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Abstract

Spinal muscular atrophy is a genetic motor neuron disease that leads to progressive muscular atrophy and muscle weakness.
In December 2016, the Food and Drug Administration, and in June 2017, the European Medicines Agency approved the
antisense oligonucleotide nusinersen for treatment of spinal muscular atrophy. Nusinersen has to be repeatedly administered
intrathecally. Due to the clinical features of SMA, the application of the ASO by lumbar puncture can be challenging in
symptomatic patients considering the frequently observed scoliosis, previous spine fusion surgeries, joint contractures, and
respiratory insufficiency. To evaluate safety and feasibility of the intrathecal treatment in adolescent and adult SMA type 2
and 3 patients, we analyzed 93 lumbar punctures, monitored number of lumbar puncture attempts, duration of the procedure,
injection site, and needle length. Oxygen saturation during the intervention, medication for sedation and local anesthesia,
adverse events related to lumbar punctures, and macroscopic analysis of CSF were recorded. Moreover, we analyzed the
use of CT-scans for performing lumbar punctures and its associated radiation exposure. Performing lumbar puncture for the
intrathecal administration of nusinersen in adolescent and adult patients with later-onset SMA is feasible and safe, even in
patients with complex spinal anatomies and respiratory insufficiency. To guarantee the quality of the procedure, we recom-
mend establishing an experienced interdisciplinary team consisting of neurologists and/or neuropediatricians, anesthesiolo-
gists, orthopedic surgeons, and/or neuroradiologists.
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Introduction regard to the onset of clinical symptoms, the achievement

of motor milestones, and life expectancy, SMA is divided

Spinal muscular atrophy (SMA) is a genetic and autosomal
recessive motor neuron disorder clinically characterized
by proximal spinal and bulbar muscle weakness and atro-
phy caused by degeneration of alpha motor neurons. With
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into different subtypes (SMA type 0—4). Within the three
main types (SMA type 1-3), SMA type 1 represents the
infantile and thus the most severe form, while SMA types 2
and 3 are defined as late-onset forms and are characterized
by intermediate (SMA type 2) or mild (SMA type 3) types
of progression [1]. Pathogenetically, SMA is caused by a
homozygous deletion in the SMN1 gene (survival motor
neuron gene) on chromosome 5q13 [2]. So far, treatment of
disease has been supportive, {e.g., physiotherapeutic meas-
ures, ventilation and secretion management, parenteral nutri-
tion, and orthopedic treatment of scoliosis (see Guidelines of
the Consensus Statement for Standard of Care in SMA 2007
[3D}. However, in December 2016 for the US and in June
2017 for Europe, the antisense oligonucleotide nusinersen
has been approved for the treatment of SMA (see Guidelines
of the Consensus Statement for Standard of Care 2018 [4,
5]). Nusinersen modulates the splicing process of the mRNA

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00415-018-9124-0&domain=pdf

184

Journal of Neurology (2019) 266:183-194

of the SMN2 gene, by inhibiting splicing factors and leading
to increased integration of exon 7 into the mRNA, and thus
increases the amount of SMN protein [6-8]. Clinical studies
showed an improvement in motor function in children with
infantile-onset SMA [9], late-onset SMA [10], and presymp-
tomatic SMA [11]. Nusinersen cannot pass the blood—brain
barrier and, therefore, has to be repeatedly administered
intrathecally by lumbar puncture. An initial induction phase
with the administration of 12 mg (5 ml) nusinersen on days
0, 14, 28, and 63 is followed by maintenance therapy at
intervals of 4 months.

Due to the clinical features of SMA, the administration
of the ASO by lumbar puncture can be challenging in symp-
tomatic patients considering the frequently observed (roto)
scoliosis, previous spine fusion surgeries, joint contractures
on one hand, and the risk of deterioration of respiratory
insufficiency particularly in case of a need for sedation on
the other hand. Progressive scoliosis develops in SMA sec-
ondary to neuromuscular weakness [12] and often requires
surgical intervention usually by growing rods [13] or defini-
tive posterior spinal fusion to stabilize the collapsing spine
[14, 15]. Respiratory insufficiency, reduced coughing, and
mucus retention is typically observed early in SMA type
1 patients; in later-onset SMA patients, respiratory decline
is often slowly progressive over the years, but progression
varies between individuals [16].

