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iii	  

Abstract	  
	  

The	  research	  presented	  in	  this	  thesis	  uses	  Computational	  Fluid	  Dynamics	  (CFD)	  to	  model	  blood	  

flow	   through	   idealised	   sutured	   and	   coupled	   microvascular	   anastomoses	   to	   investigate	   the	  

affect	   of	   each	   surgical	   technique	   on	   the	   flow	   within	   the	   vessel.	   Local	   flow	   phenomena	   are	  

examined	   in	   detail	   around	   suture	   and	   coupler	   sites	   to	   study	   characteristics	   that	   could	  

potentially	   initiate	   thrombus	   formation;	   for	   example,	   changes	   in	   velocity	   profile,	   wall	   shear	  

stress	  or	  recirculating	  flow	  (vorticity).	  

Idealised	   geometries	   of	   sutured	   and	   coupled	   blood	   vessels	  were	   created	   using	   CFD	   software	  

with	  dimensions	  identical	  to	  microvascular	  suture	  material	  and	  coupling	  devices.	  Vessels	  were	  

modelled	   as	   non-‐compliant	   1	  mm	  diameter	   ducts,	   and	   blood	  was	   simulated	   as	   a	  Newtonian	  

fluid,	  in	  keeping	  with	  previous	  similar	  studies.	  All	  analyses	  were	  steady-‐state	  and	  performed	  on	  

arteries.	  

Comparison	  of	  the	  sutured	  and	  coupled	  techniques	  in	  the	  simulated	  microarterial	  anastomoses	  

revealed	  a	  reduced	  boundary	  velocity	  profile;	  high	  Wall	  Shear	  Stress	   (WSS);	  high	  Shear	  Strain	  

Rate	   (SSR);	   and	   elevated	   vorticity	   at	   the	   suture	   sites.	   The	   coupled	   anastomosis	   simulation	  

showed	  a	  small	   increase	   in	  maximum	  WSS	  at	   the	  anastomotic	   region	  compared	   to	  a	  pristine	  

vessel.	  However,	  this	  was	  less	  than	  half	  that	  of	  the	  sutured	  model.	  The	  coupled	  vessel	  displayed	  

an	  average	  WSS	  equal	  to	  a	  pristine	  vessel.	  

Taken	   together,	   these	   observations	   demonstrate	   an	   increased	   thrombogenic	   profile	   in	   the	  

sutured	  anastomosis	  when	  compared	  to	  a	  pristine,	  or	   indeed	  a	  coupled	  vessel.	  Data	  from	  the	  

simulations	  on	  a	   coupled	  anastomosis	   reveal	  a	  profile	   that	   is	   less	   thrombogenic	   than	   that	  of	  

the	  sutured	  anastomosis,	  and	  one	  that	  is	  nearly	  equivalent	  to	  that	  of	  a	  pristine	  vessel.	  	  

Overall,	   it	   can	   be	   concluded	   that,	   within	   the	   limits	   of	   CFD	   simulations	   and	   the	   assumptions	  

taken	   in	   this	   study,	   a	   sutured	   anastomosis	   is	   potentially	   more	   likely	   to	   generate	   an	  

intravascular	  thrombosis	  than	  a	  coupled	  anastomosis.	  
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1	  

	  

1 Introduction	  

This	  chapter	  provides	  an	  overview	  of	  microsurgery	  and	  its	  applications	  within	  reconstructive	  

surgery,	  along	  with	  a	  synopsis	  of	  fluid	  dynamics	  and	  Computational	  Fluid	  Dynamics	  (CFD).	  The	  

rationale	  for	  this	  research	  is	  also	  given,	  and	  the	  aim	  and	  objectives	  of	  the	  thesis	  stated.	  

	  

1.1 Background	  of	  microsurgery	  and	  free	  tissue	  transfer	  

Microsurgery	  is	  defined	  as	  a	  group	  of	  surgical	  procedures	  performed	  with	  the	  aid	  of	  

magnification	  that	  would	  otherwise	  be	  impossible	  with	  the	  naked	  eye.	  The	  origins	  of	  

microvascular	  surgery	  date	  back	  to	  the	  late	  nineteenth	  and	  early	  twentieth	  century,	  with	  the	  

first	  successful	  end-‐to-‐end	  anastomosis	  being	  performed	  by	  Jassinowski	  (1)	  using	  fine	  silk	  

sutures.	  The	  Nobel	  Prize-‐winning	  work	  of	  Carrel	  (2)	  has	  led	  to	  the	  standardised	  triangulation	  

method	  of	  placing	  microvascular	  sutures.	  

