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Abstract  The  COVID-19  pandemic  has  revealed  a  ventilator  deficit  in  the  global  health  sys-
tem for  this  scenario.  For  this  reason,  several  national  and  international  projects  have  been
developed  to  get  done  prototypes  of  ventilators  which  could  be  easy  and  fast  to  manufacture.
One of  the  requirements  of  the  AEMPS  for  conducting  clinical  studies  with  new  prototypes  is
through the  validation  of  these  new  prototypes  in  an  animal  model.  Therefore,  it  is  important
to achieve  an  animal  model  which  allows  us  to  easily  reproduce  different  clinical  scenarios.  In
this article,  we  describe  the  use  of  a  sheep  as  a  research  model  to  assess  a  prototype  ventilator.
The animal  was  anesthetized  for  10  h  in  which  the  prototype  was  tested  in  up  to  6  different
scenarios.  This  model  is  effective  and  easy  to  reproduce,  making  it  an  excellent  choice  for  this
kind of  research.
© 2020  Sociedad  Española  de  Anestesioloǵıa,  Reanimación  y  Terapéutica  del  Dolor.  Published
by Elsevier  España,  S.L.U.  All  rights  reserved.
PALABRAS  CLAVE
Experimento;
Oveja;
Ventilador;
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respiratorio  agudo

Descripción  de  un  modelo  ovino  para  la  prueba  de  ventiladores  de  urgencia  en  la
pandemia  de  COVID-19

Resumen  La  pandemia  COVID-19  ha  puesto  de  manifiesto  un  déficit  de  ventiladores  en  el
sistema sanitario  para  estas  situaciones.  Por  ello,  varios  proyectos  nacionales  e  internacionales
se han  desarrollado  en  pocas  semanas  para  producir  prototipos  de  ventiladores  de  fácil  y  rápida
� Please cite this article as: Viscasillas J, Alonso-Iñigo JM, Gutierrez-Bautista A, Casañ Pallardó M, Redondo JI. Descripción de un modelo
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fabricación.  Una  de  las  exigencias  de  la  AEMPS  para  la  realización  de  estudios  clínicos  con
nuevos prototipos  pasa  por  la  validación  en  un  modelo  animal.  Para  ello  es  importante  poder
utilizar un  modelo  animal  en  el  que  reproducir  diferentes  situaciones  clínicas  de  forma  fácil.  En
este artículo  describimos  el  uso  de  la  oveja  como  modelo  animal  para  evaluar  un  prototipo  de
ventilador.  El  animal  estuvo  anestesiado  durante  10  horas  en  las  que  el  prototipo  fue  utilizado
hasta en  6  escenarios.  Este  modelo  pareció  eficaz  y  es  fácilmente  reproducible,  por  lo  que  es
una excelente  opción  para  este  tipo  de  investigación.
© 2020  Sociedad  Española  de  Anestesioloǵıa,  Reanimación  y  Terapéutica  del  Dolor.  Publicado
por Elsevier  España,  S.L.U.  Todos  los  derechos  reservados.
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ranslational  research  was  developed  as  a  bridge  between
asic  and  clinical  research1.  This  step  in  the  development
f  new  drugs,  medical  equipment  or  procedures  is  both  a
ecessity  and  a  legal  requirement  prior  to  performing  a  clin-
cal  trial.

Many  patients  required  ventilatory  support  during  the
OVID-19  pandemic.  According  to  various  sources,  up  to
5.2%2 of  these  required  the  use  of  mechanical  ventilation,
nd  equipment  such  as  intensive  care  ventilators  became

 fundamental  factor  in  the  treatment  of  these  patients.
iven  the  limited  stock  and  manufacturing  capacity  of  inten-
ive  care  ventilators,  hospitals  were  faced  with  the  risk
f  ventilator  shortages.  Several  national  and  international
entilator  design  and  manufacturing  projects  have  been
aunched  to  increase  supplies.  Most  of  these  projects  are
imed  at  developing  open-source  designs  for  low-cost  ven-
ilators  that  can  be  easily  and  rapidly  manufactured  in  any
ountry.

