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Abstract
Evinacumab,  an  angiopoietin- like  protein  3  (ANGPTL3)  inhibitor,  has  been 
shown  to  significantly  reduce  low- density  lipoprotein  cholesterol  (LDL- C)  in 
patients  with  homozygous  familial  hypercholesterolemia  (HoFH).  This  work 
characterized  the  population  pharmacokinetics  (PK)/pharmacodynamics  (PD) 
of evinacumab using pooled phase III clinical data. Total evinacumab PK were 
described  by  a  two- compartment  model  with  combined  linear  and  saturable 
(Michaelis– Menten) elimination, and first- order absorption. At clinically relevant 
concentrations, plasma drug concentrations were mainly influenced by the linear 
clearance pathway. Although the maximum target- mediated rate of elimination 
(Vmax)  parameter  for  the  saturable  pathway  was  found  to  be  positively  related 
to baseline ANGPLTL3, variability in body weight contributed more to the vari-
ability in evinacumab exposure than variability in ANGPTL3. An effect of HoFH 
versus healthy volunteers on Vmax was also identified. Weight- based dosing regi-
mens resulted in consistent evinacumab exposure across weight ranges. An in-
direct exposure– response model adequately described the relationship between 
evinacumab and LDL- C, where drug concentration is assumed to inhibit LDL- C 
production. The final population PK/PD model included two nonclinically signif-
icant covariates (race and baseline body weight) on the maximum drug- induced 
inhibitory effect (Imax) and one (baseline LDL- C) on the evinacumab concentra-
tion  inducing  50%  of  Imax  (IC50).  A  smaller  IC50  was  observed  in  patients  with 
higher  baseline  LDL- C,  suggesting  greater  sensitivity  to  treatment.  Population 
exposure– response analysis permitted estimation of derived PD parameters and 
individual LDL- C levels over time for patients with HoFH. The model accurately 
predicted  the  proportion  of  patients  with  HoFH  achieving  prespecified  LDL- C 
goals with evinacumab during the ELIPSE HoFH study, further supporting a dos-
ing strategy.
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INTRODUCTION

Homozygous  familial  hypercholesterolemia  (HoFH)  is 
an autosomal dominant genetic disorder of lipid metab-
olism  characterized  by  markedly  elevated  plasma  lev-
els of low- density lipoprotein cholesterol (LDL- C) from 
birth, leading to increased risk of premature atheroscle-
rotic  cardiovascular  disease.  Clinical  manifestations 
of  HoFH  include  myocardial  infarction  and  ischemic 
stroke.1– 3 HoFH arises due to mutations in genes encod-
ing key proteins  involved  in hepatocellular uptake and 
catabolism  of  low- density  lipoprotein  (LDL).4  Loss- of- 
function  (LOF)  mutations  in  the  LDL  receptor  (LDLR) 
gene account  for 90% of HoFH cases.5 Less commonly, 
functional  mutations  in  the  apolipoprotein  B  (APOB), 
proprotein  convertase  subtilisin/kexin  type  9  (PCSK9), 
and  LDL  protein  receptor  adaptor  1  (LDLRAP1)  genes 
may be implicated.5

Angiopoietin- like protein 3 (ANGPTL3), a liver- derived 
glycoprotein,  plays  a  pivotal  role  in  lipoprotein  metabo-
lism via potent  inhibition of both  lipoprotein  lipase and 
endothelial  lipase, resulting  in reduced hydrolysis of  tri-
glycerides  in  triglyceride- rich  lipoproteins,  and  reduced 
hydrolysis of lipoprotein phospholipids, which ultimately 
leads to increased circulating plasma concentrations of tri-
glycerides, high- density lipoprotein cholesterol (HDL- C), 
and LDL- C.6– 11 Preclinical studies in LDLR knock- out mice 

suggest that ANGPTL3 reduces LDL- C independent of the 
LDLR.12 Genetic studies have delineated that individuals 
with  heterozygous  LOF  variants  in  ANGPTL3  have  sig-
nificantly reduced levels of plasma triglycerides, HDL- C,  
and  LDL- C,  with  no  associated  adverse  effects.12  In  ad-
dition,  exome  sequencing  has  shown  that  heterozygous 
carriers  of  LOF  variants  in  ANGPTL3  have  a  41%  lower 
risk  of  coronary  artery  disease.12  Thus,  ANGPTL3  has 
emerged as a potential target for the treatment of hyper-
cholesterolemia and hypertriglyceridemia, both of which 
are contributing factors to the development of cardiovas-
cular disease.