The	  next	  fifty	  years	  saw	  significant	  developments	  in	  fine	  instruments,	  magnification,	  

pharmaceuticals	  such	  as	  heparin,	  and	  refinement	  of	  microsurgical	  technique.	  	  In	  1960	  

Jacobson	  performed	  the	  first	  ‘microvascular	  anastomosis’	  in	  carotid	  arteries	  of	  laboratory	  

animals	  as	  small	  as	  1.4	  mm	  diameter,	  achieving	  a	  100%	  patency	  rate	  (3).	  	  

Once	  a	  reliable	  technique	  for	  microvascular	  anastomosis	  was	  established,	  its	  use	  became	  more	  

widespread.	  Successful	  replantations	  of	  firstly	  upper	  limbs	  (4),	  then	  digits	  (5)	  were	  performed,	  

and	  by	  the	  early	  1970s	  free	  tissue	  transfer	  was	  reported	  by	  several	  different	  centres	  (6–8).	  

Since	  the	  1970s,	  the	  work	  carried	  out	  by	  these	  early	  pioneers	  has	  been	  refined	  to	  provide	  

reconstructive	  options	  for	  the	  entire	  body	  and,	  more	  recently,	  allotransplantation	  of	  complex	  

anatomical	  units	  including	  whole	  hands	  and	  faces	  (9).	  
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Free	  tissue	  transfer	  involves	  removing	  tissue	  from	  one	  place	  on	  a	  patient’s	  body,	  along	  with	  its	  

main	  blood	  vessels,	  positioning	  it	  over	  a	  defect,	  and	  anastomosing	  the	  blood	  vessels	  to	  existing	  

vessels	  in	  the	  region	  of	  the	  defect.	  Numerous	  indications	  exist	  for	  free	  tissue	  transfer	  and	  

hence,	  microvascular	  anastomosis	  within	  plastic	  and	  reconstructive	  surgery.	  The	  key	  factor	  

influencing	  need	  for	  free	  tissue	  is	  the	  nature	  of	  the	  defect	  it	  is	  intended	  to	  reconstruct	  (10).	  

Consideration	  must	  be	  given	  to	  the	  tissue	  characteristics	  such	  as	  size,	  colour,	  and	  composition	  

(e.g.	  skin,	  fascia,	  muscle,	  bone,	  and	  nerve),	  aesthetics,	  length	  of	  pedicle,	  and	  vessel	  matching	  

(11).	  	  

Specific	  indications	  for	  free	  tissue	  transfer	  reconstruction	  include:1	  

• Obliteration	  of	  dead	  space	  e.g.	  after	  extensive	  soft	  tissue	  resection	  

• Coverage	  of	  exposed	  bone/neurovascular	  tissue	  e.g.	  lower	  limb	  trauma	  

• Restoration	  of	  volume	  and	  contour	  e.g.	  post-‐mastectomy	  breast	  	  

• Insetting	  of	  vascularised	  enteral	  conduit	  e.g.	  following	  pharyngeal	  resection	  

• Reconstruction	  of	  composite	  defects	  e.g.	  floor	  of	  mouth	  and	  mandible	  

• Replacement	  of	  functional	  muscle	  e.g.	  facial	  reanimation	  

• Revascularisation/replantation	  of	  appendages	  e.g.	  digits/limb	  

	  