In  this  emergency  situation,  the  Spanish  Agency  of
edicines  and  Medical  Devices  (AEMPS),  the  competent
uthority  in  Spain,  published  a  resolution  setting  out  the
equirements  for  approving  a  ventilator  prototype3. In  addi-
ion  to  a  technical  description  of  the  prototype  and  tests  on

 simulation  lung,  the  agency  required  that  the  prototype
lso  be  tested  on  an  animal  model.  However,  the  resolution
nly  defines  the  animal  model  (porcine),  but  does  not  spec-
fy  the  characteristics  of  the  experiment.  This  meant  that
otentially  valid  animal  models  were  initially  ruled  out,  and
he  minimum  monitoring  parameters  to  ensure  the  safety  of
he  prototype  were  not  defined.

In  this  article,  we  describe  the  animal  model  we  used  to
est  an  open  source  ventilator  developed  during  the  COVID-
9  pandemic.  We  hope  that  our  experience  will  serve  as  a
eference  for  other  research  groups.

ase report
he  Animal  Ethics  and  Experimentation  Committee  of  the
EU  Cardenal  Herrera  University  obtained  the  approval
f  the  Department  of  Agriculture,  Rural  Development,
limate  Emergency  and  Ecological  Transition  of  the  Gener-
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litat  Valenciana  (code  2020/VSC/PEA/0066)  to  conduct  the
xperiment.

The  ventilator  was  tested  on  a  sheep  model:  a  4-year-
ld  ram  weighing  60  kg.  The  only  pre-test  indication  was  no
olids  for  12  h  prior  to  the  procedure  and  ad  libitum  fluids
ntil  the  experiment  began.  A  venous  catheter  was  inserted
n  the  right  cephalic  vein  through  which  0.5  mg/kg  of  mida-
olam  was  adminitered  for  premedication.

The  animal  was  pre-oxygenated  using  a  veterinary  oxy-
enation  mask  delivering  a  flow  rate  of  5  l/min  for  5  min.
fter  this,  with  the  animal  in  lying  prone,  anaesthesia  was

nduced  with  a  combination  of  ketamine  (5  mg/kg)  and
ropofol  (2  mg/kg).  Orotracheal  intubation  was  performed
ith  a  Miller  blade,  inserting  an  endotracheal  tube  with  an

nternal  diameter  of  8.5  mm  over  a  bougie.  The  animal  was
onnected  to  a  conventional  closed  loop  ventilator  deliv-
ring  an  FiO2 of  0.5.  Anaesthesia  was  maintained  with  a
ontinuous  iv  infusion  of  ketamine  (1  mg/kg/h),  fentanyl  (10
cg/kg/h)  and  propofol  (0.2  mg/kg/m).
Using  the  Seldinger  technique,  an  arterial  catheter  was

laced  in  the  right  carpal  artery,  a  dual  lumen  central
atheter  was  placed  in  the  left  external  jugular  vein,  and

 ruminal  catheter  was  placed  to  prevent  ruminal  bloat
nd  its  potential  respiratory  and  cardiovascular  depressant
ffect.  Monitoring  included  ECG,  pulse  oximetry,  conven-
ional  capnography,  spirometry,  core  temperature,  invasive
lood  pressure,  central  venous  pressure  (Carescape  B450
onitor,  General  Electric,  Helsinki,  Finland)  oesophageal
ressure  (FlumexGrE,  MbMed,  Buenos  Aires,  Argentina),  vol-
metric  capnography  (FlumexGrE,  MbMed,  Buenos  Aires,
rgentina),  minimally  invasive  cardiac  output  (Mostcare,
ygon,  Valencia,  Spain),  and  arterial  blood  gas  (Epoc  blood
nalysis  system,  Siemens  Healthcare,Erlangen,  Germany)
easured  at  intervals  previously  established  by  the  experi-
ent  and  chest  radiographs.
After  anaesthesia  induction,  with  the  animal  stabilised,

entilation  was  started  with  the  ACUTE-19  ventilator  proto-
ype  (Fig.  1) in  pressure  controlled  continuous  mandatory
entilation  mode  (CMV-PC);  various  ventilatory  patterns
ere  established  with  different  FiO2 setting  in  6  stages:
 Baseline  ventilation  without  neuromuscular  blockade
using  the  following  parameters:  Positive  end-expiratory
pressure  (PEEP)  5  cmH2O,  inspired  pressure  (Pinsp)  to

