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Background: Spinal muscular atrophy (SMA) is a genetic disorder that leads to

progressive tetraparesis. Nusinersen is the first approved drug for the treatment of

SMA and is administered via intrathecal injections. Neuromyopathic scoliosis and

spondylodesis can impede lumbar punctures, thus necessitating the use of radiological

imaging. Furthermore, dosimetry of this potentially lifelong therapy should be supervised.

Methods: Fluoroscopy-assisted or computed tomography (CT)-guided intrathecal

injections of nusinersen were performed in adult patients with SMA type 2 and 3. The

mean effective dose was compared in patients with and without spondylodesis as well

as in those with SMA type 2 and 3. The dosimetry was analyzed in relation to the

motor function evaluated with the Revised Upper Limb module (RULM) score and the

Hammersmith Functional Motor Scale-Expanded (HFMSE) score.

Results: Fifteen patients with SMA type 2 and 3 underwent radiological

imaging-assisted intrathecal injections. The mean effective dose per CT-guided injection

per patient was 2.59 (±1.67) mSv (n = 12). The mean dose area product (DAP)

per fluoroscopy-guided injection per patient was 200.48 (±323.67) µGym2 (n =

3). With increase in the number of injections, the effective dose (r = −0.23) (p <

0.05) and the DAP (r = −0.09) (p > 0.05) decreased. The mean effective dose

in 4 patients without spinal fusion (SMA type 2) was 1.39 (±0.51) mSv, whereas

that in 8 patients with spondylodesis (SMA type 2 and 3) was 3.21 (±1.73) mSv.

The mean effective dose in 5 SMA type 2 patients with spondylodesis was 2.68

(±1.47) mSv (n = 5) and in 3 SMA type 3 patients was 4.00 (±1.82) mSv.

Dosimetry did not show significant correlation with the clinical severity of the disease

(RULM score: r = −0.045, p > 0.05 and HFMSE score: r = −0.001, p > 0.05).
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Conclusions: In SMA type 2 and 3 patients undergoing radiological imaging-assisted

injections, the effective dose and DAP decreased during therapy with nusinersen. The

mean effective dose in patients with spondylodesis was higher than that in patients

without spondylodesis. Dosimetry should be monitored carefully in order to detect and

prevent unnecessary radiation exposure.

Keywords: lumbar puncture, scoliosis, CT, SMA, radiation exposure

INTRODUCTION

Spinal muscular atrophy (SMA) is an autosomal recessive,
inherited, degenerative motor neuron disease with a prevalence
of 1 per 10,000 births. Clinically, it leads to progressive
muscle atrophy and weakness. Depending on the achieved
motor milestones, SMA is distinguished into different
phenotypes: infants with SMA type 1 (Werdnig-Hoffmann
disease) never develop the ability to sit, and they typically
die within the first 2 years because of respiratory failure
without ventilatory support (“non-sitters”). Children with
SMA type 2 develop the ability to sit unassisted but never
learn to ambulate independently (“sitters”). Patients with
SMA type 3 (Kugelberg-Welander disease) learn to walk
(“walkers”). However, the achieved motor milestones can be lost
during the course of the disease. When clinical manifestation
begins in adulthood (type 4), patients are typically less
affected (1, 2).

In most cases, SMA is caused by a homozygous mutation of
the survival of motor neuron 1 gene (SMN1) on chromosome
5q leading to insufficient levels of full-length SMN protein. In
the SMN2 gene, a centromeric copy of SMN1, a single C-to-
T transition results in production of mostly truncated non-
functional SMN protein leading to insufficient development
of spinal motor neurons (1, 3–8). As the disease severity is
negatively correlated with increase in the number of SMN2 gene
copies, SMN2 is the most important disease modifier of SMA
(5, 9). Increasing the production of full-length SMN protein is
a major target in SMA treatment.

The antisense oligonucleotide (ASO) nusinersen (Spinraza R©,
Biogen) was approved by the European Medicines Agency
(EMA) in May 2017 (10). The approval was based on the pivotal
trials “ENDEAR” and “CHERISH” showing that treatment
with nusinersen leads to a marked improvement of motor
function in SMA type 1 and SMA type 2 patients (2, 11).
Nusinersen is capable of increasing the production of full-
length SMN protein by modifying the SMN2 gene. Since it
is not able to cross the blood-brain barrier, the drug has to
be administered via recurrent intrathecal injections (12). The
treatment schedule consists of loading doses on day 0, 14, 28,
and 64 followed by maintenance doses every 4 months (2, 11).
In SMA patients, intrathecal administration of nusinersen can

Abbreviations: ASO, Antisense oligonucleotide; CT, Computed tomography;

DAP, Dose area product; HFMSE, Hammersmith Functional Motor Scale-

Expanded; ICRP, International Commission on Radiological Protection; mSv,

Millisievert; RULM, Revised Upper Limb Module; SMA, Spinal muscular atrophy;

SMN, Survival of motor neuron.

be challenging due to the presence of neuromyopathic scoliosis
or spondylodesis. In these patients, CT- or fluoroscopy-guided
lumbar punctures may be necessary in order to enable treatment
with nusinersen.

As nusinersen is administered over a long term, it is
important to give attention to the short- and long-term risks of
procedure-related radiation exposure. Herein, we have reported
the dosimetric data of CT- and fluoroscopy-guided lumbar
punctures associated with the treatment of SMAwith nusinersen.

