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Abstract 

Nusinersen is an antisense oligonucleotide approved for the treatment of spinal muscular atrophy. The drug is given intrathecally at 12 mg, 
beginning with 3 loading doses at 2-week intervals, a fourth loading dose 30 days thereafter, and maintenance doses at 4-month intervals. 
This population pharmacokinetic model was developed to clarify how to maintain targeted nusinersen exposure after an unforeseen one-time 
delay or missed dose. Simulations demonstrated that the impact of a one-time delay in dosing or a missed dose on median cerebrospinal 
fluid exposures depended on duration of interruption and the regimen phase in which it occurred. Delays in loading doses delayed reaching 
the peak trough concentration by approximately the duration of the interruption. Resumption of the regimen as soon as possible resulted in 
achieving steady state trough concentration upon completion of the loading phase. A short delay (30–90 days) during the maintenance phase 
led to prolonged lower median cerebrospinal fluid concentration if all subsequent doses were shifted by the same 4-month interval. However, 
administration of the delayed dose, followed by the subsequent dose as originally scheduled, rapidly restored trough concentration. If a dose 
must be delayed, patients should return to the original dosing schedule as soon as possible. 
© 2021 The Authors. Published by Elsevier B.V. 
This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

Spinal muscular atrophy (SMA) is a progressive 
euromuscular disease affecting infants, children, and adults. 
t is a leading genetic cause of death in infants and children 

1 , 2] . SMA is caused by deletions or mutations in the survival
otor neuron 1 ( SMN1 ) gene, which encodes for SMN 

rotein [3] . Deficiency of SMN protein leads principally 
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o degeneration of spinal cord alpha motor neurons and 

rogressive muscular atrophy, particularly in the trunk and 

roximal limb muscles. The paralogous SMN2 gene differs 
rom SMN1 and produces mostly truncated protein that is 
ysfunctional and rapidly degraded. It also produces a small 
mount of normal SMN protein that rescues individuals from 

n otherwise lethal condition but is insufficient for normal 
otor development and function [4] . 
SMA is classified into four types, based on age at symptom 

nset and highest motor milestone achieved [5 , 6] . Generally, a 
igher SMN2 gene copy number is associated with less severe 
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isease. SMA Type I has the highest birth prevalence and is 
he most severe form of the disease [1 , 5] . Respiratory failure 
ypically occurs at < 2 years of age. In a natural history study 

ublished in 2017, median survival for infants with SMA 

ype I was 8 months (95% confidence interval, 6–17) [7] . 
MA Types II, III, and IV begin at later infancy, childhood, 
nd adulthood, respectively [5] . Symptoms are less severe but 
till debilitating and progressive. 

Nusinersen is an antisense oligonucleotide approved in the 
nited States [8] , Europe [9] , and elsewhere for the treatment 
f SMA in infants, children, and adults. It modifies pre- 
essenger RNA splicing of SMN2 to increase production 

f full-length SMN protein. Results from clinical trials 
emonstrate clinically meaningful efficacy and a favorable 
isk-benefit profile across a broad range of individuals with 

MA [10 –15] . 
Preclinical pharmacokinetic (PK) data suggest that 

erebrospinal fluid (CSF) nusinersen concentrations may be 
sed as a surrogate of spinal cord tissue concentration (Biogen 

ata on file). The half-life of CSF elimination is 102–111 

ays, and a central nervous system tissue concentration range 
f 2–10 μg/g is appropriate to increase SMN protein and 

mprove survival and motor function (Biogen data on file). 
In clinical practice, nusinersen is given intrathecally at 

oses of 12 mg. The most common approved regimen begins 
ith three loading doses at 2-week intervals, a fourth loading 

ose 30 days thereafter, and maintenance doses at 4-month 

ntervals. Unforeseen circumstances, such as the COVID-19 

andemic and other intercurrent illnesses (especially among 

everely affected infants), have the potential to cause delayed 

r missed doses. Clinical trials with nusinersen reported 

o instances of significant delays or missed doses [10 –15] , 
o information on potential therapeutic interruptions is not 
vailable. 

The objective of this report is to describe a PK modeling 

nd simulation approach for nusinersen that provides data on 

ow to best maintain the targeted nusinersen CSF exposure in 

ndividuals with SMA following a one-time delay in dosing 

r a missed dose. In a population PK approach, means for the 
opulation are calculated. Then a parameter set is calculated 

or each patient individually, and appropriate distribution is 
alculated for each parameter. As such, the model integrates 
ll PK data from all patients. 