Evinacumab is a recombinant, fully human monoclo-
nal  antibody  generated  using  VelocImmunetechnology 
(Regeneron  Pharmaceuticals,  Inc.)  that  specifically  in-
hibits  ANGPTL3.11– 13  Evinacumab  has  been  shown  to 
reduce  triglycerides, non- HDL- C, and LDL- C  in phase  I 
studies  comprising  healthy  volunteers  (NCT01749878, 
NCT03146416), phase I studies comprising patients with 
hypertriglyceridemia  (NCT02107872,  NCT01749878),  a 
phase II proof- of- concept study comprising patients with 
HoFH (NCT02265952), and a phase III study comprising 
patients  with  HoFH  (NCT03399786).14– 16  In  February 
2021, evinacumab was approved by the US Food and Drug 
Administration  as  an  adjunct  to  other  LDL- C- lowering 
therapies for the treatment of adult and pediatric patients 
aged 12 years and older with HoFH.17

Study Highlights
WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?
Evinacumab  is  an  angiopoietin- like  protein  3  (ANGPTL3)  inhibitor  approved 
in  the  United  States  as  an  adjunct  to  other  low- density  lipoprotein  cholesterol 
(LDL- C)– lowering  therapies  for  the  treatment  of  adult  and  pediatric  patients 
aged 12 years and older with HoFH.
WHAT QUESTION DID THIS STUDY ADDRESS?
Can  population  pharmacokinetic  (PK)/pharmacodynamic  (PD)  analyses  using 
pooled phase III clinical data, including the development of an exposure– response 
model, be used to characterize the individual variability in treatment response to 
evinacumab in patients with HoFH?
WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?
The indirect exposure– response model adequately characterized the population 
PK/PD properties of evinacumab in patients with HoFH and permitted the esti-
mation of individual LDL- C levels over time following evinacumab administra-
tion. Moreover,  the model accurately predicted the proportion of patients with 
HoFH achieving prespecified LDL- C goals with evinacumab during the pivotal 
phase III ELIPSE HoFH study.
HOW MIGHT THIS CHANGE DRUG DISCOVERY, DEVELOPMENT, 
AND/OR THERAPEUTICS?
Exposure– response modeling may provide greater understanding of the variabil-
ity in treatment response and guide evinacumab dose selections for future studies.
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The  objectives  of  these  population  pharmacokinet-
ics (PK) and PK/pharmcodynamics (PD) analyses using 
pooled clinical study data were to (1) estimate individ-
ual  and  population  PK  parameters  of  evinacumab,  (2) 
estimate  variability  in  PK  parameters  of  evinacumab, 
(3)  characterize  clinically  relevant  covariates as poten-
tial sources of variability in PK parameters, (4) quantify 
the  exposure– response  relationship  of  evinacumab  on 
LDL- C  reduction,  and  (5)  characterize  clinically  rele-
vant covariates as potential sources of variability in PD 
parameters.

METHODS

Study subjects

The population PK data set used to construct the population 
PK  model  were  pooled  from  six  evinacumab  clinical  stud-
ies and comprised healthy volunteers (n = 183) and patients 
with HoFH (n = 95; Table S1). In these clinical studies, evi-
nacumab was administered intravenously (i.v.; 5 to 20 mg/kg, 
single dose or repeated once weekly [qw], once every 4 weeks 
[q4w], or once every 12 weeks) or subcutaneously (s.c.; 75 to 
450 mg, single or repeated qw or once every 2 weeks) either 
alone or in combination with other lipid- lowering therapies 
(LLTs).  The  PK  analysis  set  included  all  subjects  who  had 
received  any  amount  of  study  drug  and  who  had  at  least 
one  nonmissing  total  evinacumab  measurement  following 
the first dose of study drug or placebo. All studies were con-
ducted in accordance with ethical principles originating from 
the  Declaration  of  Helsinki  and  were  consistent  with  the 
International  Conference  on  Harmonization/Good  Clinical 
Practices and applicable regulatory requirements.

Bioanalytical assays

Serum samples were analyzed  for  total evinacumab and 
total  ANGPTL3  using  validated  enzyme- linked  immu-
nosorbent  assays.  The  assay  to  determine  ANGPTL3  in-
cluded an acid pretreatment of serum samples and used 
a  rat  anti- ANGPTL3  monoclonal  antibody  as  the  cap-
ture  reagent.  Captured  ANGPTL3  was  detected  using  a 
sheep polyclonal antibody specific for human ANGPTL3. 
Both free ANGPTL3 and ANGPTL3 bound to target were 
measured. The lower limit of quantification (LLOQ) was 
0.0195 mg/L in neat human serum.

The assay to determine total evinacumab included an 
acid pretreatment of the serum samples and used a mouse 
anti- evinacumab monoclonal antibody as the capture re-
agent. Captured evinacumab was detected using a differ-
ent  noncompeting  mouse  anti- evinacumab  monoclonal 

antibody.  Both  free  evinacumab  and  evinacumab  bound 
to one or two molecules of ANGPTL3 were detected. The 
LLOQ was 0.078 mg/L neat human serum.