METHODS

Data Collection
Patients with 5q-associated SMAwere treated in accordance with
the approval of nusinersen. In the Department of Neurology
at the University Hospital Essen (Germany), a total of 70
image-guided injections were performed in 15 SMA patients
from August 2017 to August 2018. In detail, 56 CT-guided
injections were performed in 12 patients, while 14 injections
were performed via fluoroscopy in three patients. By the
end of the study, all patients received three injections (n =

12), 11 patients received four injections and seven patients
received five injections. Two patients received six injections,
but because of the small number, we initially excluded them
from the results. Patients were aged between 25 and 58 years
(average age: 35.1; median: 33.0 years). CT-guided injections
were administered to nine patients with SMA type 2 (four
without spondylodesis and five with spondylodesis) as well as
to three SMA type 3 patients with spondylodesis. Fluoroscopy-
guided injections were administered to three patients without
spondylodesis. Three board-certified neuroradiologists with
work experience of more than 7 years alternately performed the
lumbar punctures.

Radiation exposure was monitored by the RadimetricsTM

Enterprise Platform software (Bayer Healthcare, Leverkusen,
Germany). Based on Monte Carlo simulations techniques,
radiation exposure of each image-guided injection (CT
and fluoroscopy) was measured, analyzed, and summarized
(13). All procedures were performed either on the second-
generation dual source CT scanner SOMATOM Definition
Flash R© or on the third-generation dual source CT scanner
SOMATOM FORCE R© (both Siemens Healthcare, Forchheim,
Germany) with a low radiation dose level (14). Fluoroscopy-
guided procedures were performed at the digital flat panel
angiography system AXIOM-Artis (Siemens Healthcare,
Erlangen, Germany). A measurement of the effective dose
according to ICRP 103 (International Commission on
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TABLE 1 | Patient demographics.

SMA type 2 SMA type 3 Total

Number of patients (%) 9 (60%) 6 (40%) 15

Male 3 (33.3%) 6 (100%) 9 (60%)

Female 6 (66.7%) 0 (0%) 6 (40%)

Scoliosis 9 (100%) 6 (100%) 15 (100%)

Spondylodesis 5 (55.6%) 3 (50%) 8 (53.3%)

Fluoroscopy guided 0 (0%) 3 (50%) 3 (20%)

-Success rate**–Fluoroscopy guided – 3* 3*

Computed tomography (CT) guided 9 3 12

-Success rate**–CT guided 9** 3 12

*In one patient, a failed fluoroscopy was switched to a successful CT-guided

lumbar puncture.

**Defined as successful injection per procedure. In two additional patients, CT-guided

injection was not successful.

Radiological Protection) (15) for CT-guided injections and
of the dose area product (DAP) for fluoroscopy-guided
injections was performed with regard to the number
of injections.

Assuming that radiologically assisted intrathecal injections
are more complicated in severely affected patients, radiation
exposure was correlated to motor function scores. The
Revised Upper Limb Module (RULM) score measures the
motor function of the upper extremities. The maximum
obtainable score is 37 points (16). The Hammersmith
Functional Motor Scale-Expanded (HFMSE) score objectifies
the whole-body motor function with a maximum obtainable
score of 66 points (17) with higher scores indicating better
motor function.

Statistical Analysis
Statistical analysis was performed with the paired non-
parametric t-test and unpaired non-parametric test. A p-value
of <0.05 was considered statistically significant. The correlation
coefficient (r) was used to analyze the correlation between
changes in the effective dose and the DAP. Linear regression was
calculated to compare the effective dose and the DAP regarding
the number of injections.

RESULTS

Overall, data from 12 patients with successful CT-guided
injections were analyzed. Patient demographics regarding sex,
scoliosis, and the presence of spondylodesis as well as the
imaging technique used are shown in Table 1. The mean effective
dose of each patient per injection was 2.59 (±1.67) mSv (n =

12). The median was 2.1 mSv with a maximum of 7.3 mSv
and a minimum of 0.7 mSv. The mean effective dose of each
injection is presented in Table 2. In the course of the treatment,
a significant decrease in the effective dose was observed from
the first to the fifth injection with an r of −0.23 (p < 0.05;
Figure 1A).

In three SMA type 3 patients with only mild scoliosis,
nusinersen was injected via fluoroscopy (Figure 1B). The mean

TABLE 2 | Mean effective dose related to the number of CT-guided injections.

Number of injections Mean effective dose

[mSv]

Number of patients

(n)

1 2.93 (± 2.19) 12

2 2.94 (± 1.84) 12

3 2.61 (± 1.81) 12

4 2.31 (± 1.08) 11

5 1.73 (± 1.10) 7

FIGURE 1 | (A)Computed tomography (CT)-guided injection: The decrease in

the effective dose per patient (n = 12) per injection (r = −0.22; p < 0.05) in

the course of Injection 1–5 is shown. (B) Fluoroscopy-guided injection:

Decrease in the dose area product (DAP) per patient (n = 3) per injection (r =

−0.29; p > 0.05) in the course of injection 1–4.

DAP of each patient per injection was 200.48 (±323.67) µGym2,
with a median of 121.80 µGym2, a maximum of 1275.70 µGym2,
and a minimum of 6.86.00 µGym2. The linear regression during
the course of these injections showed an r of −0.09 with no
significant correlation between the DAP and the number of
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TABLE 3 | Mean dose area product related to the number of fluoroscopy-guided

injections.