3
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Figure  1  Organization  of  the  room  during  the  experiment.  Sheep  anesthetized  with  TIVA  and  positioned  prone  on  the  radiology
table. The  animal  is  connected  to  the  ventilator  prototype  and  a  multi-metric  monitor  (B40,  GE,  Chicago,  Illinois,  USA)  is  used  to
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onitor cardiac  output  (MostCare,  Vygon,  Ecouen,  France)  and  ve
ll data  were  stored  and  the  entire  experiment  was  recorded.

obtain  a  tidal  volume  (VT)  of  6−7  ml/kg,  respiratory  rate
14  rpm,  inspiration:  expiration  ratio  1:2  and  FiO2 0.5.

 Baseline  ventilation  with  neuromuscular  blockade.  In  this
phase,  atracurium  (0.5  mg  kg)  was  administered,  and  the
stage  1  ventilatory  parameters  were  maintained.  Both
stages  lasted  150  min.

 Respiratory  distress  model  (ARDS).  The  ARDS  model  was
induced  by  washing  the  alveolar  surfactant  with  60  ml/kg
of  physiological  saline  at  37 ◦C4.  To  do  this,  20  ml/kg  of
tempered  saline  was  administered  via  a  catheter  inserted
through  the  endotracheal  tube.  Following  this,  coupage
was  performed  and  the  liquid  content  was  recovered
with  a  surgical  aspirator.  The  off-white  liquid  collected
is  compatible  with  a  mixture  of  saline  solution  and  sur-
factant.  After  completing  this  procedure,  the  animal  was
re-connected  to  the  ventilator  and  monitored  to  see  if
the  ARDS  model  been  established.  Three  lavage  proce-
dures  were  required  to  achieve  the  ARDS  model.  ARDS
was  confirmed  when  peripheral  arterial  oxygen  saturation
had  fallen  to  below  90%,  following  which  a  chest  X-ray  was
performed  and  arterial  blood  gas  was  measured  confirm  a
PaO2/FiO2 of  less  than  1005.

 Alveolar  recruitment  and  ventilatory  strategy.  Once  the
ARDS  model  had  been  established,  and  after  wait-
ing  20  min,  the  following  recruitment  strategy  was
performed6:
• Alveolar  recruitment  manoeuvre.  Recruitment  was  per-

formed  in  CMV-PC  mode  with  a  driving  pressure  (DP)
of  15  cmH2O,  a  respiratory  rate  of  15  rpm,  an  inspi-
ration:  expiration  ratio  of  1:1,  FiO2 of  0.8  and  initial
PEEP  of  5  cmH2O.  PEEP  was  increased  in  5  cmH2O  incre-
ments  every  10  respiratory  cycles,  and  then  every  15
cycles  when  peak  PEEP  (25  cmH2O)  had  been  reached
and  an  airway  opening  pressure  of  40  cmH2O  had  been
achieved  (duration  of  the  manoeuvre:  160  s)  (Fig.  2).

•  Calculation  of  optimal  PEEP.  The  working  pressure  was
adjusted  to  obtain  a  Vt  of  6−7  ml/kg,  a  respiratory  rate
of  15  rpm  and  a  PEEP  of  20  cmH2O.  The  PEEP  level
was  decreased  in  2  cmH2O  decrements  every  30  s  until
reaching  the  PEEP  with  the  best  dynamic  compliance
(Cdyn).  Once  the  optimal  PEEP  level  (PEEP  for  best
Cdyn)  had  been  determined,  the  same  alveolar  recruit-

ment  maneuver  was  repeated  and  the  best  Cdyn  PEEP
was  adjusted  by  adding  2  cmH2O  to  the  values  obtained.