Modeling software

Population  PK  and  PK/PD  analyses  were  conducted 
using  the  first- order  conditional  estimation  with  inter-
action  method  or  Monte- Carlo  importance  sampling 
assisted  by  mode  a  posteriori  method  as  implemented 
in  the  NONMEM  software  system  (version  7.3;  ICON 
Development  Solutions)  aided  by  Perl- speaks- NONMEM 
(version 4.6.0; Uppsala University), Xpose 4.5.3, and Xpose 
0.4.3 (Uppsala University). A pooled NONMEM- ready data 
set was constructed using SAS (version 9.4; SAS Institute). 
R  software  (version  3.4.0;  R  Development  Core  Team; 
http://www.r- proje ct.org/)  was  used  for  the  preprocess-
ing  and  postprocessing  of  NONMEM,  output  creation  of 
diagnostic  plots,  graphical  visualization,  and  generation 
of  statistical  outputs.  Simulations  were  performed  using 
the R package mrgsolve (0.8.0 or later; Metrum Research 
Group).  The  variables  used  in  the  final  NONMEM  data 
set (Table S2), the NONMEM model code (Supplementary 
Text), and a sample of the NONMEM data set (Table S3) 
for the population PK analyses are provided.

Population PK model building

Initial structural model development began with the eval-
uation of a one- compartment model with linear elimina-
tion.  Additional  structural  models  that  were  evaluated 
included  two- compartment  or  three- compartment  mod-
els,  a  target- mediated  drug  disposition  model,  a  model 
using  the  nonlinear/Michaelis– Menten  elimination,  and 
models  with  parallel  linear  and  nonlinear  elimination 
pathways.  The  final  structural  model  was  determined 
based on objective function value (OFV), goodness- of- fit 
(GOF) criteria, and a visual inspection of diagnostic plots. 
Residual  error  was  modeled  using  a  combined  additive 
and proportional error model.

The  final  structural  model  was  selected  for  covariate 
model building. Covariates evaluated as part of the full co-
variate  model  included  demographic  parameters  (age,  sex, 
body  weight,  and  race),  disease  status  (HoFH  or  healthy 
volunteer), baseline lipid parameters (LDL- C), concomitant 
LLTs (PCSK9 inhibitors, statins, and LDL apheresis), base-
line albumin, and baseline total ANGPTL3 concentrations. 
The  relationship  between  empirical  Bayesian  estimates  of 
PK parameters and patient covariates were screened graph-
ically for relevance. Covariates were then evaluated for sig-
nificance using a stepwise forward addition and a backward 

http://www.r-project.org/
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elimination procedure (change in OFV equivalent to p < 0.05 
and p < 0.001, respectively). The final population PK parame-
ters were re- estimated accounting for covariate relationships. 
Clinical  impact  was  defined  as  a  change  in  the  predicted 
model parameter from the median covariate value compared 
with the predicted parameter value at either the 2.5th percen-
tile or the 97.5th percentile of the covariate values of at least 
20%. The final population PK model was used to calculate the 
post hoc estimates of individual PK parameters.

Population PK model evaluation

Model  verification  was  performed  by  examination  of 
the  GOF  plots,  including  observed  data  (DV)  versus 
predicted  data  (PRED);  DV  versus  individual  predicted 
data  (IPRED);  absolute  value  of  weighted  residual  ver-
sus PRED; conditional weighted residuals (CWRES) ver-
sus  time;  and  individual  DV,  PRED,  and  IPRED  versus 
time. To evaluate predictive performance of the final PK 
model, visual predictive checks (VPCs) stratified by study, 
disease  type,  and  administration  route  were  performed. 
Replicate  simulations  (n  =  1000)  were  performed  using 
the  final model and  final population PK parameter esti-
mates.  Concentration– time  profiles  were  plotted  for  the 
2.5th, 50th, and 97.5th percentiles of  the  simulated data 
and overlaid with the 95% confidence intervals (CIs) of the 
2.5th, 50th, and 97.5th percentiles of the observed data.

Population PK/PD model building

The population PK/PD model was developed using  indi-
vidual predicted PK parameters and observed PD.18 Data 
were pooled from one phase II and two phase III studies 
of evinacumab (n = 95; patients with HoFH). Across these 
three studies, evinacumab dosing ranged from 15 to 20 mg/
kg i.v. (single dose or repeated q4w) and 250 to 450 mg s.c. 
(single dose or  repeated qw). Population PK/PD analysis 
was performed using individual PK parameters to predict 
the evinacumab profiles needed for the integration of the 
population PK/PD model. Based on an exploratory analy-
sis and an understanding of the mechanism of action, an 
indirect PK/PD response model was developed to link de-
creasing LDL- C production with serum evinacumab con-
centrations. The pharmacostatistical PK/PD model was a 
Type 1  indirect response model19 and was parameterized 
with a zero- order rate constant  for production of LDL- C, 
the  maximum  drug- induced  inhibitory  effect  (Imax),  and 
the evinacumab concentration inducing 50% of Imax (IC50). 
Interindividual variability was modeled using a log- normal 
distribution.  Residual  error  was  described  using  a  com-
bined additive and proportional error model.