In a previous single-center study with 20 SMA type 1
patients aged 2—50 months lumbar punctures for intrathecal
administration of nusinersen could be performed without
any relevant complications. Some of these treated patients
had respiratory insufficiency, but no severe scoliosis was
reported in this patient population [17]. Successful lumbar
puncture with intrathecal administration of nusinersen was
also possible in 28 children with SMA type 2 and 3 aged
from 2 to 14 years, 13 of them with scoliosis, who were
enrolled in a nusinersen clinical trial (phase I open-label
study). Nearly half of the lumbar punctures were guided
using fluoroscopy (44% of the attempted 74 lumbar punc-
tures in 28 patients); only in one patient who had severe sco-
liosis the second fluoroscopically guided lumbar puncture
procedure was not performed successfully [18]. Following
studies showed that in SMA patients with severe scoliosis
and/or extensive spinal hardware precluding standard pos-
terior lumbar puncture fluoroscopy- or CT-guided lumbar
transforaminal access made the injection of nusinersen pos-
sible [19-21]. In addition, cervical puncture technique was
described for the administration of the drug in some children
with SMA due to complex spine anatomies [22, 23]. These
first data suggest that the administration of nusinersen in
patients with SMA is possible even in patients with scoliosis
and/or spine fusion operation and respiratory insufficiency,
but larger studies need to confirm safety and feasibility of
repeated intrathecal injections in SMA patients.
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In this study, we report our single-center experience of
repeated intrathecal administration of nusinersen in 20 ado-
lescent and adult SMA type 2 and 3 patients aged 11-60
years, using 93 lumbar punctures.

Materials and methods
Patients

Adolescent and adult patients with SMA type 2 and 3 were
treated with the antisense oligonucleotide nusinersen in the
Department of Neurology at the University Hospital of Ulm
during June 2017 to June 2018. Before we started treatment,
patients were usually informed in detail during an appoint-
ment in our outpatient clinic about the results of pivotal
studies [9—11] and also about insufficient evidence for drug
efficacy in adolescent and adult patients so far. Only patients
with genetically documented 5q-SMA were treated. Patients
suffering from conditions, which could affect cerebrospinal
fluid (CSF) circulation (e.g., history of other brain or spi-
nal cord disease, shunt for CSF drainage, or central nervous
system catheter), were excluded. Existence of spinal abnor-
malities [e.g., (roto)scoliosis and spine fusion operations]
and respiratory insufficiency were no exclusion criteria to
start therapy. Patients were further informed in detail about
the lumbar puncture and the option of sedation for the pro-
cedure. In patients with spinal abnormalities, we informed
about the potential need of imaging, more specifically, a
CT-scan, to perform lumbar puncture for administration of
the drug accompanied by radiation exposure. Most patients
with aberrant spinal anatomies presented X-ray- and/or CT-
images of their spine, which had been made in the past,
for example, in perioperative situations. Preprocedural
imaging was not carried out. In patients with respiratory
insufficiency, we recommended an optimization of the res-
piratory situation with initiation or control of non-invasive
ventilation if necessary before starting the procedure. We
also made no restrictions regarding age and/or severity of
disease, though SMA type 2 and 3 patients < 16 years with
no aberrant spine anatomies were treated by our colleagues
in the Department of Pediatrics at the University hospital of
Ulm. Severity of symptoms of disease was assessed prior to
the first application (baseline) and after four injections of
nusinersen (loading) by the Hammersmith Functional Rat-
ing Scale Expanded (HFMSE), a validated rating scale for
SMA type 2 and 3 patients to monitor treatment success
[24, 25]. The highest score to reach at Hammersmith is 66
points; lower values represent a more severe stage of disease.
Mean HFMSE scores served for further analyses that were
computed with paired Wilcoxon ¢ test. Corresponding results
were considered as statistically significant at a threshold of
p<0.05.
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Lumbar puncture procedures

For the intrathecal injection of nusinersen, we used stand-
ardized protocols. Primary conventional lumbar punctures
were intended in patients who did not present with severe
scoliosis. In patients with a severe scoliosis and in patients
with previous posterior spinal fusion operations where spine
fusion material usually included the preferred lumbar punc-
ture site, primary CT-guided lumbar punctures with the help
of an orthopedic surgeon or neuroradiologist were planned.

Nusinersen was administered via lumbar puncture on days
1, 14, 28, and 63 in all patients and in some patients beyond
on day 180 and 300. Dosage of nusinersen was 12 mg corre-
sponding 5 ml. Lumbar punctures were in general performed
with an atraumatic G22 needle (Sprotte). Needle length
varied between 90 and 120 mm. In one patient [with the
previous post-lumbar puncture syndrome (PLPS)], we tried
once an atraumatic G24 needle (Sprotte); in another patient,
we had to use an epidural needle G18 with Tuohy cut (for
transforaminal injection). Needle position after lumbar punc-
ture was confirmed by successfully drawing cerebrospinal
fluid. After removal of 5 ml of cerebrospinal fluid (CSF),
12 mg nusinersen (5 ml) was administered intrathecally over
1-3 min.