. Materials and methods 

This population PK analysis utilized plasma and CSF 

oncentration data from participants in 10 clinical trials 
ith variable dose and dosing regimens of intrathecally 

dministered nusinersen [10-15] . These participants included 

hildren and adolescents with later-onset SMA, infants with 

nfantile-onset SMA, and presymptomatic infants who were 
enetically diagnosed with SMA at study start. The trials were 
onducted in compliance with the Declaration of Helsinki, 
he International Council for Harmonisation Good Clinical 
ractice guidelines, and local regulatory requirements. Brief 
311 
escriptions of the studies are provided in Supplementary 
aterial 1 . 
Plasma and CSF concentration measurements, as well as 

he dose and time at which those measurements were taken, 
ere integrated into a single dataset incorporating all PK 

ata from all trials. Eighteen models were considered and 

valuated (Supplemental Table 1) based on: (1) the changes 
n the objective function value for comparing hierarchical 
odels and the Akaike information criterion for comparing 

on-hierarchical models; (2) visual inspection of goodness- 
f-fit plots and prediction-corrected visual predictive check 

lots; (3) evaluation of parameter estimates and their relative 
tandard errors, P -values for mean empirical Bayes estimates, 
nter-individual variability shrinkage, and condition number; 
nd (4) whether the correlation test was passed with all off- 
iagonal elements of the correlation matrix of estimate having 

n absolute value < 0.95. A model associated with no large 
orrelations was considered preferable to one with highly 

orrelated parameters. 
A nonparametric bootstrap approach was used to calculate 

he distribution of parameter estimates. The bootstrap 

enerated 200 sets of new datasets by sampling individuals 
i.e., using the individual subject as the sampling unit) with 

eplacement from the original dataset, and fitting the model 
o each new dataset. Stratification by population was done in 

he resampling procedure. Any runs with failed minimization 

ere terminated and runs with estimates near a boundary 

ere skipped when calculating the bootstrap results. The 
istribution of parameter estimates from the bootstrap was 
lso graphically compared with the parameter estimates from 

he model outputs. Concentration data were logarithmic. 

.1. Covariate analysis 

The covariate analysis was done by a combination of the 
tepwise covariate model approach and the visual inspection 

f the trends of inter-individual variability versus covariates. 
he covariates, population (later-onset SMA, infantile-onset 
MA, and presymptomatic SMA) and time-varying weight 
ere assessed first. Additional analysis was done using time- 
arying age as a covariate via a maturation model. 

.2. Simulation of dosing interruption 

The Fisher information matrix and the interindividual 
ariability measures of all relevant parameters were sampled 

o produce an ensemble of 10,000 unique parameter sets. Each 

arameter set was subjected to a different dosing regimen that 
eviated from the accepted label regimen in several distinct 
ays. 
The duration of dosing interruption and the phase at which 

hat interruption occurred were immediately identified as 
ritically impactful on nusinersen exposure in CSF. Therefore, 
ariations on the approved label dosing regimen ( Table 1 ) 
ere selected to interrogate delays in dosing of variable 
uration during both the maintenance phase and loading phase 
f treatment. Delays of 30, 60, and 90 days on a single dose 
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Table 1 
Simulated dosing regimens. 

Scenario PK model 

Control dosing regimen 12 mg on Days 1, 15, 29, and 59, and 
subsequently every 120 days 

Delays during loading 
phase 

Second or third loading dose delayed by 30, 
60, and 90 days 

One-time delay in dosing 
during the maintenance 
phase 

Only the fifth maintenance dose ∗ is delayed 
by 30, 60, and 90 days from the control 
dosing regimen; all subsequent doses were 
administered per the control dosing 
regimen 

Delay in all subsequent 
doses during the 
maintenance phase 

The fifth maintenance dose and all 
subsequent doses are delayed by 30, 60, 
and 90 days from the control dosing 
regimen 

Missed dose The fifth maintenance dose is excluded; all 
other doses are administered per the 
control dosing regimen 

Additional dose after 
missed dose 

An additional 12-mg dose is administered 14 
days after the resumption of dosing in the 
missed-dose scenario 