Covariates  were  selected  based  on  clinical  relevance 
and  biological  plausibility,  and  tested  using  a  stepwise 
approach. Covariates evaluated included demographic pa-
rameters (age, sex, body weight, and race), baseline lipid 
parameters  (LDL- C,  fasting  triglycerides),  concomitant 
LLTs (PCSK9 inhibitors, statins, and LDL apheresis), and 
baseline total ANGPTL3 concentrations. Selected covari-
ates  were  added  sequentially  to  the  model  in  a  forward 
selection  method  and  tested  for  significance.  Backward 
elimination  was  performed  to  verify  that  the  retained 
 covariates were relevant in the final model. A significance 
level of α = 0.01 was used in the forward selection, and a sig-
nificant level of α = 0.001 was used in the backward elimi-
nation. The population parameters were then re- estimated 
considering the relationship with the covariates.

PK/PD model evaluation

Model verification was performed by examination of the GOF 
plots including DV versus PRED, DV versus IPRED, CWRES 
versus PRED, CWRES/individual DV/PRED/IPRED versus 
time,  distribution  plots  for  the  empirical  Bayes  prediction 
of  the  interindividual random effect  in a PK or PD param-
eter (η), scatterplots of the η correlations, and individual pre-
dicted concentrations, population predicted concentrations, 
and observed concentrations (overlaid) by subject. To verify 
that the final model adequately predicts both the central ten-
dency and the variability of the observed data, VPCs were per-
formed. For the VPCs, replicate simulations (n = 1000) were 
performed using the final model and final model parameters. 
LDL- C concentration– time profiles were plotted for the 2.5th, 
50th, and 97.5th percentiles of the simulated data and over-
laid with the 95% CI of the 2.5th, 50th, and 97.5th percentiles 
of the observed data. Bootstrap methods were used to assess 
the robustness of the PK/PD model and the accuracy of the 
parameter estimates (indicated mainly by 95% CIs).

RESULTS

Population PK analysis

The  PK  of  total  evinacumab  was  described  by  a  two- 
compartment  model  with  a  combined  linear  and  satu-
rable  (Michaelis– Menten)  elimination  and  first- order 
absorption (Figure 1). The  intercompartment clearance 
was  parameterized  with  central  volume  of  distribution 
(second compartment) and intercompartmental rate con-
stants. Interindividual variability was added to systemic 
clearance from the central compartment and peripheral 
volume  of  distribution  using  a  log- normal  distribution. 
The bioavailability of evinacumab by  the s.c.  route was 
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estimated  to  be  71%.  An  exploratory  plot  of  observed 
evinacumab concentration versus  time (Figure S1) sug-
gested evinacumab has a  long half- life.  In addition, ex-
ploratory  frequency  diagrams  of  categorical  covariates 
and  scatterplots  of  continuous  covariates  (Figures  S2 
and  S3,  respectively)  suggested  a  typical  distribution 
of  all  covariates,  except  for  baseline  LDL  and  baseline 
triglycerides.

Baseline covariates for patients included in the analysis 
are presented  in Tables S4 and S5. Linear clearance and 
volume of distribution was dependent on weight, with an 
allometric relationship (a power model with exponents of 
0.75  [fixed]  and  0.875  [estimated],  respectively).  A  fixed 
theoretical exponent of 0.75 was used for the power rela-
tionship between weight and clearance as it was unable to 
be estimated. In subjects with HoFH, the saturable elim-
ination pathway maximum target- mediated rate of elimi-
nation per unit time (Vmax) was reduced by 25% relative to 

healthy volunteers. Increases in ANGPTL3 concentrations 
predicted a higher Vmax. Variability in ANGPTL3, and the 
effect  of  HoFH  on Vmax,  contribute  less  to  variability  in 
exposure  (area  under  the  plasma  concentration– time 
curve [AUC], maximum concentration [Cmax]) relative to 
variability in weight. A weight- based dosing regimen (e.g., 
15  mg/kg)  results  in  consistent  evinacumab  exposure 
across  a  range  of  body  weights  for  patients  with  HoFH. 
Consistent  evinacumab  exposure  was  achieved,  as  the 
predicted exposure at steady- state for patients with HoFH 
with extreme values of baseline ANGPTL3 or body weight 
did not deviate from a typical patient by more than 30%. In 
addition, patients with HoFH with body weights of 60 kg 
or  less,  60– 80  kg,  and  more  than  80  kg  achieved  mean 
(standard  deviation)  evinacumab  trough  concentrations 
at  steady state of 171.8  (40.1) mg/L, 245.6  (102.7) mg/L, 
and 275.8 (91.9) mg/L, respectively.