Patients who were treated CT-guided were in a prone
position all other patients were in a sitting or a lateral posi-
tion for the procedure. Hip joint abnormalities required an
individual positioning in the prone position on the CT table
using blankets and pillows. In general, procedures were per-
formed under the observation of an anesthesiologist. Patients
dependent of intermittent ventilatory support used non-
invasive ventilation (NIV) during the procedure. Patients
received an intravenous needle to be prepared for emergency
situations and for the use of intravenous drugs for an addi-
tional sedation or analgesia to be administered during the
intervention. To prepare patients for the procedure, adoles-
cents and some adults received a local anesthetic cream (e.g.,
lidocaine/prilocaine) on the injection site approximately 1 h
before the intervention. Local anesthetic infiltration (e.g.,
mepivacaine) on the injection site was offered to the patients
and used in long-lasting procedures by default. Premedica-
tion with the benzodiazepine lorazepam was offered to agi-
tated and nervous patients before the procedure. If necessary,
the benzodiazepine midazolam was administered intrave-
nous before the intervention. In long-lasting procedures, we
additionally gave low dose S-ketamine for sedation, because
it induces only minor respiratory depression.

Interventions were carried out in our intervention rooms
or the radiological facilities.

We monitored number of lumbar puncture attempts,
duration of the procedure, injection site, and needle
length. Oxygen saturation during the intervention, used

medication for sedation and anesthesia, adverse events
related to lumbar punctures, and macroscopic appearance
of CSF were recorded. Moreover, we focused on the use
of CT for performing lumbar punctures and the associated
radiation exposure.

Results
Patients

Intrathecal injection of nusinersen was performed in 20
patients with SMA type 2 and 3 in the Department of
Neurology at the University Hospital of Ulm since the
approval of nusinersen in June 2017 until June 2018. Nine
patients with SMA type 2 and 11 patients with SMA type 3
were treated, five of them ambulatory. Patients were aged
11-60 years (mean 32.80, SD 15.93). In detail, SMA type
2 patients were aged 11-48 years (mean 27, SD 16.12)
and SMA type 3 patients were aged 13-60 years (mean
37.55, SD 14.80). Seven of the SMA type 2 patients had
intermittent ventilatory support; four of them used NIV
overnight (on average 8 h); three used NIV only when
needed (in general less than 3 h in 24 h). Two of the SMA
type 2 patients had a feeding tube [percutaneous endo-
scopic gastrostomy (PEG)]; in both cases, feeding tubes
were placed in an emergency situation in the past and were
currently not used for feeding. None of the SMA type 3
patients had ventilatory support or a feeding tube. All
nine SMA type 2 patients presented with scoliosis; three
had undergone previous spine fusion operation. Two of
them had extensive posterior spinal fusion and one had
growing rods; in none of these patients, lumbar region was
spared of the graft material. A severe rotoscoliosis was
present in six SMA type 2 patients. Two of the SMA type
3 patients had a scoliosis; one of them had an extensive
posterior spinal fusion. Prior to treatment (baseline), the
investigated patients revealed a mean HFMSE score (max.
66) of 17.3 (SD 23.26). Regarding the subgroups, mean
HFMSE score was 1.67 (SD 2.18) in patients with SMA
type 2 and 30.09 (SD 24.98) in patients with SMA type 3.
After four applications of nusinersen, we observed a mean
HFMSE score in all patients of 17.85 (SD 23.29) that did
not differ significantly from baseline (p =0.148). In addi-
tion, here, with a mean score of 2.00 (SD 2.45) in patients
with SMA type 2, and a mean score of 30.82 (SD 24.80) in
SMA type 3 after four injections of nusinersen, we found
no significant differences in HFMSE scores from baseline
within subgroups (SMA type 2: p=0.625; SMA type 3:
p=0.297). Demographic and clinical data of all patients
are summarized in Table 1.
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Table 1 Demographics and clinical data of patients (N=20)

SMA N Age (SD; range) HEMSE_O (SD; range) HFMSE_4 (SD; range) NIV PEG Scoliosis Spine operation
Total 20 32.80(15.93; 11-60) 17.30 (23.26; 0-66) 17.85 (23.29; 0-66) 7/20 (35%) 2/20 (10%) 11/20 (55%) 4/20 (20%)
Type2 9 27.00(16.12;11-48) 1.67 (2.18; 0-5) 2.00 (2.45; 0-6) 719 (78%)  2/9 22%)  9/9 (100%)  3/9 (33%)
Type3 11 37.55(14.80; 13-60) 30.09 (24.98; 4-66) 30.82 (24.80; 4-66) 0/11 (0%) 0/11 (0%) 2/11 (18%) 1/11 (9%)