•  Post-recruitment  ventilation.  Driving  pressure  was
adjusted  to  obtain  a  VT  of  6−7  ml/kg,  a  respiratory
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tory  mechanics  (FluxMed  GrE,  MBMED,  Buenos  Aires  Argentina).

rate  of  15  rpm,  an  inhalation:expiration  ratio  of  1:2,
and  best  Cdyn  PEEP,  maintaining  ventilation  for  90  min.

 Bronchoconstriction  model:  CMV-PC  in  a  bronchoconstric-
tion  model  after  recovery  from  respiratory  distress.  When
the  animal  had  been  stable  for  several  hours  and  lung
function  had  been  restored,  0.03  mg/kg  of  iv  neostigmine
was  administered  to  produce  bronchoconstriction,  which
was  confirmed  by  increased  airway  resistance  on  spirom-
etry.

 Spontaneous  ventilation  with  different  continuous  posi-
tive  airway  pressure  (CPAP)  settings.  Finally,  ketamine,
fentanyl,  and  propofol  infusions  were  down-dosed  by
50%  to  reduce  depth  of  anaesthesia  and  regain  sponta-
neous  activity.  At  that  time,  different  levels  of  CPAP  were
administered  and  their  effects  on  the  monitored  param-
eters  were  assessed.

Fig.  3  shows  the  main  oxygenation  parameters  obtained
t  each  stage  of  the  experiment.

iscussion

he  choice  of  model  in  animal  experimentation  should
e  based  on  criteria  of  replacement,  reduction  and
efinement1. In  our  case,  we  were  looking  for  a  docile
pecies  with  characteristics  similar  to  humans  that  had  pre-
iously  been  used  in  this  type  of  experiment  based  on  an
asily  reproducible  protocol  that  tested  the  ventilator  at
ifferent  clinical  settings.  The  model  used  had  to  be  sim-
le  to  execute  with  the  usual  drugs  and  techniques  used  in
nimal  experimentation  centres.

The  AEMPS  indicates  that  the  experiment  should  be  per-
ormed  in  a  porcine  model.  However,  by  the  time  the
tandard  was  published  our  project  was  well  advanced,  and
e  had  already  obtained  permission  to  use  a  sheep  model,
hich,  a  priori,  we  considered  more  suitable.  After  con-

acting  the  AEMPS  and  justifying  the  suitability  of  the  sheep
odel,  they  authorized  it  use.
Sheep  are  gregarious,  docile  animals  that  have  been

omesticated  for  thousands  of  years.  One  of  their  main
dvantages  over  the  porcine  model  is  that  sheep  can  be

sed  to  explore  and  administer  drugs  by  any  route,  including
ntravenous,  without  the  need  for  prior  sedation.

The  sheep  model  is  widely  used  in  translational  medicine
n  different  fields  of  research.  Specifically,  it  has  been  used

4
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Figure  2  Diagram  of  the  alveolar  recruitment  manoeuvre  performed  in  phase  4  after  inducing  acute  respiratory  distress  in  the
animal model.  PCV  (pressure  controlled  ventilation),  OL-PEEP  (Open  lung  PEEP).  Adapted  from  Ferrando  C,  Soro  M,  Unzueta  C,
et al.  Rationale  and  study  design  for  an  individualized  perioperative  open-lung  ventilatory  strategy  with  a  high  versus  conventional
inspiratory oxygen  fraction  (iPROVE-O2)  and  its  effects  on  surgical  site  infection:  study  protocol  for  a  randomized  controlled  trial.
BMJ Open  2017  Jul  31;7(7):e016765.  doi:  https://doi.org/10.1136/bmjopen-2017-016765.

Figure  3  Graph  showing  the  PaO2 (in  mmHg),  FiO2 (%)  and  PaO2/FiO2 parameters  obtained  during  the  different  phases  of  the  study;
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1) Baseline  ventilation,  (2)  Baseline  ventilation  with  neuromu
ecruitment and  determination  of  optimal  PEEP,  (5)  Bronchocon

o  study  different  models  of  respiratory  disease  and  differ-
nt  ventilatory  strategies7.

