is ob-
served in as many as 80% of SMA patients with 2 or 3

copies of SMN2 who survive into late childhood12 and can
preclude safe, repeated interlaminar dosing of nusinersen.
These same patients often require sustained mechanical
ventilatory support or gastrostomy tube feeding, which
were exclusion criteria for CHERISH.11

Absolute anatomic and relative pulmonary barriers
to repeated interlaminar dosing have prompted efforts to
administer nusinersen by alternative routes. As one recent
example, 4 SMA patients with spinal fusion received 15
consecutive nusinersen injections via a transforaminal
route guided by cone-beam computed tomography with
fluoroscopic navigational overlay.14 Although the com-
plication rate was low (6.7%), each procedure was tech-
nically complex, required sedation, and incurred radiation
exposure. Lower complication rates from lumbar puncture
(ie, 6% to 17%) might be achieved with conscious sedation16,29

but consistently safe, controlled interlaminar access in young
people often requires a high degree of technical expertise and/
or general anesthesia.29–31

Even among SMA patients without advanced neu-
romuscular disease or spinal pathology, repeated inter-
laminar dosing of nusinersen poses challenges. The overall
incidence of traumatic lumbar puncture in children ranges
from 20% to 50% and is highest among newborns.32–34 In
one series of 73 lumbar punctures for 28 SMA patients (2
to 14 y), headache, back pain, or CSF leak complicated
32% of nusinersen doses.35 In a second series of 84 inter-
laminar nusinersen doses at an academic neuromuscular
center (20 patients, ages 2 to 50 mo),28 the first lumbar
puncture attempt failed 33% of the time (mean, 1.5 ± 1.0
attempts/child/dose) and 2 (10%) children below 6 months
of age required ultrasound guidance. Oropharyngeal suc-
tioning was regularly performed, and 7 (35%) children
received noninvasive ventilation during lumbar puncture.
Procedural sedation and postprocedural analgesia were
required for 30% and 40% of children, respectively.28

Preliminary Device Safety and Tolerability
In contrast to repeated lumbar puncture, dosing via

SIC required only topical anesthetic and took <20 minutes
during the course of routine outpatient visit. All doses
were administered on the first attempt and patients expe-
rienced no significant pain, distress, or clinical instability
from the procedure. Accordingly, we found no need to use
special respiratory maneuvers, systemic analgesia, con-
scious sedation, or cognitive distraction. Parents of the
four youngest study participants who had no anatomic
or pulmonary contraindications to interlaminar dosing—
elected SIC implantation as potentially safer, more convenient,
and less costly than repeated lumbar puncture.

Efficacy was not an endpoint of the present study.
However, consistent with best clinical practice, we used a
multidimensional battery to assess patients at pretreat-
ment baseline and at various intervals until study com-
pletion (ie 14 mo, after 4 loading and 3 maintenance doses
of nusinersen). We expect therapeutic effects of nusinersen
in this cohort will be relatively modest, slow to emerge,
and observed primarily as an arrest of disease
progression.11 Unfortunately, as shown in Figure 2, many
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conventional endpoints of motor function used for infants
and young children lose their informative value after age
16 years. Thus, different assessment tools might be needed
to gauge efficacy of disease-modifying therapies in
adolescents and adults with SMA.

Laboratory monitoring supported the safety of the SIC
but, on a cautionary note, we detected red blood cells (median,
4; range, 0 to 2930 cells/µL) in 7 (78%) of 9 specimens with-
drawn from the system (Table 1). A similar phenomenon was
observed among newborns with an intrathecal reservoir or
ventriculoperitoneal shunt,36 raising the possibility that
indwelling CSF catheter tips, when not continuously
infusing, can adhere to pial or arachnoid membranes to
become dynamically obstructed and/or cause microvascular
injury when suction is applied. To safeguard against this, we
added an initial 0.2mL saline flush to the administration
protocol to gently dislodge the catheter tip from surrounding
thecal membranes before withdrawal of CSF. It is worth
noting that CSF withdrawal and examination were a means by
which to assess SIC patency and safety for the purpose of this
trial, but need not be a routine component of long-term
administration protocols.

Clinical and Economic Implications
Since the FDA approved nusinersen for treatment of

all forms of SMA in December 2016, there is growing
demand for delivery methods adapted to older patients with
respiratory and spinal comorbidities. The publication of
CHERISH,11 which demonstrated clinical efficacy in an
older SMA patient population with later-onset disease,
brought the need into sharp relief. In recognition of this fact
and its time-sensitivity for many patients with SMA, we
chose a relatively short interval to describe device im-
plantation and preliminary safety with the intention to
prompt additional research in this area. If the SIC or similar
device proves safe and well tolerated in multicenter trials
involving more patients over longer intervals, indwelling
catheter systems might become a preferred route of nusi-
nersen dosing for patients across the SMA spectrum. This
could not only increase the proportion of patients who receive
drug, but also reduce its overall administration cost (Fig. 3).

In our office, nusinersen via SIC cost US$75 per ad-
ministration. By comparison, 4 Mennonite children (age, 0.7
to 2.9 y) treated contemporaneously by standard lumbar
puncture incurred hospital charges of $5000 and $9000 per
administration, depending on the type and duration of se-
dation used. On the basis of these data, Figure 3 depicts
comparative administration costs (not including drug) for 10
participants over a period of 10 years, assuming an SIC
implantation cost of $22,000 and an annual medical inflation
rate of 6%. The SIC yields average savings of $24,000 per
child per year (2.4 million dollars for the cohort over 10 y).
Although not a primary endpoint of this study, this simple
economic heuristic has unambiguous implications for the
overall cost of nusinersen administration worldwide.

CONCLUSIONS AND FUTURE DIRECTIONS
In summary, nusinersen via repeated intrathecal in-

jection is effective therapy for all types of SMA,11,18 but its

standard method of interlaminar delivery poses both ab-
solute and relative challenges for a large proportion of
patients. More data are needed to determine if nusinersen
has comparable efficacy when delivered by subcutaneous
port as compared with the standard interlaminar route.
However, our initial observations are promising, and long-
term administration of nusinersen via the SIC or similar
device has the potential to double the number of children
worldwide who can safely receive the drug12,14 while si-
multaneously lowering its long-term administration cost 5-
to 10-fold.

Although the SIC was designed for SMA patients
with advanced disease and attendant spinal pathology, our
preliminary observations have implications for younger,
less severely affected patients. As private and government
insurers adapt to the extraordinary costs associated with
new disease-modifying precision therapies, they will likely
seek practical innovations like the SIC, which have the
potential to safely control administration costs while pre-
serving therapeutic value.
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