∗ The population PK model predicts that patients will have reached steady- 
state CSF concentration before the fifth maintenance dose. 
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Fig. 1. Four-compartment pharmacokinetic model used for 
dosing simulations. CLc = clearance from cerebrospinal fluid to 
plasma; CLp = clearance from plasma; CSF = cerebrospinal fluid; 
IT = intrathecal; Qc = intercompartmental clearance between V1 and 
V4; Qp = intercompartmental clearance between V2 and V3; V1 = volume 
of distribution of central CSF compartment; V2 = volume of distribution of 
central plasma compartment; V3 = volume of distribution of peripheral CSF 
compartment (spinal or other tissues surrounding the CSF); V4 = volume of 
distribution of peripheral plasma compartment (muscle, bone, fatty tissues). 
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uring the maintenance phase were investigated, as was the 
ime taken for CSF C trough (the lowest CSF concentration 

efore the next dose) to achieve a value commensurate with 

hat of the control dosing regimen as described in Table 1 . 
e further investigated the question of whether an additional 

oading dose would be necessary should the duration of 
nterruption exceed a full maintenance dosing interval (missed 

ose). In addition, we investigated the effect on CSF PK 

f delaying all subsequent maintenance doses. Finally, we 
nvestigated the effect of a delay in administering the second 

nd third loading doses (nominally administered on days 15 

nd 29, respectively) on CSF PK. Delays in administering 

ach loading dose of 30, 60, and 90 days were simulated. 

.3. Data analysis methods and software 

NONMEM 

R © Version 7.3 and Perl-speaks-NONMEM 

ersion 4.6.0 (ICON Development Solutions, Ellicott City, 
D) were used for the nusinersen population PK analysis. 
 software (R version 3.3.1, R Foundation for Statistical 
omputing, Vienna, Austria) was used for data handling 

nd plotting. Covariate analysis used a combination of the 
tepwise covariate model approach and a visual inspection 

f the trends. An additional analysis was done using time- 
arying age as a covariate via a maturation model. A 

onparametric bootstrap approach was used to generate the 
istribution of parameter estimates. 

. Results 

.1. Population PK model method and evaluation 

We generated a four-compartment model with first-order 
rocesses for clearance and mass transfer between different 
312 
ompartments. The four compartments determined clearance 
rom central cerebrospinal fluid (CSF), peripheral CSF, central 
lasma, and peripheral plasma. This PK model calculated 

he volume of distribution for four different compartments: 
SF, plasma, and adjacent tissues into which the drug can 

iffuse from either ( Fig. 1 ). Exponential error models were 
sed to describe the inter-individual variability of different 
K parameters. A proportional error model was used to 

escribe the residual error. Akaike lognormal distribution 

or interindividual variability was calculated for the four 
arameters describing the CSF, and plasma volumes, as well 
s the clearance from those two compartments. For all models, 
 first-order conditional estimation with interaction method 

as applied. 
Development of the population PK model utilized 

easurements of 3812 samples collected from CSF and 

185 samples from plasma taken from 370 participants in 

0 clinical trials. Parameter estimates and relative standard 

rrors derived from the final model are presented in Table 2 . 
 4-compartment model with exponential errors for inter- 

ndividual variability on CLP, V2, V1 and CLC, correlation 

etween CLP and V2, correlation between V2 and V1, a 
roportional residual error for both sample matrices, and 

tting the natural log-transformed concentration data was able 
o capture the trends of observed nusinersen CSF and plasma 
oncentrations as the pediatric patients grew over time. The 
nal model had an objective function value OFV of 90.0. 

The simulations presented here are based on the ENDEAR 

tudy regimen of maintenance doses every 4 months, 
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Table 2 
Parameter estimates from the final population pharmacokinetics model of nusinersen. 

Parameter description (unit) Parameter Final model (NONMEM) Final model (bootstrap) 

Estimate (%RSE) 95% CI c Estimate c 95% CI c 

QP (L/hour) TH1 0.240 (8.96) 0.197, 0.283 0.243 0.174, 0.313 
QC (L/hour) TH2 0.0783 (7.96) 0.0658, 0.0908 0.0782 0.0507, 0.105 
CLP (L/hour) TH3 2.78 (3.91) 2.56, 3.00 2.78 2.57, 2.98 
%CV for CLP IIV OM1:1 22.3% 

a (13 b ) — 22.0% 

d 17.0%, 28.1% 

d 

CLC (L/hour) TH4 0.158 (5.71) 0.140, 0.176 0.158 0.133, 0.181 
%CV for CLC IIV OM4:4 25.8% 