1.2 Rationale	  for	  this	  research	  

Breast	  cancer	  affects	  over	  40,	  000	  people	  per	  year	  in	  the	  UK	  and	  is	  now	  the	  country’s	  most	  

common	  cancer	  (12).	  Head	  and	  neck	  cancers	  affect	  approximately	  5,	  000	  people	  per	  year	  in	  

the	  UK.	  	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
1	  Adapted	  from	  Table	  8.1	  from	  (11)	  
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The	  majority	  of	  these	  patients	  will	  require	  some	  form	  of	  surgical	  procedure	  as	  part	  of	  their	  

definitive	  management.	  Approximately	  40%	  of	  breast	  cancer	  patients	  will	  undergo	  a	  

mastectomy	  (12)	  and,	  as	  per	  the	  National	  Institute	  for	  Health	  and	  Clinical	  Excellence	  (NICE)	  

guidelines,	  all	  should	  be	  offered	  the	  chance	  of	  breast	  reconstruction,	  which	  can	  either	  be	  

immediate	  or	  delayed.	  Although	  many	  different	  reconstructive	  options	  exist,	  there	  are	  a	  

significant	  number	  of	  patients	  who	  undergo	  reconstruction	  using	  free	  tissue	  transfer.	  

In	  the	  early	  postoperative	  period,	  the	  viability	  of	  the	  free	  flap	  depends	  largely	  on	  the	  arterial	  

supply	  and	  venous	  drainage	  of	  the	  anastomosed	  vessels.	  The	  incidence	  of	  free	  flap	  failure	  is	  

approximately	  5%	  (13),	  with	  the	  majority	  of	  these	  due	  to	  a	  clot	  in	  one	  of	  the	  vessels.	  Blood	  

clots	  have	  a	  propensity	  to	  form	  within	  vessels	  when	  there	  is	  an	  alteration	  in	  the	  blood	  

composition,	  the	  vessel	  wall,	  or	  the	  local	  blood	  flow	  (14).	  

The	  consequences	  of	  a	  failed	  anastomosis	  can	  be	  catastrophic	  for	  the	  patient	  from	  both	  a	  

physical	  and	  psychological	  viewpoint.	  In	  the	  short	  term,	  it	  can	  lead	  to	  further	  surgery,	  a	  longer	  

hospital	  stay	  and	  its	  associated	  risks,	  and	  potentially	  systemic	  infection.	  In	  the	  long	  term,	  it	  can	  

cause	  uneven	  and	  disfiguring	  body	  contours.	  

	  

1.3 Fluid	  dynamics	  

In	  order	  to	  successfully	  and	  accurately	  model	  blood	  flow	  in	  microvascular	  anastomoses,	  it	  is	  

essential	  to	  consider	  the	  fundamental	  properties	  and	  behaviour	  of	  fluids	  in	  general.	  

1.3.1 Concept	  of	  a	  fluid	  

A	  fluid	  is	  defined	  as	  a	  substance	  that	  deforms	  when	  a	  shear	  stress,	  no	  matter	  how	  small,	  is	  

applied	  to	  it.	  The	  fluid	  will	  move	  continuously	  under	  the	  influence	  of	  the	  shear	  stress	  for	  as	  

long	  as	  it	  is	  applied,	  and	  it	  is	  therefore	  also	  possible	  to	  say	  that	  a	  fluid	  at	  rest	  must	  be	  in	  a	  state	  

of	  zero	  shear	  stress	  (15,16).	   	   	  
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There	  are	  two	  principal	  methods	  of	  describing	  the	  analysis	  of	  fluid	  flows.	  First	  is	  the	  Eulerian	  

method.	  This	  is	  concerned	  with	  addressing	  the	  field	  of	  flow,	  and	  describes	  the	  flow	  field	  as	  

functions	  of	  space	  coordinates	  and	  time.	  It	  is	  the	  most	  commonly	  used	  approach	  and	  forms	  

the	  basis	  of	  the	  analyses	  in	  this	  research.	  The	  second	  method	  is	  the	  Lagrangian	  approach.	  This	  

describes	  the	  flow	  by	  calculating	  the	  path	  of	  an	  individual	  particle	  flowing	  through	  the	  field	  

(15,16).	  The	  Lagrangian	  approach	  is	  often	  used	  to	  describe	  particulate	  motion	  within	  solid	  

mechanics	  rather	  than	  in	  fluid	  mechanical	  problems.	  	  