Number of injections Mean dose area

product [µGym2]

Number of

patients (n)

1 126.94 (±125.67) 3

2 472.6 (±698.46) 3

3 153.89 (±141.80) 3

4 143.38 (±84.04) 3

FIGURE 2 | (A) CT-guided injection: Mean effective dose of patients with

spondylodesis (spond+; n = 8) compared to those without spondylodesis

(spond–; n = 4). (B) CT-guided injection: Comparison of the mean effective

dose of patients with spondylodesis and SMA type 2 (spond+; n = 5),

patients with spondylodesis and SMA type 3 (spond+; n = 3), and patients

without spondylodesis and SMA type 2 (spond–; n = 4).

injections (p > 0.05). The mean DAP for each injection is shown
in Table 3.

Comparing the effective dose of CT-guided lumbar punctures
between patients with and without spondylodesis, the mean
effective dose in patients without spinal fusion for each injection
(SMA type 2) was 1.39 (± 0.51) mSv (n = 4). The median was
1.4 mSv, with a maximum of 2.4 mSv and a minimum of 0.7 mSv,

FIGURE 3 | (A) CT-guided injection: Presentation of the RULM score (SMA

types 2 and 3; n = 12; r = −0.045; p > 0.05). A wide scattering and no

correlation between the mean effective dose and RULM score are shown. (B)

CT-guided injection: Presentation of the HFMSE Score (SMA type 2 and 3; n =

12; r = −0.001; p > 0.05). A wide scattering and no correlation between the

mean effective dose and HFMSE Score are shown.

while patients with spondylodesis (SMA type 2 and 3) (n = 8)
reached an average of 3.21 mSv (±1.73 mSv) with a median of
2.7 mSv, a maximum of 7.3 mSv, and a minimum of 1.1 mSv
(Figure 2A). By subclassifying all patients with spondylodesis
into SMA type 2 and SMA type 3 groups, the mean effective
dose of each patient per CT-guided injection was found to
be 2.68 (±1.47) mSv (n = 5) with a median of 2.15 mSv, a
maximum of 6.8 mSv, and a minimum of 1.1 mSv in SMA
type 2, whereas the mean effective dose in patients with SMA
type 3 was 4.00 (±1.82) mSv (n = 3) per injection with a
median of 3.7 mSv, a maximum of 7.3 mSv, and a minimum of
1.3 mSv (Figure 2B).
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The average RULM score in all SMA patients (n = 15) was 12
(±7) with a median of 13, a maximum of 22, and a minimum of
0 points. The mean RULM score in 12 patients with CT-guided
injections was 11 (±6) with a median of 12, a maximum of 20,
and a minimum of 0 points (Figure 3A). The absolute data are
shown in Table 4. With respect to the RULM score in patients
with CT-guided injections, r was −0.045 with no significant
correlation between radiation exposure and RULM score (p
> 0.05). Three patients who underwent fluoroscopy guided
injections had a mean RULM score of 18 (±5) with a median
of 20, a maximum of 22, and a minimum of 12 points without
any correlation between disease severity and radiation exposure
because of the small number of patients in the sample (n= 3).

The average HFMSE score in all SMA patients (n = 15) was 5
(±4) with a median of 3, a maximum of 15, and a minimum of
0 points. The mean HFMSE score in 12 patients with CT-guided
injections was 3 (±3) with a median of 3, a maximum of 8, and a
minimumof 0 points (Figure 3B). The absolute data are shown in
Table 4. Regarding the HFMSE score in patients with CT-guided
injections, r was −0.001 with no significant correlation between
radiation exposure and HFMSE score (p > 0.05). Three patients
who received fluoroscopy-guided injections had a mean HFMSE
score of 11 (±4) with a median of 12, a maximum of 15, and
a minimum of 7 points without a correlation between disease
severity and radiation exposure because of the small number of
patients in the sample (n= 3).

DISCUSSION

Image-guided lumbar punctures enable treatment with
nusinersen for adult SMA type 2 and type 3 patients with
severe disease-related anatomical spine alterations (18). During
the course of the treatment, there is a significant decrease in
the mean effective radiation dose for CT-guided injections.
Fluoroscopy-guided treatment shows similar results for the
DAP, which is limited by the small number of patients with
no significant correlation between the DAP and the number of
injections. We selected CT- and fluoroscopy-guided injections
based on the degree of the disability, especially the extent
of the scoliosis. All patients with spondylodesis received
a CT-guided injection. Patients whose degree of disability
was too low for a CT-guided injection but too high for a
lumbar puncture without radiological support received a
fluoroscopy-guided injection (18). Reduction in radiation
exposure during the treatment may be based on procedural
aspects. With technical information from a prior successful
lumbar puncture (i.e., needle position, lumbar level, and
angle of puncture) the number of treatment procedures may
increase over time due to less radiation exposure from puncture
failures. Importantly, in this 1-year study, we were only able to
point out a relatively small number of patients. Nevertheless,
these patients reflect a real-world perspective of treatment
with nusinersen.

Regarding the effective dose for each patient, we observed
a large scattering between individual injections. The following
three aspects have to be discussed. First, during the course

of treatment, the patients did not have the same position
in the gantry for each injection, which makes the successful
administration of nusinersen technically challenging. Due to
extreme scoliosis, the patient’s position is sometimes more
lateral than prone, which may have influenced the accessibility.
Metal artifacts caused by dorsal stabilization may complicate
finding the right needle position. Second, saved images and
data from successful previous injections show the position
and angle of the needles, which is advantageous; this is
timesaving and provides a learning opportunity for the
interventionalist. Nevertheless, there is no assurance that
the needle puncture, performed by the neuroradiologist,
is in the exact same position. Third, individual skills of
performing neuroradiologists (n = 4) may interfere with the
radiation exposure.