SMA spinal muscular atrophy, N number; HFMSE_0 Hammersmith Functional Rating Scale Expanded at baseline (prior to first application of
nusinersen), HFMSE_4 Hammersmith Functional Rating Scale Expanded after four injections of nusinersen (loading), NIV non-invasive ventila-

tion, PEG percutaneous endoscopic gastrostomy, SD standard deviation

Lumbar puncture procedures

In total, we performed 93 lumbar punctures for the injection
of nusinersen in these patients. Every patient had at least
four lumbar punctures according to the induction phase of
the nusinersen treatment. Two patients had six, nine patients
had five, and nine patients had four successfully performed
lumbar punctures. In total, we performed 43 lumbar punc-
tures in SMA type 2 (46%) and 50 lumbar punctures in SMA
type 3 patients (54%). Lumbar punctures were carried out
by a neurologist in case a conventional performed lumbar
puncture was possible (39%). In case of a CT-guided lumbar
puncture, the puncture itself was performed by an orthopedic
surgeon (43%) or neuroradiologist (18%); drug application
was always performed by a neurologist.

In total, 12 of the 20 patients (60%; mean age 28.83
years; SD 16.21) needed CT-guided lumbar puncture for
the administration of nusinersen [57 of the 93 lumbar punc-
tures (61%)]. In detail, we had to perform lumbar puncture
CT-guided in all nine SMA type 2 patients who had either
a rotoscoliosis or a previous spine fusion operation (100%)
(Figs. 1; 2, 3, 4). In SMA type 3 patients, we had to use
CT in three patients to perform lumbar puncture (14 lum-
bar punctures, 28%); the other eight SMA type 3 patients
could be lumbar punctured conventionally without imag-
ing support (36 lumbar punctures, 72%). One of the SMA
type 3 patients treated with CT-guidance was a patient with
scoliosis, in whom a first conventional lumbar puncture
attempt was not possible. In a second SMA type 3 patient,
CT-assisted lumbar puncture was necessary because of obe-
sity (BMI 28) which made a conventional lumbar puncture
impossible. In the third SMA type 3 patient, a primary CT-
guided lumbar puncture was performed, because extensive
posterior hardware precluded a conventional attempt.

In total, we needed 1.44 (SD 1.16) lumbar puncture
attempts in all patients. When lumbar puncture was per-
formed, CT-assisted 1.16 (SD 0.7) attempts were necessary;
when conventionally performed 1.79 (SD 1.34), whereas
this number includes the non-successful attempts in two
SMA type 3 patients who were then treated CT-guided. In
general, procedures lasted 20—150 min (mean 37.29 min,
SD 17.69 min) from positioning of patients to successful
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Fig. 1 CT-imaging shows the lower spine and pelvic region of a
45-year-old man with type 2 spinal muscular atrophy before intrath-
ecal administration of nusinersen. Musculoskeletal changes with
severe rotoscoliosic deformity and hip joint dislocation are demon-
strated

administration of the drug; the mean duration of CT-guided
lumbar puncture was 41.98 min (SD 19.88 min) and dura-
tion of the conventional lumbar puncture was 29.86 min (SD
9.89 min).

Needle insertion site was L.3/4 in 51% (47 lumbar punc-
tures), L4/5 in 25% (23 lumbar punctures), L2/3 in 18% (17
lumbar punctures), and L5/S1 in 6% (6 lumbar punctures). In
one SMA type 3 patient with a posterior spine fusion opera-
tion, several CT-assisted lumbar puncture attempts with
interlaminar access were not successful because of exten-
sive interlaminar ossification postoperatively. Successful
application of the drug via lumbar puncture in this patient
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Fig.2 Same patient as in Fig. 1.
Axial image from CT demon-
strates percutaneous paramedian
interlaminar needle access L.3/4
for the intrathecal administra-
tion of the drug

Fig.3 CT-imaging shows the spine of a 13-year-old girl with type 2
spinal muscular atrophy before intrathecal administration of nusin-
ersen. Scoliosis and posterior fusion instrumentation are shown here

was only possible with a right-sided transforaminal access at
L4/5 (day 0 and day 28), L3/4 (day 14 and day 180) and L5/
S1 (day 63) (Figs. 5, 6, 7). In two attempts, an epidural nee-
dle G18 with Tuohy cut was used; three lumbar punctures
could be performed with a regular atraumatic 22G needle
(Sprotte). In this patient, the first CSF was contaminated
with blood after the first puncture (day 0), xanthochrome
at the second injection (day 14), and the following times
contaminated artificially with blood.

In general, length of needle insertion was 5.96 cm (SD
2.5 cm); CT-assisted 6.23 cm (SD 2.82 c¢cm); conventional
5.54 cm (1.84 cm). Some data had to be estimated as accu-
rate length measurement is not possible, especially in the
conventional procedures.