a (13 b ) — 25.7% 

d 21.8%, 28.8% 

d 

V1 (L) TH5 0.391 (15.2) 0.272, 0.510 0.382 0.266, 0.561 
%CV for V1 IIV OM3:3 88.3% 

a (27 b ) — 89.9% 

d 72.1%, 108% 

d 

V2 (L) TH6 39.3 (6.48) 34.2, 44.4 39.3 34.8, 44.3 
%CV for V2 IIV OM2:2 31.4% 

a (26 b ) — 31.5% 

d 23.2%, 38.8% 

d 

V3 (L) TH7 166 (22.0) 93.0, 239 170 106, 256 
V4 (L) TH8 324 (5.82) 286, 362 322 239, 400 
Residual proportional error TH9 0.548 (0.661) 0.541, 0.555 0.549 0.508, 0.581 
Fractional difference in CLC comparing 
POP = 2 to POP = 1 

TH10 0.159 (36.3) 0.0438, 0.274 0.158 0.0694, 0.267 

Fractional difference in CLC comparing 
POP = 3 to POP = 1 

TH11 −0.577 (5.65) −0.642, −0.512 −0.581 −0.682, −0.446 

Fractional difference in CLP comparing 
POP = 3 to (POP = 1 & 2) 

TH12 0.694 (26.1) 0.332, 1.06 0.690 0.331, 1.02 

Linear slope for CLP_WT relationship when 
WT ≤ 20 kg (1/kg) 

TH13 0.0483 (3.07) 0.0453, 0.0513 0.0483 0.0449, 0.0505 

Linear slope for CLP_WT relationship when 
WT > 20 kg (1/kg) 

TH14 0.0206 (18.8) 0.0129, 0.0283 0.0201 0.0131, 0.0280 

Fractional diff. in V2 comparing POP = 3 to 
(POP = 1 & 2) 

TH15 −0.494 (48.5) −0.974, −0.014 −0.454 −0.712, 0.280 

Linear slope for V2_WT relationship when 
WT ≤ 20 kg (1/kg) 

TH16 0.0546 (2.58) 0.0518, 0.0574 0.0546 0.0511, 0.0570 

Linear slope for V2_WT relationship when 
WT > 20 kg (1/kg) 

TH17 0.0281 (28.8) 0.0119, 0.0443 0.0309 0.00956, 0.0526 

Linear slope for V1_WT relationship (1/kg) TH18 0.0303 (23.0) 0.0163, 0.0443 0.0298 0.0110, 0.0430 
Correlation between CLP & V2 OM2:1 0.893 a (17 b ) — 0.889 e —
Correlation between V2 & V1 OM3:2 0.446 a (58 b ) — 0.403 e —

a Final parameter estimate from OMEGA - CORR MATRIX FOR RANDOM EFFECTS. 
b RSE based on final parameter estimate and standard error of estimate from OMEGA −COV MATRIX FOR RANDOM EFFECTS. Out of 200 bootstrap 

replicates, 46 runs with minimization terminated and one run with estimates near a boundary were skipped when calculating the bootstrap results. 
c Based on medians and percentile CIs. 
d %CV = sqrt(OMEGA2) ×100, where OMEGA2 values were from median, 2.5%, and 97.5% of percentile CIs. 
e Correlation between CLP and V2 = OMEGA(2,1) / (OMEGA(1) ×OMEGA(2)), and correlation between V2 and V1 = OMEGA(3,2) / 

(OMEGA(2) ×OMEGA(3)).CI, confidence interval; CLC = (drainage) clearance from the CSF to the plasma; CLP: clearance from the plasma; 
CSF = cerebrospinal fluid; IIV = inter-individual variability; NONMEM = non-linear mixed effects modeling; POP (patient population): 1 for later-onset SMA, 
2 for infantile SMA, and 3 for pre-symptomatic SMA; QC = intercompartmental clearance between V1 and V4; QP = intercompartmental clearance between 
V2 and V3; RSE = relative standard error of the parameter estimate (%RSE = standard error ×100/parameter estimate); SMA = spinal muscular atrophy; 
V1 = volume of distribution of the central CSF compartment; V2 = volume of distribution of the plasma compartment; V3 = volume of distribution of the 
peripheral CSF compartment; V4 = volume of distribution of the peripheral plasma compartment; WT = weight. 
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nd simulations for other dosing regimens are generally 

onsistent with these. Simulations using the model predict 
n approximate nusinersen half-life of 4 months. All C trough 

alues presented below are medians. Goodness-of-fit plots are 
resented in Supplemental Figs. 1 and 2. 