The mean effective radiation dose for patients with
spondylodesis, regardless of the SMA type, was higher than
that for patients without a spinal fusion (Figure 2A), which
may have been mainly due to the automatic dose upregulation
attributable to the higher noise and beam hardening artifacts
of spinal fusion devices (19, 20). Another reason for the higher
dose might be the more complicated CT-guided administration
of nusinersen in patients with severe scoliosis and spinal fusion.

Patients with SMA type 2 are clinically more disabled than
patients with SMA type 3 (2, 5, 18). Therefore, we assumed that
the effective dose in patients with SMA type 2 and spondylodesis
might be higher due to more complicated injection procedures.
With limited evidence due to the small number of SMA 3
patients with spondylodesis, our data of patients with SMA
type 2 and spondylodesis show a lower effective dose for CT-
guided injections compared to patients with SMA type 3 and
spondylodesis (Figure 2B). A comparison of the mean effective
dose between these two groups is not appropriate due to the small
number of patients with SMA type 3 and spondylodesis.

All the patients in our cohort who received CT-guided
nusinersen therapy were wheelchair-dependent; the HFMSE
score (17). which evaluates whole-body motor function
(Figure 3B), may be an insufficient parameter, and the RULM
score (16) which evaluates upper limb function in more detail,
may be more useful than HFMSE. The clinical deviation in our
cohort of patients with SMA was more significant on the RULM
than with the HFMSE. Patients with a more severe clinical
disability, and therefore lower RULM and HFMSE scores,
did not show a lower effective dose for CT-guided injections
(Figures 3A,B). Hence, the effective dose may not be affected by
the type of SMA and the clinical grade of disability.

Nusinersen therapy is long-term, with a maintenance dose of
3 injections per year; therefore, the radiation exposure should
be precisely supervised (21–23). Two possible types of radiation
side-effects have to be considered; stochastic radiation effects,
which are characterized by incidental damage (e.g., cancer and
genotoxic effects) and might appear with a risk of 4.1%/Sv.
These effects are independent of the effective dose. In contrast,
deterministic radiation effects are characterized by the threshold
doses, and particularly affect the reproductive organs, with
possible manifestations such as erythema or tissue necrosis
(15, 24–27). Exposure to doses >500 mSv may induce the
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TABLE 4 | Correlation of clinical scores and mean effective dose per patient.

No. of patient 1 2 3 4 5 6 7 8 9 10 11 12

Mean effective dose [msv] 4.52 2.87 1.72 1.28 1.22 1.34 3.64 3.7 2.1 1.8 5.23 2.23

RULM Score 14 20 16 0 10 10 14 10 13 5 0 17

HFMSE Score 7 5 4 0 3 2 3 0 8 2 0 2

manifestation of the clinical symptoms of radiation exposure,
mainly in the hematopoietic or lymphatic system. At 1,000 mSv,
radiation-induced skin changes are noted. At >3,000 mSv, the
mitotic rate is irreversibly arrested (28, 29). The average dose of
radiation exposure for people living in Germany was 3.9 mSv
in 2009 (15). In comparison, lumbar spine radiography has an
effective dose of 0.6–1.1 mSv, whereas a lumbar spine CT scan
has an effective dose of 4.8–8.7 mSv (11). Relatively, the effective
doses for CT-guided lumbar punctures in our study were not
higher than those for patients with a correct anatomical spine and
intrathecal treatment (22, 30).

To date, no injectable therapeutic regimen involves repetitive
radiation exposure over time. Considering the long-term
exposure, periodic prophylactic mammography screening of
women at a higher risk of breast cancer might be, with regard
to dosimetry, to a limited extent comparable with long-term
nusinersen treatment. Bilateral mammography in two imaging
planes has a mean effective dose of 0.2–0.4 mSv, but it has
to be considered that both tissues (breast and spine) have
distinct radiation sensitivities (24, 31–33). Radiation-induced
breast cancer risk decreases with the age at exposure; therefore,
for young woman, periodic, long-term screening seems less
favorable (33, 34). In comparison, radiology-assisted injections
of nusinersen in younger patients have a higher lifetime
accumulation of radiation exposure. A second example is the
recurrent lumbar punctures for intrathecal chemotherapy in
patients with cancer. In this case, the advantages of cancer
therapy outweigh the disadvantage of radiation exposure.
Therefore, periodic low radiation exposure is generally accepted
(30). Another example include patients experiencing back pain
who are treated with recurrent CT-guided lumbar nerve root
injections with significant benefit (35–37).

A point to consider is the young age of our patients with
adult SMA. In general, the risk of radiation-induced cancer
depends, among other things, on sage and sex, as well as on the
exposure to other carcinogens and promotors that may interact
with radiation. Therefore, generally, some patients may or may
not develop cancer despite exposure to similar dose of radiation.
The younger the patients, the longer the radiation exposure with
regard to long-term nusinersen therapy, which results in higher
lifetime accumulation of radiation exposure (15, 29, 38, 39).
Because the path of the radiation beam is incident at the same
area each time, organs in the lower abdomen are themost affected
(14). Therefore, the effective dose and DAP should be sufficient
yet low as possible for all patients.