Between- subject  variability  in  key  parameters  was 
typical  for  a  monoclonal  antibody  (coefficient  of  varia-
tion [CV%]: 36% for linear clearance and 21% for central 
volume  of  distribution  [first  compartment]).  The  final 
population  PK  parameters  estimations  and  covariate 
effects  are  shown  in Table  1. The  effects  of  continuous 
and  categorical  covariates  on  population  PK  parame-
ters  are  summarized  in  Tables  S6  and  S7,  respectively. 
Inspection  of  GOF  plots  suggested  good  agreement  be-
tween observed and population predicted values for  the 
overall pooled population and when stratified by individ-
ual study (Figure S4). VPCs showed that a large majority 
of the observed concentrations were within the range of 
the 2.5th to 97.5th predicted percentiles, thus represent-
ing a good qualification of the final population PK model 
(Figure S5).

The magnitude of the covariate effect on derived PK 
exposures  is  illustrated  in  the  tornado  plot  (Figure  2). 
The  predicted  evinacumab  exposures  (AUC  for  a  dos-
ing  interval,  Cmax,  and  minimum  concentration)  at 
steady state for patients with extreme baseline values for 
ANGPTL3  or  body  weight  did  not  deviate  from  a  typi-
cal  patient  by  more  than  30%.  The  typical  patient  was 
defined  as  someone  with  HoFH  with  a  median  weight 
of  74.1  kg  and  a  median  baseline  ANGPTL3  value  of 
0.08 mg/L. In  addition, compared with the unexplained 
between- subject  variation  of  PK  exposures,  the  magni-
tude  of   covariate  effect  was  not  pronounced  and  is  not 
expected to be clinically significant.

Population PK/PD analysis

The  PD  data  set  comprised  1203  LDL- C  concentra-
tion timepoints from patients with HoFH. Nine LDL- C 
data  points  with  CWRES  more  than  5  were  removed 

F I G U R E  1  Schematic of the population PK/PD model for both 

i.v. and s.c. administration of evinacumab. The initial condition is 

described as baseline LDL- C = kin/kout. PK equations: dA1
dt

= − kaA1; 
dA2
dt

= − keA2 + kaA1 − k23A2 + k32A3 −
Vmax ∗C

km +C
; dA3
dt

= k23A2 − k32A3 ; 

PK/PD equation: dLDLC
dt

= Kin ×
(

1 −
Imax ×Conc

IC50+Conc

)

− Kout × LDLC
 . 

A1, amount of evinacumab dosed via the subcutaneous route 

and subject to bioavailability; A2, amount of evinacumab in the 

central compartment; A3, amount of evinacumab in the peripheral 

compartment; C, patient time course of the drug concentration 

(PK) at time t predicted using empirical Bayes estimates from the 

population PK model; CL, plasma clearance; F, bioavailability; 

Conc, concentration of LDL- C; Imax, maximal inhibitory effect; 

IC50, drug concentration to reach 50% of Imax; K23 and K32, 

intercompartmental rate constants; Ka, absorption rate constant; 

Kin, zero- order constant of production of response (LDL- C); Km, 

Michaelis– Menten constant; Kout, first- order constant of loss 

of response (LDL- C); IV, intravenous; LDL, amount in effect 

compartment; LDL- C, low- density lipoprotein cholesterol; PD, 

pharmacodynamics; PK, pharmacokinetics; SC, subcutaneous; 

V2, volume of distribution (central compartment); V3, volume of 

distribution (peripheral compartment); Vmax, maximum target- 

mediated rate of elimination

PeripheralCentral
SC IV

F1, Ka K23

K32

CL Vmax, Km

LDL
(1–                )*Kin 

Imax
•Conc

 IC50+Conc Kout

Depot
(A1)

V2
(A2)

V3
(A3)

PK Domain

PD Domain
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as  outliers.  Thus,  a  total  of  1194  LDL- C  data  points 
from 95 patients with HoFH were included in the final 
model estimation. The amount of missing continuous 
covariate  and  categorical  covariate  data  was  limited 
(less than 5%).

The  baseline  covariates  evaluated  in  the  PK/PD 
model  are  summarized  in  Tables  S8  and  S9.  The  final 
population  PK/PD  model  included  two  covariates  on 
Imax  and  one  on  IC50.  In  patients  with  higher  baseline 
LDL- C, a smaller IC50 was observed, suggesting greater 
sensitivity  to  treatment.  An  increase  in  potential  Imax 
was  observed  in  patients  who  were  White  and/or  had 
a lower baseline weight. The impact of these covariates 
is reflected in the estimated 18% residual variability ob-
served  for  the  final  PK/PD  model.  Compared  with  the 

base model, the inclusion of the covariates reduced pa-
rameter variability (CV%) of Imax and IC50 by 0.3% and 
14.4%, respectively.