.2. Simulation of delayed dosing 

Delays in administering second and third loading dose 
elayed the peak C trough by approximately the duration of the 
nterruption ( Fig. 2 ). Resumption of the dosing regimen as 
313 
oon as feasible resulted in achieving C trough concentrations 
imilar to those predicted in the control dosing regimen upon 

ompletion of the delayed loading phase. Neither maximum 

oncentration (C max ) nor maximum C trough are predicted to 

xceed values obtained during the loading phase of the 
abel regimen. These results apply only to a short-duration 

nterruption (30–90 days) in dosing. 
Delayed dosing during the maintenance phase was found to 

esult in an approximate 10% reduction in median CSF trough 

oncentration per 30 days of interruption in dosing ( Fig. 3 ). 
aximum C trough drop of approximately 12%, 21%, and 32% 

ccurred after 30-day, 60-day, and 90-day delay, respectively. 
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Fig. 2. Nusinersen CSF steady state (C trough ) “restored” after delayed (A) second or (B) third loading dose. See Table 1 for description of dose-delay 
scenarios. Lines represent median C trough values for planned (solid blue) and delayed (dashed orange) doses. Shaded areas are 95% confidence intervals. 
CSF = cerebrospinal fluid; C trough = minimum concentration; PK = pharmacokinetics. 

Fig. 3. Administering a maintenance dose on the modeled control dosing regimen after (A) a delayed dose (B) quickly restores C trough to steady state. Delayed 
dosing resulted in an approximately 10% reduction in C trough per month delay. Doses were administered on days 689 ( ∼24 months, 30-day delay), 719 ( ∼25 
months, 60-day delay) or 749 ( ∼26 months, 90-day delay), compared with the control schedule of administration on day 659 ( ∼23 months). However, if 
subsequent doses of nusinersen are administered as originally planned (day 779 [ ∼28 months], and every 4 months thereafter), C trough is made consistent 
with control upon administration of the first scheduled dose on day 779. Lines represent median C trough values for planned (solid blue) and delayed (dashed 
orange) doses. Shaded areas are 95% confidence intervals. CSF = cerebrospinal fluid; C trough = minimum concentration; PK = pharmacokinetics. 

314 
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Fig. 4. Administering maintenance dose 4 months after a delayed dose (A) significantly delays restoring C trough to steady state (B) compared with modeled 
control dosing regimen. For every 30 days delay in dose administration, the C trough was reduced by ∼10%. Administering nusinersen on a 4-month schedule 
after days 689 ( ∼24 months, 30-day delay), 719 ( ∼25 months, 60-day delay) or 749 ( ∼26 months, 90-day delay) resulted in restoration of PK consistent 
with the control regimen ( Table 1 ) on day 809 ( ∼28 months, 30-day delay in dosing), 1199 ( ∼42 months, 60-day delay) or day 1349 ( ∼48 months, 90- 
day delay). Lines represent median C trough values for planned (solid blue) and delayed (dashed orange) doses. Shaded areas are 95% confidence intervals. 
CSF = cerebrospinal fluid; C trough = minimum concentration; PK = pharmacokinetics. 
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dministration of a dose followed by a subsequent dose 
s originally scheduled rapidly restored median CSF C trough 

ith up to a 90-day delay in dosing ( Fig. 3 ). Despite the
hortened dosing interval, neither C max nor maximum C trough 

s predicted to exceed values obtained during loading phase 
f label regimen. 

However, even a short delay (30–90 days) during the 
aintenance phase led to a prolonged period of lower median 

SF concentration (5–19 months, depending on the duration 

f interruption) if all subsequent doses were shifted by the 
ame duration ( Fig. 4 ). A 30-day delay resulted in CSF 

evels being restored about 5 months later than if the original 
aintenance dosing schedule was used after resuming dosing 

 Fig. 3 ). A 60-day and 90-day dosing delay resulted in 
e

315 
SF being restored about 10 months and 19 months later, 
espectively, than if the original maintenance dosing schedule 
as used after resuming dosing as in Fig. 3 . 