In two patients with SMA patients, CT-guided injection
of nusinersen was not possible because of spondylodesis and
a history of multiple spinal operations with ossification of
the puncture site. These two patients were excluded from

this study because of unsuccessful lumbar puncture. Because
of these complications and the periodic radiation exposure,
comparable alternatives to radiology-guided lumbar puncture
should be discussed extensively. For patients with unsuccessful
CT-guided lumbar puncture, off-label use of an intrathecal
catheter system might be considered (40). Another possible
intervention is the use of an Ommaya reservoir (41, 42). Till
date, it remains unclear whether the efficacy of nusinersen
is similar to that of intrathecal injections (43). Therefore,
this might be a future alternative for patients with severely
altered spinal structure anatomy, without any indication for
successful CT-guided therapy, to get nusinersen therapy. A
radiation-free and promising method could be MRI-guided
therapy with a special equipment (44–46). It is an advantageous
alternative especially in young patients who wish have children
in future and directs less radiation exposure to the reproductive
organs (29, 34, 47). Important disadvantages in this study are
the severe technical artifacts caused by our patient’s spinal
fusion. Another technical modality for radiation-free injection
of nusinersen is ultrasound-guided cervical puncture (48);
however, cervical injection of nusinersen is considered an off-
label use because the EMA only approves lumbar intrathecal
injection (10).

No orally administered drugs have been approved for the
treatment of SMA; however, the use of risdiplam (RG7916) is
being tested in a clinical trial (49). Moreover, oral drug therapy
is a radiation-free method without the need for hospitalization,
and therefore, confers a gain in the quality of life. Furthermore,
there is a major focus on gene therapy, such as onasemnogen
abeparvovec, a viral vector with DNA encoding for the survival
of motor neuron (SMN) protein, which has been approved by the
FDA for treatment of SMA type 1 (50).

CONCLUSIONS

We demonstrated the dosimetry of CT-guided and fluoroscopy-
assisted injections of nusinersen over a 1-year period in adult
SMA patients. For most patients with severe scoliosis and
spondylodesis, these procedures are the only feasible treatment
options with nusinersen (10). Overall, our results reveal a
decrease in the mean effective dose and the DAP related to
the course of injections. The effective dose per injection for
patients with scoliosis and spinal fusion was higher than that
for patients without spondylodesis. Patients with SMA type 2
have a more severe clinical constraint than those with SMA type
3. Nevertheless, patients with SMA type 2 and spondylodesis
compared to those with SMA type 3 and spondylodesis received
a lower effective dose per injection with no correlation between
the clinical severity and effective radiation dose.
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However, radiology-guided lumbar puncture may be the
only feasible technical application form for nusinersen in SMA
patients with severe scoliosis. The radiation exposure for this
long-term therapy must be precisely supervised, while radiation-
free or reduced treatment options should be further evaluated.

DATA AVAILABILITY STATEMENT

All datasets generated for this study are included in the
article/supplementary material.

ETHICS STATEMENT

This study was approved by the Ethics Committee
at the University Duisburg-Essen, Germany (approval
number: 18-8071-BO). Written informed consent was obtained
from each patient prior to study inclusion.

AUTHOR CONTRIBUTIONS

KK drafted the manuscript and analyzed the clinical data. KK,
BS, SB, AT, and TH were responsible for patient recruitment,
clinical examination, and nusinersen treatment. MFl performed
statistical analysis of the data. CMperformed CT- or fluoroscopy-
guided injections and performed data analysis. DO and NG
analyzed dosimetry data. MFo and CK provided substantial input
for data interpretation and manuscript. TH is responsible for
the study development and supervision for data analysis and
manuscript drafting.

FUNDING

We acknowledge support by the Open Access Publication Fund
of the University of Duisburg-Essen.

REFERENCES

1. Lunn MR, Wang CH. Spinal muscular atrophy. Lancet. (2008) 371:2120–33.

doi: 10.1016/S0140-6736(08)60921-6

2. Mercuri E, Darras BT, Chiriboga CA, Day JW, Campbell C, Connolly AM,

et al. Nusinersen versus sham control in later-onset spinal muscular atrophy.

N Engl J Med. (2018) 378:625–35. doi: 10.1056/NEJMoa1710504

3. Kolb SJ, Kissel JT. Spinal muscular atrophy. Neurol Clin. (2015) 33:831–46.

doi: 10.1016/j.ncl.2015.07.004

4. Lefebvre S, Burglen L, Reboullet S, Clermont O, Burlet P, Viollet L, et al.

Identification and characterization of a spinal muscular atrophy-determining

gene. Cell. (1995) 80:155–65. doi: 10.1016/0092-8674(95)90460-3

5. Lefebvre S, Burlet P, Liu Q, Bertrandy S, Clermont O, Munnich A, et al.

Correlation between severity and SMN protein level in spinal muscular

atrophy. Nat Genet. (1997) 16:265–9. doi: 10.1038/ng0797-265

6. Bürglen L, Lefebvre S, Clermont O, Burlet P, Viollet L, Cruaud C, et al.

Structure and organization of the human survival motor neurone (SMN) gene.

Genomics. (1996) 32:479–82. doi: 10.1006/geno.1996.0147

7. Lorson CL, Hahnen E, Androphy EJ, Wirth B. A single nucleotide in

the SMN gene regulates splicing and is responsible for spinal muscular

atrophy. Proc Natl Acad Sci USA. (1999) 96:6307–11. doi: 10.1073/pnas.96.