The  final  population  PD  parameters  for  the  final  co-
variate model are presented in Table 2 together with the 
bootstrap  means,  medians,  and  95%  CIs.  The  bootstrap 
means  and  medians  were  concordant  with  the  popula-
tion predicted values. Inspection of GOF plots of the final 

F I G U R E  2  Tornado plots showing the effect of statistically 
significant covariates on post hoc steady- state evinacumab 
exposures: (a) AUCtau, (b) Cmax, and (c) Cmin. The reference patient 
is a patient with HoFH with a median weight of 74.1 kg and a 
median ANGPTL3 value of 0.08 mg/L. ANGPTL3, angiopoietin- 
like protein 3; AUCtau, area under the plasma concentration– time 
curve for a dosing interval; BSV, between- subject variability; 
Cmax, maximum concentration; Cmin, minimum concentration; 
HoFH, homozygous familial hypercholesterolemia; HV, healthy 
volunteers; Min, minimum; Max, maximum

ANGPTL3 (mg/L)
(Min: 0.287 mg/L, Max: 0.0204 mg/L)

Weight (kg)
(Min: 42.4 kg, Max: 152 kg)

Disease
(HV, HoFH)

Ratio of steady state AUCtau compared to a reference patient

Reference
BSV (%)

ANGPTL3 (mg/L)
(Min: 0.287 mg/L, Max: 0.0204 mg/L)

Weight (kg)
(Min: 42.4 kg, Max: 152 kg)

Disease
(HV, HoFH)

Ratio of steady state Cmax compared to a reference patient

Reference
BSV (%)

ANGPTL3 (mg/L)
(Min: 0.287 mg/L, Max: 0.0204 mg/L)

Weight (kg)
(Min: 42.4 kg, Max: 152 kg)

Disease
(HV, HoFH)

Ratio of steady state Cmin compared to a reference patient

Reference
BSV (%)

(a)

(b)

(c)

T A B L E  1   Population PK parameters for the final evinacumab 
covariate model

Parameter (units)
Population 
estimate (% RSE)

PK parameter

CL, L/day for 74.1 kg subject 0.0955 (3.40)

V2, L for 74.1 kg subject 2.56 (1.67)

F for s.c. dose 0.714 (1.55)

K23, 1/day 0.109 (10.4)

K32, 1/day 0.124 (10.4)

Vmax, mg/day 3.16 (2.01)

Km, mg/L 1.02 (9.31)

Alag, day 0.168 (8.20)

Ka, 1/day 0.181 (10.6)

Covariate

Weight ~ central V 0.875 (5.37)

Weight ~ linear clearance 0.75 (fixed)

ANGPTL3 ~ Vmax 0.405 (9.98)

Disease state ~ Vmax – 0.289 (24.7)

OMEGA correlation matrix

σ, η(CL) 0.355 (10.5)

σ, η(2,1) 0.213 (23.2)

σ, η(V) 0.213 (7.65)

σ, η(Ka) 0.686 (14.8)

σ, η(Alag1) 1.19 (5.55)

Residual error

σ additive, mg/L 0.303 (9.01)

σ proportional, CV% 0.189 (2.02)

Abbreviations: Alag, absorption lag time; ANGPTL3, angiopoietin- 
like protein 3; CL, plasma clearance; CV%, coefficient of variation; 
F, bioavailability; K23 and K32, intercompartmental rate constants; 
Ka, absorption rate constant; Km, Michaelis- Menten constant; PK, 
pharmacokinetics; RSE, relative standard error; s.c., subcutaneously; V, 
volume; V2, volume of distribution (central compartment); Vmax, maximum 
target- mediated rate of elimination.
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PK/PD  model  suggested  good  agreement  between  the 
observed and population predicted LDL- C values for the 
overall pooled population (Figure S6) and when stratified 
by individual study (Figure S7). Additional GOF plots of 
observed, population predicted, and individual predicted 
LDL- C concentrations by individual over time for the base 
model are presented in Figure S8.

VPC  evaluations  showed  that  most  observed  LDL- C 
concentrations were generally within the 95% prediction 
intervals,  thus  indicating  concordance  between  model- 
based  simulated  data  and  the  observed  data  (Figure 
S9). Considering  the heterogeneity of LLT used  in  these 
patients,  VPC  evaluations  indicated  that  the  model  ad-
equately predicted the median, 2.5th, and 97.5th percen-
tiles  of  the  concentration– time  profile  of  LDL- C  after 
dosing with evinacumab 15 mg/kg q4w.

Post  hoc  PD  parameter  estimations  for  95  patients 
with  HoFH  were  performed  using  the  final  population 
PK/PD  model  to  predict  the  LDL- C  response  at  Week 

24  following  administration  of  evinacumab  15  mg/kg 
q4w.  The  percentage  of  patients  predicted  to  achieve 
LDL- C reductions of 30% or more and 50% or more from 
baseline  at Week  24  was  86.3%  and  56.8%,  respectively 
(Table 3). As the predicted values were comparable to the 
83.7% and 55.8% of patients  in  the pivotal  trial  achiev-
ing LDL- C reductions of 30% or more and 50% or more, 
respectively,  it  provided  further  confirmation  of  model 
performance.  The  predicted  percentages  of  patients 
reaching  LDL- C  reduction  were  close  to  the  observed 
values  reported  in  pivotal  trial,  confirming  the  model 
performance.15 The magnitude of the covariate effect on 
derived PD end points is illustrated in Figure 3. Baseline 
LDL- C concentration showed the highest magnitude of 
effect among the statistically significant covariates. Trial 
simulations showed  that  the  incremental benefit of  in-
creasing the evinacumab i.v. q4w dose from 15 mg/kg to 
20 mg/kg was modest, and a dose of 5 mg/kg is expected 
to achieve lower efficacy (Table 4).