.3. Simulation of missed dose 

Simulation of a single missed dose resulted in a 39% 

ecrease in C trough. If no additional loading doses are 
dministered, C trough remains suboptimal for approximately 

0 months after resumption of dosing ( Fig. 5 ). However, 
dministration of an additional dose 14 days subsequent to 

esumption of dosing resulted in rapid restoration of desired 

oncentrations, leading to restoration of C trough 19.5 months 
arlier than if this additional dose was not administered. 
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Fig. 5. Missing one maintenance dose leads to suboptimal C trough for ∼20 months after resuming dosing (A). Administering an additional dose 2 weeks after 
resuming dosing will restore desired concentrations 19.5 months earlier (B). Resumption dosing occurs on Day 899 in both A and B. Additional dose in 
B occurs on Day 913. Lines represent median C trough values for planned (solid blue) and missed (dashed orange) doses. Shaded areas are 95% confidence 
intervals. CSF = cerebrospinal fluid; C trough = minimum concentration; PK = pharmacokinetics. 
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lthough C trough and C max are predicted to temporarily exceed 

hat of the control dosing regimen during maintenance dosing, 
hey are not predicted to exceed the levels observed during the 
oading phase, and they are predicted to return to the control 
aintenance concentration within 8 months. 

. Discussion 

Using this population PK model, the impact of a one-time 
elay in dosing or a missed dose on median nusinersen CSF 

xposures was found to be strongly dependent on both the 
uration of dosing interruption and the phase in the accepted 

osing regimen when the interruption occurred. In situations 
here the delay is in administering the second and third 

oading doses, resumption of the dosing regimen as soon 

s possible results in achieving concentrations commensurate 
ith the control regimen upon completion of the delayed 

oading phase. In cases where the dosing delay occurs 
uring the maintenance phase, administration of the delayed 

ose when possible, followed by the subsequent dose as 
riginally scheduled, is expected to restore targeted exposure 
evels. Periods of interrupted dosing longer than 4 months 
ay require administration of additional loading doses in 

rder to restore steady state concentrations more rapidly. 
eterminations from the dosing simulations presented here 
316 
ould be applicable to other established dosing regimens for 
usinersen. 

This analysis also demonstrated linear clearance of 
usinersen from the CSF compartment, resulting in a terminal 
alf-life within the CSF of approximately 4 months. A 

revious population PK analysis of nusinersen by Luu et al. 
16] showed a median terminal half-life of 163 days in the 
SF of pediatric patients, supporting dosing at once every 4–
 months. In Phase 3 clinical trials, nusinersen maintenance 
oses have been given at 6 months [12] and 4 months 
11] . The ongoing SHINE extension study (NCT02594124) 
rovides maintenance doses every 4 months. 

Data from this population PK analysis enhance our 
nderstanding of nusinersen as a therapy for patients with 

MA. Further clinical evaluations of nusinersen are ongoing 

nd will provide additional PK information. Data from 

urrent studies in pre-symptomatic infants and at higher doses 
n both children and adults will allow further evaluation 

f the relationship between dose and exposure in these 
atient populations. In addition, real-world studies in infants, 
hildren, and adults with SMA receiving nusinersen have 
ecently been published [17–20] . 

Despite being based on plasma and CSF measurements 
rom clinical trials, this PK analysis has some limitations. 
hese results represent median values from the population 

f individuals and do not reflect results for any particular 
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ndividual. Individual results may vary. Although preclinical 
tudies have shown linearity in the pharmacokinetics of 
usinersen at concentrations above those described here, the 
linical dataset is very sparse at CSF trough concentrations 
bove 10 ng/mL, and therefore this model may not accurately 

eflect the PK of nusinersen above this level. Finally, the 
odel applies only to a one-time delayed or missed dose, 

ot repeated delays. 

. Conclusions 

Delays in administering second and third loading doses 
esulted in a delay in achieving C trough consistent with the 
ontrol regimen by approximately the duration of the dosing 

nterruption. Resumption of the dose loading regimen as 
oon as possible resulted in achieving desired C trough upon 

ompletion of the delayed loading phase. Even a short 
elay (30–90 days) during the maintenance phase led to a 
rolonged period of lower median CSF concentration if all 
ubsequent doses were shifted by the same duration. However, 
dministration of the dose, followed by the subsequent dose as 
riginally scheduled, rapidly restored median CSF C trough . We 
o not expect that the safety profile of nusinersen was altered 

n this scenario, which is especially relevant for patients 
reated in the real-world setting. 

Based on data from the nusinersen clinical development 
rogram, 4 loading doses of nusinersen should occur in the 
rst 2 months, followed by a maintenance dose every 4 

onths thereafter. If a dose must be delayed, patients should 

eturn to the original dosing schedule as soon as possible. 
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