11.6307

8. Lorson CL, Androphy EJ. An exonic enhancer is required for inclusion of an

essential exon in the SMA-determining gene SMN. Hum Mol Genet. (2000)

9:259–65. doi: 10.1093/hmg/9.2.259

9. Feldkötter M, Schwarzer V, Wirth R, Wienker TF, Wirth B. Quantitative

analyses of SMN1 and SMN2 based on real-time lightCycler PCR: fast and

highly reliable carrier testing and prediction of severity of spinal muscular

atrophy. Am J Hum Genet. (2002) 70:358–68. doi: 10.1086/338627

10. European Medicines Agency (EMA). May 2017.

11. Finkel RS, Mercuri E, Darras BT, Connolly AM, Kuntz NL, Kirschner J, et al.

Nusinersen versus sham control in infantile-onset spinal muscular atrophy. N

Engl J Med. (2017) 377:1723–32. doi: 10.1056/NEJMoa1702752

12. Geary RS, Yu RZ, Levin AA. Pharmacokinetics of phosphorothioate antisense

oligodeoxynucleotides. Curr Opin Investig Drugs. (2001) 2:562–73.

13. Guberina N, Forsting M, Suntharalingam S, Nassenstein K, Theysohn J,

Ringelstein A, et al. Radiation dose monitoring in the clinical routine. Rofo.

(2017) 189:356–60. doi: 10.1055/s-0042-116684

14. Oldenburg D, Guberina N, Stolte B, Kizina K, Stenzel E, Radbruch A,

et al. Radiation exposure of image-guided intrathecal administration of

nusinersen to adult patients with spinal muscular atrophy. Neuroradiology.

(2019) 61:565–74. doi: 10.1007/s00234-019-02189-x

15. The 2007 Recommendations of the International Commission on

Radiological Protection. ICRP publication 103. Ann ICRP. (2007) 37,

1–332. doi: 10.1016/j.icrp.2008.07.001

16. Mazzone ES, Mayhew A, Montes J, Ramsey D, Fanelli L, Young SD, et al.

Revised upper limb module for spinal muscular atrophy: development

of a new module. Muscle Nerve. (2017) 55:869–74. doi: 10.1002/mus.

25430

17. Mazzone E, De Sanctis R, Fanelli L, Bianco F, Main M, van den Hauwe M,

et al. Hammersmith functional motor scale and motor function measure-

20 in non ambulant SMA patients. Neuromuscul Disord. (2014) 24:347–52.

doi: 10.1016/j.nmd.2014.01.003

18. Stolte B, Totzeck A, Kizina K, Bolz S, Pietruck L, Mönninghoff C, et al.

Feasibility and safety of intrathecal treatment with nusinersen in adult

patients with spinal muscular atrophy. Ther Adv Neurol Disord. (2018)

11:1756286418803246. doi: 10.1177/1756286418803246

19. Catteruccia M, Vuillerot C, Vaugier I, Leclair D, Azzi V, Viollet L,

et al. Orthopedic management of scoliosis by garches brace and spinal

fusion in SMA type 2 children. J Neuromuscul Dis. (2015) 2:453–62.

doi: 10.3233/JND-150084

20. Fujak A, Raab W, Schuh A, Richter S, Forst R, Forst J. Natural course of

scoliosis in proximal spinal muscular atrophy type II and IIIa: descriptive

clinical study with retrospective data collection of 126 patients. BMC

Musculoskelet Disord. (2013) 14:283. doi: 10.1186/1471-2474-14-283

21. Rehani MM, Berry M. Radiation doses in computed tomography. The

increasing doses of radiation need to be controlled. BMJ. (2000) 320:593–4.

doi: 10.1136/bmj.320.7235.593

22. Kritsaneepaiboon S, Jutiyon A, Krisanachinda A. Cumulative radiation

exposure and estimated lifetime cancer risk in multiple-injury adult patients

undergoing repeated or multiple CTs. Eur J Trauma Emerg Surg. (2018)

44:19–27. doi: 10.1007/s00068-016-0665-6

23. Sodickson A, Baeyens PF, Andriole KP, Prevedello LM, Nawfel RD, Hanson R,

et al. Recurrent CT, cumulative radiation exposure, and associated radiation-

induced cancer risks from CT of adults. Radiology. (2009) 251:175–84.

doi: 10.1148/radiol.2511081296

24. Reiser M, Kuhn F, Debus J. Duale Reihe Radiologie. Vol. 4. Stuttgart: Georg

Thieme Verlag KG (2017).

25. Artner J, Lattig F, Reichel H, Cakir B. Effective dose of CT-guided

epidural and periradicular injections of the lumbar spine: a retrospective

study. Open Orthop J. (2012) 6:357–61. doi: 10.2174/18743250012060

10357

26. Kamiya K, Sasatani M. [Effects of radiation exposure on human body]. Nihon

Rinsho. (2012) 70:367–74.