Parameter
Point estimate 
(CV%)

Bootstrap median (2.5th, 
97.5th percentiles)

Typical value

Kin, 1/day 38.99 (14.2) 39.17 (31.44, 50.16)

Imax, % 0.74 (1.5) 0.74 (0.7, 0.8)

IC50, mg/L 57.4 (20.3) 56.68 (33.22, 89.17)

Covariate

IC50 ~ baseline LDL (power) – 1.17 (22.1) – 1.14 (– 1.99, – 0.51)

Imax ~ weight (power) – 0.27 (12.3) – 0.3 (– 0.68, – 0.04)

Imax ~ race 0.83 (3.9) 0.83 (0.72, 0.9)

Interindividual variability, η

σ, η(IC50) 3.11 (20.3) 3.12 (1.78, 5.44)

σ, η(Kin) 0.47 (38.6) 0.41 (0.15, 0.78)

Residual error

σ proportional 0.18 (4.1) 0.18 (0.13, 0.22)

σ additive, mg/dl 17.97 (4.7) 17.63 (5.53, 23.69)

Note: For presentation, the covariate of race on Imax is the exponent of −0.19 from the estimates. The 
expressions including the effects of the covariates are: IC50 = 57.3976 * (baseline LDL/211)**(– 1.16801); 
Imax = 0.743459 * (weight/71)**exp(RAC1*– 0.191248), where race was coded as White (RAC1 = 0) and 
others (RAC1 = 1). *denotes multiplication; **denotes mean exponent (raised to a power).
Abbreviations: CV%, coefficient of variance (100% × standard deviation/parameter estimates); exp, 
exponent; IC50, drug concentration to reach 50% of Imax; Imax, maximal inhibitory effect; Kin, zero- order 
constant of production of response; LDL, low- density lipoprotein; RAC, race.

T A B L E  2   Population 
pharmacodynamic parameters and 
bootstrap confidence intervals for the final 
covariate model

Evinacumab i.v. 
q4w

∆LDL- C 
≥30%, %

∆LDL- C 
≥50%, %

∆LDL- C 
≥70%, %

LDL- C 
<100 mg/dl, %

15 mg/kg 86.3 56.8 8.42 52.6

Abbreviations: ∆LDL- C, percentage low- density lipoprotein cholesterol change from baseline; HoFH, 
homozygous familial hypercholesterolemia; i.v., intravenously; LDL- C, low- density lipoprotein 
cholesterol; q4w, every 4 weeks.

T A B L E  3   Post hoc prediction of 
patients with HoFH achieving LDL- C 
goals at Week 24 following administration 
of evinacumab i.v. q4w
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DISCUSSION

These  analyses  characterized  the  PK  of  evinacumab 
using data pooled from phase I,  II, and III clinical stud-
ies.  A  two- compartment  model  with  parallel  linear  and 
Michaelis– Menten  clearance  adequately  described  the 
time course of s.c. and i.v. evinacumab. Like most mono-
clonal  antibodies,  at  higher- than- saturation  concentra-
tions  drug  elimination  was  best  described  by  a  linear, 
first- order elimination pathway.20 The Michaelis– Menten 
constant  for  the  saturable  clearance  of  evinacumab  was 
estimated to be 1.02 mg/L, which was well below the ob-
served  median  concentration  of  88  mg/L  at  steady  state 
of  the  therapeutic  dose  (15  mg/kg).  In  the  range  of  evi-
nacumab plasma concentrations seen with the dosing reg-
imens  assessed  in  the  evinacumab  clinical  program,  the 
saturable route will eliminate approximately 3.12 mg/day.

The  exponent  for  the  power  relationship  between 
weight and clearance could not be estimated and so was 
fixed to the theoretical value of 0.75. Sensitivity analysis 
for  this  assumption  (exponent  =  0.75)  was  performed, 
which suggested that other PK parameter estimates were 
insensitive to this assumption, consistent with the inabil-
ity to estimate this number. The PK parameter estimates 
for clearance, volume, Michaelis– Menten constant, and 
Vmax  varied  less  than  20%  from  the  estimated  values  at 
an  exponent  of  0.75.  Thus,  the  assumption  of  a  value 
using  an  exponent  of  0.75  does  not  significantly  influ-
ence  the estimates of other PK parameters. The central 
volume of distribution was estimated to be 2.56 L, which 
is  consistent  with  that  reported  for  other  monoclonal 
antibodies.21– 23  Steady- state  total  volume  estimate  for 
evinacumab  is  approximately  4.8  L,  which  is  also  con-
sistent with other monoclonal antibodies.24 Patients with 