Oxygen saturation did not differ before [mean 97.72%
(SD 1.87%)] and after the intervention [mean 97.85% (SD
1.76%) (p=0.108)].

Three patients received regularly a premedication with
lorazepam. Two of those patients needed additionally mida-
zolam or in one intervention S-ketamine before the interven-
tion. One patient solely received midazolam for all his inter-
ventions and one patient received regularly a combination
of midazolam and S-ketamine. Dosage of lorazepam was
between 0.5 and 1 mg (mean 0.81 mg, SD0.26 mg); dosage
of midazolam was between 1 and 3 mg (mean 1.79 mg, SD
0.71 mg); dosage of S-ketamine was between 5 and 25 mg
(mean 14.17 mg, SD 6.65 mg).

In 22 lumbar punctures (24%), no local anesthetic (either
topic nor subcutaneous) was applied; in 33 lumbar punctures
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Fig.4 Same patient as in

Fig. 3. Axial CT demonstrates
percutaneous posterior midline
interlaminar access L3/4 for the
intrathecal administration of
the drug

(35%), solely topic anesthesia (lidocaine/prilocaine) were
used; in 24 lumbar punctures (26%), we used subcutaneous
anesthetics (mepivacaine); in 14 lumbar punctures (15%), we
applied both, topic and subcutaneous anesthetics.

Mean X-ray dosage (indicated as dosage-length product)
in patients with CT-assisted procedures was 85.6 mGy cm
(SD 124.47 mGy cm, range 9-892 mGy cm).

In 52 of the 93 lumbar punctures, CSF was macroscopi-
cally clear (56%), in 39 artificially contaminated with blood
(42%), in one lumbar puncture contaminated with blood
(1%), and in the same patient in the following lumbar punc-
ture xanthochrome (1%) (see above).

We observed 5 adverse events related to lumbar punctures
in 3 of the 20 patients (all SMA type 3, ambulatory) in terms
of a post-lumbar puncture syndrome with positional head-
ache as main symptom 2-3 days after lumbar puncture. In
two of these three patients, the headache occurred after the
first and second lumbar puncture (day 0 and 14) and lasted
3—4 days and was less pronounced after the second puncture.
One of these three patients additionally reported from lum-
bar backpain after the second puncture, lasting for 2 days.
In one patient, positional headache was reported only after
the second lumbar puncture (day 14) that however, lasted 7
days and was initially accompanied by nausea and vomiting
for 2 days. In this patient, we tried to prevent a second post-
lumbar puncture syndrome using an atraumatic 24G nee-
dle (Sprotte) during the next procedure (day 28). Since the
application of the drug was clearly hampered by the smaller
diameter of the needle in this case, we have not longer used
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this needle size. Apart from post-lumbar puncture syndrome,
one patient developed a mild vasovagal reaction during lum-
bar puncture. Notably, we did not observe severe complica-
tions such as meningitis or hydrocephalus and none of the
patients discontinued therapy. Details of lumbar puncture
procedures are summarized in Table 2.

Discussion

The approval of the antisense oligonucleotide nusinersen
by the FDA in December 2016 and the EMA in June 2017
represents a major step for the treatment of SMA. Never-
theless, treatment with nusinersen is challenging consider-
ing the clinical phenotype of the disorder and the route of
administration of the antisense drug.

In this paper, we focus on the intrathecal administration
of nusinersen in adolescent and adult late-onset patients
(SMA type 2 and 3) in which a (roto)scoliosis, previous
spine fusion operations, as well as joint contractures and
respiratory insufficiency are frequently observed and make
lumbar punctures complicated. In the previous studies, par-
ticularly in the initial trials, authors pointed on the chal-
lenges in drug administration due to complex anatomy, but
sill observed an overall high technical success rate [18, 26].
In this study, lumbar puncture for the administration of
nusinersen was possible in all 20 patients and 93 attempts.
In eight patients without spinal deformities, a conventional
lumbar puncture without imaging guidance was carried out.
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Fig.5 X-ray-imaging shows the spine of a 13-year-old girl with type
3 spinal muscular atrophy before intrathecal administration of nusin-
ersen. Scoliosis and extensive posterior fusion instrumentation are
shown here

In none of the 11 patients with severe scoliosis or previous
spine fusion operation, successful lumbar puncture was per-
formed without CT-guidance. Furthermore, imaging support
was necessary in one patient not due to scoliosis but due
to obesity which prevented a conventional lumbar puncture
attempt.