27. Smith-Bindman R, Lipson J, Marcus R, Kim KP, Mahesh M, Gould R, et al.

Radiation dose associated with common computed tomography examinations

and the associated lifetime attributable risk of cancer. Arch Intern Med. (2009)

169:2078–86. doi: 10.1001/archinternmed.2009.427

28. Bolus NE. Basic review of radiation biology and terminology. J Nucl Med

Technol. (2017) 45:259–64. doi: 10.2967/jnmt.117.195230

Frontiers in Neurology | www.frontiersin.org 7 November 2019 | Volume 10 | Article 1166

https://doi.org/10.1016/S0140-6736(08)60921-6
https://doi.org/10.1056/NEJMoa1710504
https://doi.org/10.1016/j.ncl.2015.07.004
https://doi.org/10.1016/0092-8674(95)90460-3
https://doi.org/10.1038/ng0797-265
https://doi.org/10.1006/geno.1996.0147
https://doi.org/10.1073/pnas.96.11.6307
https://doi.org/10.1093/hmg/9.2.259
https://doi.org/10.1086/338627
https://doi.org/10.1056/NEJMoa1702752
https://doi.org/10.1055/s-0042-116684
https://doi.org/10.1007/s00234-019-02189-x
https://doi.org/10.1016/j.icrp.2008.07.001
https://doi.org/10.1002/mus.25430
https://doi.org/10.1016/j.nmd.2014.01.003
https://doi.org/10.1177/1756286418803246
https://doi.org/10.3233/JND-150084
https://doi.org/10.1186/1471-2474-14-283
https://doi.org/10.1136/bmj.320.7235.593
https://doi.org/10.1007/s00068-016-0665-6
https://doi.org/10.1148/radiol.2511081296
https://doi.org/10.2174/1874325001206010357
https://doi.org/10.1001/archinternmed.2009.427
https://doi.org/10.2967/jnmt.117.195230
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Kizina et al. Dosimetry in Adult SMA Therapy

29. Mettler FA.Medical effects and risks of exposure to ionising radiation. J Radiol

Prot. (2012) 32:N9–N13. doi: 10.1088/0952-4746/32/1/N9

30. Debnam JM, Schellingerhout D, Kumar AJ, Ketonen L, Shah K, Hamberg

LM, et al. Multidetector CT-guided lumbar puncture in patients with

cancer. Interv Neuroradiol. (2009) 15:61–6. doi: 10.1177/1591019909015

00109

31. Miglioretti DL, Lange J, van den Broek JJ, Lee CI, van Ravesteyn NT, Ritley

D, et al. Radiation-induced breast cancer incidence and mortality from digital

mammography screening: amodeling study.Ann InternMed. (2016) 164:205–

14. doi: 10.7326/M15-1241

32. RMK MA, England A, McEntee MF, Mercer CE, Tootell A, Hogg P.

Effective lifetime radiation risk for a number of national mammography

screening programmes. Radiography (Lond). (2018) 24:240–6.

doi: 10.1016/j.radi.2018.02.001

33. Beemsterboer PM, Warmerdam PG, Boer R, de Koning HJ. Radiation risk

of mammography related to benefit in screening programmes: a favourable

balance? J Med Screen. (1998) 5:81–7. doi: 10.1136/jms.5.2.81

34. Shuryak I, Sachs RK, Brenner DJ. Cancer risks after radiation exposure in

middle age. J Natl Cancer Inst. (2010) 102:1628–36. doi: 10.1093/jnci/djq346

35. Schauberger JS, Kranz PG, Choudhury KR, Eastwood JD, Gray L, Hoang

JK. CT-guided lumbar nerve root injections: are we using the correct

radiation dose settings? AJNR Am J Neuroradiol. (2012) 33:1855–9.

doi: 10.3174/ajnr.A3096

36. Maino P, Presilla S, Colli Franzone PA, van Kuijk SMJ, Perez RSGM, Koetsier

E. Radiation dose exposure for lumbar transforaminal epidural steroid

injections and facet joint blocks under CT vs. fluoroscopic guidance. Pain

Pract. (2018) 18:798–804. doi: 10.1111/papr.12677

37. Rampinelli C, DeMarco P, Origgi D,Maisonneuve P, CasiraghiM, Veronesi G,

et al. Exposure to low dose computed tomography for lung cancer screening

and risk of cancer: secondary analysis of trial data and risk-benefit analysis.

BMJ. (2017) 356:j347. doi: 10.1136/bmj.j347

38. Health Effects of Exposure to Low Levels of Ionizing Radiation: Beir V.

Washington, DC: National Academies Press (1998).

39. Mettler FA Jr, Wiest PW, Locken JA, Kelsey CA. CT scanning: patterns of use

and dose. J Radiol Prot. (2000) 20:353–9. doi: 10.1088/0952-4746/20/4/301

40. Strauss KA, Carson VJ, Brigatti KW, Young M, Robinson DL, Hendrickson

C, et al. Preliminary safety and tolerability of a novel subcutaneous intrathecal

catheter system for repeated outpatient dosing of nusinersen to children and

adults with spinal muscular atrophy. J Pediatr Orthop. (2018) 38:e610–7.

doi: 10.1097/BPO.0000000000001247

41. Cohen-Pfeffer JL, Gururangan S, Lester T, Lim DA, Shaywitz AJ,

Westphal M, et al. Intracerebroventricular delivery as a safe, long-

term route of drug administration. Pediatr Neurol. (2017) 67:23–5.

doi: 10.1016/j.pediatrneurol.2016.10.022

42. Lakhotia A, Bhalla S, Doll E, Gump W. Use of ommaya reservoir with a

thoracic spinal catheter for intrathecal delivery of nusinersen in a patient with

spinal muscular atrophy type 2. Neurology. (2018) 90(15 Suppl.):P4.464.