F I G U R E  3  Tornado plot of significant covariates on percentage of LDL- C reduction from baseline at Week 24 compared with 
a reference patient. The reference patient is a White patient with HoFH with a baseline LDL- C of 211 mg/dl and a weight of 71 kg. 
“Randomized” corresponds to all patients who were randomly assigned in the pivotal phase III ELIPSE HoFH study. BSV, between- subject 
variability; HoFH, homozygous familial hypercholesterolemia; ITT, intention- to- treat population (baseline LDL more than 70 mg/dl); LDL, 
low- density lipoprotein; LDL- C, low- density lipoprotein cholesterol; Min, minimum; Max, maximum

Randomized LDL-C (mg/dL)
(Min: 39 mg/dL, Max: 907 mg/dL)

ITT LDL-C (mg/dL)
(Min: 70 mg/dL, Max: 907 mg/dL)

Weight (kg)
(Min: 42.4 kg, Max: 152 kg)

Ratio of LDL change (%) compared to a reference patient

Race
(Other, White)

Reference
BSV (%)

T A B L E  4   Simulated percentage of patients with HoFH achieving LDL- C goals at Week 24 following administration of evinacumab i.v. 
q4w

Evinacumab i.v. 
q4w

LDL- C % reduction from baseline LDL- C <100 mg/dl

30% 50% 70%

Median, %
Range, 
% Median, %

Range, 
% Median, %

Range, 
%

Median, 
%

Range, 
%

5 mg/kg 53.7 36.8– 68.4 29.5 14.7– 42.1 4.2 0.0– 11.6 20.0 8.4– 33.7

15 mg/kg 84.2 70.5– 94.7 63.2 46.3– 76.8 14.7 6.3– 27.4 36.8 23.2– 51.6

20 mg/kg 88.4 74.7– 96.8 69.5 52.6– 81.1 17.9 6.3– 28.4 40.0 25.3– 55.8

Note: Simulations were performed for 1000 trials with 95 patients/trial using the distribution of observed covariates.
Abbreviations: HoFH, homozygous familial hypercholesterolemia; i.v., intravenously; LDL- C, low- density lipoprotein cholesterol; q4w, every 4 weeks.
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HoFH were found to have a clinically significantly lower 
Vmax than healthy volunteers (25% reduction). Although 
the effect of HoFH on Vmax met  the criteria  for clinical 
significance (more than 20%), the effect of HoFH on ex-
posure (AUC, Cmax) is expected to be less as the saturable 
elimination  is a minor component of  total  elimination. 
As baseline ANGPTL3 was comparable between the two 
populations, no biological explanation or hypotheses are 
available for this observation. In subjects with HoFH, the 
saturable elimination pathway Vmax was reduced by 25% 
versus healthy volunteers, and was deemed clinically sig-
nificant. Increases in ANGPTL3 concentrations were pre-
dictive of a higher Vmax. The relationship between Vmax 
and  ANGPTL3  is  biologically  plausible,  as  evinacumab 
binds  to ANGPTL3 and  therefore may be cleared along 
with ANGPTL3.

A  population  PK/PD  analysis  was  conducted  using 
a data set composed of 95 patients enrolled in three pa-
tient  studies. The  population  PK/PD  model  developed 
adequately  described  the  relationship  of  evinacumab 
concentrations  with  LDL- C  concentration  in  patients 
with HoFH. The PD effect of evinacumab on LDL- C was 
linked by an indirect response model with an inhibitor 
effect on the production of response (LDL- C). Baseline 
LDL- C,  weight,  and  race  were  statistically  significant 
covariates.  The  baseline  LDL- C  concentration  showed 
the highest magnitude of effect among the statistically 
significant covariates, with a lower IC50 and higher pre-
dicted LDL- C reduction associated with higher baseline 
LDL- C. A lower baseline body weight, as well as being 
of  White  race,  is  associated  with  a  higher  maximum 
inhibitory  effect.  Compared  with  the  base  model,  the 
inclusion of the covariates reduced parameter variabil-
ity  (CV%)  of  Imax  and  IC50  by  0.3%  and  14.4%,  respec-
tively.  The  results  from  the  PK/PD  analysis  suggested 
that  no  dose  adjustment  is  needed  for  baseline  LDL- 
C,  weight,  and  race,  as  the  magnitude  of  impacts  are 
small.  Simulations  based  on  the  final  population  PK/
PD model showed that a lower 5 mg/kg i.v. q4w dose of 
evinacumab  is expected  to be  less efficacious  than  the 
proposed  dose  regimen  of  15  mg/kg  i.v.  q4w,  whereas 
the  incremental benefit  from 15 mg/kg  to 20 mg/kg  is 
expected to be modest as the ranges are overlapping. As 
the indirect exposure– response model adequately char-
acterized patients with HoFH and permitted the estima-
tion  of  individual  LDL- C  levels  following  evinacumab 
administration,  the  model  may  help  understand  the 
variability in treatment response and guide evinacumab 
dose selection in future studies.
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