Fig.6 Same patient as in Fig. 5. Axial CT demonstrates right-sided
transforaminal L3/4 access for the intrathecal administration of the
drug

Fig.7 Same patient as in Fig. 5. Axial CT demonstrates right-sided
transforaminal L3/4 access for the intrathecal administration of the
drug

In general, various imaging techniques can be used to
facilitate lumbar puncture such as ultrasound, fluoroscopy,
or CT. Ultrasound can simplify lumbar punctures [27] and
is favored due to lack of radiation exposure over fluoroscopy
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Table 2 Details of lumbar punctures (N=93)

Patients

Total CT-assisted Conventional
Lumbar punctures 93 57 (61%) 36 (39%)
Trials (SD; range) 1.44 (1.16; 1-6) 1.16 (0.7; 1-6) 1.79 (1.34; 1-6)

Duration in min (SD; range)
Position
Prone
Sitting
Side
Specialty
Neurologist
Orthopedic surgeon
Neuroradiologist
Length in cm (SD; range)
Site
L2/3
L3/4
L4/5
L5/S1
Sedation
None
Midazolam
Lorazepam
Midazolam/ketanest
Midazolam/lorazepam
Sedation (dosage) in mg (SD; range)
Midazolam
Lorazepam
Ketanest
Anesthesia local
None
Topic
Infiltration
Topic/infiltration
NIV
Oxygen saturation in %
Before intervention
After intervention
Dose-length product (in mGy cm) (SD;
range)
CSF (macroscopic)
Clear
Artificially bloody
Bloody
Xanthochrome
Complications
Post-lumbar syndrome (events)
Mild vasovagal reaction

37.29 (17.69; 20-150)

57 (61%)
31 (33%)
5(5%)

36 (39%)
40 (43%)
17 (18%)
5.96 (2.5; 3-12)

17 (18%)
47 (51%)
23 (25%)
6 (6%)

69 (74%)
10 (11%)
5(5%)
6 (6%)
3(3%)

1.79 (SD 0.71; 1-3)
0.81 (SD 0.26; 0.5-1)
14.17 (SD 6.65; 5-25)

22 (24%)
33 (35%)
24 (26%)
14 (15%)
28 (30%)

97.72 (SD 1,87; 92-100)
97.85 (SD 1,76; 93-100)
85.60 (SD 124.47; 9-892)

52 (56%)
39 (42%)
1 (1%)
1 (1%)

5(5%)
1 (1%)

41.98 (19.88; 30-150)

57 (100%)
0 (0%)
0 (0%)

0 (0%)

40 (70%)

17 (30%)

6.23 (2.82; 3-12)

13 (23%)
23 (40%)
15 (26%)
6 (11%)

36 (63%)
10 (18%)
2 (4%)

6 (11%)
3(5%)

9 (16%)
28 (49%)
6 (11%)
14 (25%)
28 (49%)

97.56 (SD1.56; 94-100)
97.82 (SD1.56; 95-100)

29.86 (9.89; 20-45)

0 (0%)
31 (86%)
5 (14%)

36 (100%)

0 (0%)

0 (0%)

5.54 (1.84; 3.5-9)

4(11%)
24 (67%)
8 (22%)
0 (0%)

33 (92%)
0 (0%)
3 (8%)
0 (0%)
0 (0%)

13 (36%)
5 (14%)
18 (50%)
0 (0%)

0 (0%)

97.97 (SD 2.29; 92-100)
97.89 (SD 2.05; 93-100)

85.60 (SD 124.47; 9-892)

28 (49%)
27 (47%)
1 2%)
1 2%)

24 (67%)
12 (33%)
0 (0%)
0 (0%)

N number, CT computer tomography, SD standard deviation, min minutes, cm centimeter, L2/3 between the second and third lumbar vertebra,
L3/4 between the third and fourth lumbar vertebra, L4/5 between the fourth and fifth lumbar vertebra, L5/S1 between the fifth lumbar vertebra

and the first sacral vertebra, mg milligram, NIV non-invasive ventilation
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and CT, in particular in children [28]. However, ultrasound
is susceptible to artifacts from graft materials and image
quality is reduced at increased target depths. Therefore, we
did not use it in our patients. The utility of fluoroscopy has
been well documented in a range of interventional radiology
procedures including lumbar puncture [29] and has been
used to facilitate lumbar puncture for the injection of nusin-
ersen in SMA patients [18, 23]. In own experience, CT is
superior in needle placement compared to fluoroscopy in
difficult anatomical conditions, particularly in patients with
posterior spinal hardware. Thus, we chose CT as a mean
of imaging to facilitate lumbar punctures in patients with
scoliosis and/or posterior spine fusions.