43. Michelson D, Ciafaloni E, Ashwal S, Lewis E, Narayanaswami P, Oskoui

M, et al. Evidence in focus: nusinersen use in spinal muscular atrophy:

report of the guideline development, dissemination, and implementation

subcommittee of the American Academy of Neurology. Neurology. (2018)

91:923–33. doi: 10.1212/WNL.0000000000006502

44. Pereira PL, Günaydin I, Trübenbach J, Dammann F, Remy CT, Kötter

I, et al. Interventional MR imaging for injection of sacroiliac joints

in patients with sacroiliitis. AJR Am J Roentgenol. (2000) 175:265–6.

doi: 10.2214/ajr.175.1.1750265

45. Lewin JS, Duerk JL, Jain VR, Petersilge CA, Chao CP, Haaga JR. Needle

localization in MR-guided biopsy and aspiration: effects of field strength,

sequence design, and magnetic field orientation. AJR Am J Roentgenol. (1996)

166:1337–45. doi: 10.2214/ajr.166.6.8633445

46. Fritz J, Thomas C, Clasen S, Claussen CD, Lewin JS, Pereira PL.

Freehand real-time MRI-guided lumbar spinal injection procedures at 1.5 T:

feasibility, accuracy, and safety. AJR Am J Roentgenol. (2009) 192:W161–167.

doi: 10.2214/AJR.08.1569

47. Pearce MS, Salotti JA, Little MP, McHugh K, Lee C, Kim KP, et al. Radiation

exposure from CT scans in childhood and subsequent risk of leukaemia

and brain tumours: a retrospective cohort study. Lancet. (2012) 380:499–505.

doi: 10.1016/S0140-6736(12)60815-0

48. Ortiz CB, Kukreja KU, Lotze TE, Chau A. Ultrasound-guided cervical

puncture for nusinersen administration in adolescents. Pediatr Radiol. (2019)

49:136–140. doi: 10.1007/s00247-018-4240-7

49. Sturm S, Günther A, Jaber B, Jordan P, Al Kotbi N, Parkar N, et al. A Phase

1 healthy male volunteer single escalating dose study of the pharmacokinetics

and pharmacodynamics of risdiplam (RG7916, RO7034067), a SMN2 splicing

modifier. Br J Clin Pharmacol. (2018) 85:181–93. doi: 10.1111/bcp.13786

50. Mendell JR, Al-Zaidy S, Shell R, Arnold WD, Rodino-Klapac LR, Prior TW,

et al. Single-dose gene-replacement therapy for spinal muscular atrophy. N

Engl J Med. (2017) 377:1713–22. doi: 10.1056/NEJMoa1706198

Conflict of Interest: CK and TH received travel reimbursement and speaker

honoraria and declare advisory board attendance from Biogen.

The remaining authors declare that the research was conducted in the absence of

any commercial or financial relationships that could be construed as a potential

conflict of interest.

Copyright © 2019 Kizina, Stolte, Totzeck, Bolz, Fleischer, Mönninghoff, Guberina,

Oldenburg, Forsting, Kleinschnitz and Hagenacker. This is an open-access article

distributed under the terms of the Creative Commons Attribution License (CC BY).

The use, distribution or reproduction in other forums is permitted, provided the

original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Neurology | www.frontiersin.org 8 November 2019 | Volume 10 | Article 1166

https://doi.org/10.1088/0952-4746/32/1/N9
https://doi.org/10.1177/159101990901500109
https://doi.org/10.7326/M15-1241
https://doi.org/10.1016/j.radi.2018.02.001
https://doi.org/10.1136/jms.5.2.81
https://doi.org/10.1093/jnci/djq346
https://doi.org/10.3174/ajnr.A3096
https://doi.org/10.1111/papr.12677
https://doi.org/10.1136/bmj.j347
https://doi.org/10.1088/0952-4746/20/4/301
https://doi.org/10.1097/BPO.0000000000001247
https://doi.org/10.1016/j.pediatrneurol.2016.10.022
https://doi.org/10.1212/WNL.0000000000006502
https://doi.org/10.2214/ajr.175.1.1750265
https://doi.org/10.2214/ajr.166.6.8633445
https://doi.org/10.2214/AJR.08.1569
https://doi.org/10.1016/S0140-6736(12)60815-0
https://doi.org/10.1007/s00247-018-4240-7
https://doi.org/10.1111/bcp.13786
https://doi.org/10.1056/NEJMoa1706198
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


This text is made available via DuEPublico, the institutional repository of the University of
Duisburg-Essen. This version may eventually differ from another version distributed by a
commercial publisher.

DOI:
URN:

10.3389/fneur.2019.01166
urn:nbn:de:hbz:464-20200210-110438-5

This work may be used under a Creative Commons Attribution 4.0
License (CC BY 4.0) .

https://duepublico2.uni-due.de/
https://duepublico2.uni-due.de/
https://doi.org/10.3389/fneur.2019.01166
https://nbn-resolving.org/urn:nbn:de:hbz:464-20200210-110438-5
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

	Clinical Implication of Dosimetry of Computed Tomography- and Fluoroscopy-Guided Intrathecal Therapy With Nusinersen in Adult Patients With Spinal Muscular Atrophy
	Introduction
	Methods
	Data Collection
	Statistical Analysis

	Results
	Discussion
	Conclusions
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	References

	Infobox DuEPublico