Although  we  might  believe,  at  first  glance,  that  a  her-
ivorous  and  ruminant  species  such  as  the  sheep  is  further
emoved  from  humans  than  other  animals  widely  used  in
nimal  experimentation,  such  as  the  pig,  the  anatomy
nd  physiology  of  the  respiratory  system  of  the  sheep  is
ore  akin  to  the  human  system  than  other  species.  Sheep
odels  are  also  very  useful  in  experiments  to  study  respi-

atory  parameters  and  obtain  measurements  of  respiratory
echanics7.
Although  the  animal  in  our  experiment  was  anaesthetized

or  10  h  while  we  performed  all  the  foregoing  tests,  the

nly  complications  observed  were  those  associated  with
he  respiratory  distress  model,  which  were  resolved  with  a
ecruitment  manoeuvre  using  the  ventilator  prototype.  The
se  of  advanced  monitoring  gave  us  detailed  information  on

a
s
m
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r  blockade  (NMB),  (3)  Acute  respiratory  distress,  (4)  Alveolar
tion  (B)  and  (6)  spontaneous  ventilation  with  CPAP.

he  cardiovascular  and  respiratory  status  of  the  animal  at  all
imes.  This  allowed  us  to  confirm,  on  the  one  hand,  that  our
anoeuvres  had  achieved  the  desired  effect  at  all  times,

nd  on  the  other,  that  they  did  not  cause  any  undesired  side
ffects.  Although  the  degree  of  monitoring  was  not  defined
n  the  AEMPS  resolution,  we  believe  that  the  foregoing  are
he  minimum  parameters  that  should  be  monitored  when
esting  a  ventilator  prototype.

The  sheep  model  has  been  widely  used  in  the  study  of
cute  respiratory  distress  syndrome8.  This  ARDS  model  has
een  induced  using  various  techniques,  such  as,  adminis-
ering  cotton  smoke  directly  into  the  lung.9,  administering
ipopolysaccharides  of  Escherichia  coli10, or  performing

lveolar  lavage  with  saline  solution  to  remove  alveolar
urfactant  phospholipids4.  The  difference  between  these
odels  depends  on  the  product  used  to  produce  the  tis-

ue  damage  and  the  severity  and  pathophysiology  of  the

5
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ondition.  The  latter  technique,  alveolar  lavage  with  saline,
s  the  one  used  in  our  model.  This  ARDS  model  has  been
sed  in  various  studies  to  evaluate  alveolar  recruitment
anoeuvres11,12.  The  model  used  in  our  case  is  a  simple,  fast,

afe  and  easily  reproducible  method  to  assess  the  effect  of
entilatory  manoeuvres.  It  also  allows  the  syndrome  to  be
esolved,  so  the  animal  can  potentially  be  used  for  other
anoeuvres  or  scenarios,  as  in  this  case.  This  allowed  us  to

ptimise  the  ‘‘reduction’’  principle,  one  of  the  3  Rs  formu-
ated  by  Russel  and  Burch  in  England  in  1959  that  has  since
ecome  central  to  animal  experimentation1.

The  model  used  here  is  easy  to  induce  with  the  usual
rugs  and  techniques  used  in  animal  experimentation  cen-
res.

Finally,  the  blood  gas  measurements  shown  in  the  graph
how  good  oxygenation  in  phases  1  and  2.  The  PaO2/FiO2

100  achieved  after  surfactant  alveolar  lavage  reproduced
 pattern  of  severe  acute  respiratory  distress,  and  alveolar
ecruitment  manoeuvres  significantly  improved  oxygena-
ion.  Finally,  oxygenation  was  also  adequate  in  both  phases

 and  6.

onclusion

o  sum  up,  the  sheep  model  used  in  this  experiment  fulfilled
ll  the  criteria  required  to  assess  the  ventilator  prototype
n  different  clinical  settings.  Therefore,  we  believe  that  the
nimal  model  used  to  test  this  prototype  is  easy  to  use,
eproducible,  and  a  single  animal  can  be  used  to  evaluate
ifferent  clinical  scenarios  in  the  current  COVID-19  health
mergency.
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de Anestesiología y Reanimación (SEDAR) sobre la traqueotomía
en pacientes con COVID-19. Rev Esp Anestesiol Reanim. 2020,
http://dx.doi.org/10.1016/j.redar.2020.05.001.
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