Formally, the product information of nusinersen specifies
that the drug should be administered by means of lumbar
puncture; but to get access to the subarachnoid space differ-
ent approaches can be taken, for example posterior midline
(interspinous) or paramedian interlaminar routes, which are
standard, but also transforaminal approaches in the lumbar
region or a caudal approach [19]. Further potential puncture
sites are suboccipital via a medial cisternal access at the
lower edge of the occiput [30] and cervicolateral between
C1/C2 [31]. Both techniques carry risks, in particular of
accidental puncture of the medulla oblongata or cervical
vessels. In patients without spinal deformities, we used
the standard access in the posterior midline (interspinous)
between L2/3 and L4/5. In CT-guided lumbar punctures, we
used a paramedian or posterior midline interlaminar access
between L2/3 and L5/S1; only in one patient with a previous
definitive posterior spine fusion operation and extensive pos-
terior ossification [32], we had to use a transforaminal access
for the intrathecal administration of the drug. So far, trans-
foraminal routes have been described especially for epidural
medication delivery [33]. However, fluoroscopy- or CT-
guided transforaminal access routes have been already used
in SMA patients for the administration of nusinersen in the
previous published studies where aberrant spine anatomies
precluding standard posterior lumbar puncture techniques
[19-21]. Only in one patient, radicular pain after the proce-
dure that resolved with conservative treatment was reported
[21], so the authors described the transforaminal intrathecal
access to be a safe, effective method for patients with spinal
abnormalities. This is in line with our experience, although
the first attempt using a transforaminal access was accom-
panied by a blood-contaminated CSF indicating a traumatic
puncture. Moreover, besides transforaminal punctures in the
lumbar region, even lateral C1/C2 and suboccipital punc-
tures utilizing fluoroscopic guidance have been described in
a few patients for the administration of nusinersen [22, 23].
Some authors concluded that cervical puncture is a feasible
alternative delivery route to administer intrathecal nusin-
ersen in patients with SMA and spine anatomy precluding
lumbar access when done by providers with expertise in

this procedure [22]. Other authors switched from cervical
punctures to transforaminal punctures in the lumbar region
after implementing the transforaminal approach in their
center and recommended an algorithm using the cervical
approach only if transforaminal and before that interspinous
approaches failed [23].

Utility of CT and fluoroscopy regardless of the access
route to subarachnoid space has obvious disadvantages,
above all radiation exposure. X-ray-exposure ranged from 9
to 892 mGy cm for the interventions in our patients with a
mean exposure of 89 mGy cm. Using the X-ray risk calcu-
lator (http://www.xrayrisk.com/index.php), we tried to esti-
mate an additional cancer risk in our data due to radiation
exposure, assuming that all punctures in one subject have
to be carried out by CT-guidance and a treatment period of
2 years (6 lumbar punctures in year 1 and 3 lumbar punc-
tures in year 2). Considering a mean age of 33.0 years in
females and 25.8 years in males that received CT-guided
lumbar punctures and corresponding mean dose-length
products (DLP), we revealed an additional cancer risk due
to radiation between 0.06—0.2%. Of note, the additional
risks may individually vary up to 1%, e.g., in our youngest
female with the highest DLP. However, these estimations
have to be regarded with caution considering that using CT
dose index or conversion coefficients as provided by [34] are
likely to overestimate the dose in interventional procedures
by as much as twofold [35-38]. Nevertheless, considering
the additional cancer risk from radiation in particular for
children [39], patients and/or parents necessarily have to be
aware of these, especially when multiple CT-guided lumbar
punctures are required. Thus, in these cases, we strongly
recommend the inclusion of experts in radiology (and if nec-
essary a physics) within the multidisciplinary team.

Besides radiation exposure, the required prone position
for navigational overlay in the CT scanner is a further dis-
advantage. Lying in prone position can be challenging in
later-onset SMA patients as scoliosis is often accompanied
with significant joint contractures and/or joint dislocations.
Particularly hip joint abnormalities required an extensive
positioning on the CT table using blankets and pillows and
were still often uncomfortable for the patient. Therefore,
positioning on CT table was mostly done with the help of the
parents or the personal assistants, who were trained in han-
dling the patients. We did not observe significantly restricted
thoracic excursions or significantly drop of oxygen satura-
tion in prone position. During the procedure, all patients
with respiratory insufficiency used NIV to ensure sufficient
ventilation [17]. While another group recommended a tra-
cheal intubation anesthesia for prone position [23], this was
not necessary in our patients. As recommended in a previous
study, we chose the most minimal dosage of sedative or anes-
thesia medications to permit safe and effective completion
of the procedure [18]. Even with low-to-moderate dosages
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of benzodiazepines (mean dosage of midazolam 1.79 mg,
mean dosage of lorazepam 0.81 mg) and S-ketamine (mean
dosage 14.17 mg), a sufficient sedation and anxiolysis was
possible without respiratory distress. To reduce procedure-
related pain and decrease the requirement for sedation, we
used local anesthesia at the lumbar puncture site in form
of a topic anesthetic cream which is common especially in
pediatrics [17] and/or infiltrative subcutaneous anesthesia.
To minimize the risk of post-lumbar puncture syndrome,
we mainly used atraumatic needles [40]. However, post-
lumbar puncture syndrome with and without vomiting was
observed in three ambulatory SMA type 3 patients, in two
repeatedly. Here, the main symptom reported was positional
headache and patients were advised to take non-steroidal
anti-inflammatory medication (NSAID, e.g., paracetamol)
and to bed rest that lead to an attenuation of the symptoms.
Of note, inpatient treatment or prolonged hospitalization
was not necessary and none of the patients discontinued
therapy due to post-lumbar puncture syndrome. In all these
patients, lumbar puncture was performed with an atraumatic
needle 22G (Sprotte). Besides needle design (traumatic ver-
sus atraumatic), post-lumbar puncture syndrome is related
to the size of the spinal needle used, the experience of the
performing person, and the age and sex of the patient [41].
The incidence of post-lumbar puncture syndrome in adults
ranges from 0 to 36% (Quincke 22 G 36% [42], Sprotte
24 G 0-9.6% [41, 43, 44]), and in children from 4 to 11%
[45, 46]. With puberty, the incidence of complaints after
lumbar puncture, particularly of headache, increases [47].
Our results are in line with the previous studies where post-
lumbar puncture syndrome during treatment with nusinersen
was more often observed in older children (8-14 years of
age) and in children with spinal muscular atrophy type 3
[18]. Most authors explained the higher incidence of post-
lumbar puncture syndrome observed among older children
and/or in children with spinal muscular atrophy type 3 with
the use of larger bore/gauge spinal needles, cutting-tip nee-
dles (e.g. Quincke type), multiple attempts, and/or due to
technical difficulties resulting from increased body weight
and the presence of scoliosis or excessive lumbar lordosis,
which was not the case in our patients. Using a needle with
a smaller diameter (24G) in a patient with a previous post-
lumbar puncture syndrome led to a higher resistance when
aspiring CSF and injecting nusinersen, so we did not adjust
standard use of this needle diameter [41]. Apart from post-
puncture syndrome and a single mild vasovagal reaction
in a conventional lumbar puncture, no serious side effects
occurred during the procedures.

Our data suggest that nusinersen can be successfully
administered even in patients with complex anatomies and
severe illness within a multidisciplinary approach. How-
ever, we may also assume a limited feasibility of lumbar
puncture for drug application in some cases. In detail, e.g.
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(postoperative) fistula or other expansive lesions within the
route of needle insertion, or extensive interlaminar ossifica-
tions in combination with inaccessible neuroforamina may
represent potential limitations. In addition, artifacts arising
from previously implanted surgery material may also restrict
imaging-guided drug application.

Despite focusing on drug administration, we assessed
HFMSE scores before and after four doses of nusinersen
(loading) and found no significant improvements in motor
functions. We did not assess subjective drug efficacy or sub-
jective effort versus effectiveness consideration but however,
none of the 20 patients discontinued therapy. Nevertheless, it
is of note that our study is not eligible to assess drug efficacy,
but, considering the age and illness duration in our sample,
our result on HFMSE scores is in line with the observation
that the earlier SMN levels were augmented, the better the
therapeutic outcome [8, 48]. A significant improvement in
motor functions was found in children even with later-onset
SMA [10], but, however, there is no study that investigated
the efficacy of nusinersen in adolescents or adults so far.
Studies addressing this issue are strongly encouraged con-
sidering that these evidences would strongly support the
essential evaluation between risks versus efficacy in clinical
practice. Moreover, these data would also make a strong con-
tribution to the ongoing discussion regarding costs and the
implications on national health systems [49] considering the
current drug prizes and efforts due to drug administration.

Conclusions

Overall, we conclude that the conventional or CT-guided
lumbar puncture for the administration of nusinersen in
adolescent and adult later-onset SMA patients even with
complex anatomies and respiratory insufficiency is feasi-
ble, safe, and well tolerated. CT-guided lumbar puncture
in complex spine anatomies required not more puncture
attempts compared to the conventionally performed lumbar
punctures in patients without spine deformities. In summary,
the use of imaging facilitates the procedure and increases
the success of intrathecal medication delivery in patients
with spine deformities. To further reduce X-ray exposure,
the utility of fluoroscopy instead of CT can be considered.
Only local anesthesia and mild sedation with benzodiaz-
epines and ketamine were used during the procedures. To
ensure a safe intervention, we recommend establishing an
experienced interdisciplinary team consisting of neurolo-
gists, neuropediatricians, anesthesiologists, orthopedic sur-
geons, and neuroradiologists.
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