Apart	  from	  in	  a	  series	  of	  special	  circumstances,	  fluids	  under	  normal	  conditions	  are	  considered	  

a	  continuum.	  This	  assumes	  that	  each	  fluid	  property	  has	  a	  definite	  value	  at	  every	  point	  in	  space.	  

As	  such,	  properties	  including	  velocity	  and	  density	  are	  considered	  to	  be	  continuous	  functions	  of	  

time	  and	  position	  (16).	  There	  is	  a	  limiting	  volume	  however,	  above	  which	  aggregate	  variations	  

may	  be	  important,	  and	  below	  which	  molecular	  variations	  may	  also	  be	  significant.	  In	  the	  vast	  

majority	  of	  circumstances,	  physical	  dimensions	  are	  much	  larger	  than	  this	  limiting	  volume	  and	  

the	  fluid	  properties	  can	  be	  considered	  as	  varying	  continually	  in	  space	  i.e.	  a	  continuum	  (15).	  

It	  is	  important	  to	  define	  some	  of	  the	  basic	  properties	  of	  a	  fluid	  in	  order	  to	  understand	  and	  

appreciate	  the	  remainder	  of	  this	  section	  and	  also	  to	  interpret	  the	  results	  presented	  later	  in	  the	  

thesis.	  

Probably	  the	  foremost	  property	  of	  fluid	  flow	  is	  the	  velocity	  field  !  (!, !, !, !)	  (15).	  Velocity	  is	  

generally	  considered	  a	  vector	  function	  of	  position	  and	  time	  and	  as	  such	  requires	  a	  magnitude	  

and	  direction	  for	  a	  complete	  description.	  !  (!, !, !, !)	  indicates	  the	  velocity	  of	  a	  fluid	  particle	  at	  

a	  defined	  point	  !, !, !	  at	  a	  time	  of	  !.	  Importantly,	  !, !	  and	  !	  are	  independent	  variables	  and	  do	  

not	  represent	  the	  on-‐going	  position	  of	  an	  individual	  particle	  (17).	  The	  velocity	  field	  interacts	  

closely	  with	  other	  fluid	  properties	  including	  pressure	  !,	  density	  !,	  and	  viscosity	  !.	  
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Pressure	  !	  is	  the	  compression	  stress	  at	  a	  point	  within	  a	  static	  fluid	  (15).	  Gradients	  in	  pressure	  

along	  ducts,	  such	  as	  blood	  vessels	  in	  this	  research,	  drive	  the	  fluid	  through	  the	  duct.	  In	  fluid	  

mechanics,	  pressure	  is	  commonly	  expressed	  in	  Pascals	  (Pa).	  	  

The	  density	  !	  of	  a	  fluid	  is	  its	  mass	  per	  unit	  volume,	  and	  in	  most	  liquids	  is	  nearly	  constant.	  Thus,	  

most	  liquids	  are	  considered	  incompressible	  for	  analytical	  purposes	  (15).	  Water	  has	  a	  density	  of	  

approximately	  1,	  000	  kg	  m-‐3	  and	  blood	  is	  slightly	  denser	  at	  approximately	  1,	  060	  kg	  m-‐3.	  Further	  

details	  about	  the	  density	  figures	  used	  in	  this	  research	  are	  given	  in	  section	  2.4.	  	  

Viscosity	  !	  is	  considered	  a	  secondary	  variable	  used	  to	  describe	  fluid	  behaviour.	  It	  is	  a	  measure	  

of	  a	  fluid’s	  resistance	  to	  flow	  in	  that	  it	  determines	  the	  Shear	  Strain	  Rate	  (SSR)	  that	  is	  generated	  

by	  a	  given	  shear	  stress	  (15).	  Fluids	  in	  which	  the	  shear	  stress	  is	  directly	  proportional	  to	  the	  SSR,	  

or	  rate	  of	  deformation,	  are	  said	  to	  be	  Newtonian	  fluids	  (18).	  Fluids	  where	  the	  relationship	  is	  

non-‐linear	  are	  described	  as	  non-‐Newtonian	  (17).	  Most	  common	  fluids	  such	  as	  water	  and	  air	  are	  

Newtonian,	  and	  in	  this	  research	  blood	  will	  also	  be	  considered	  a	  Newtonian	  fluid.	  Evidence	  for	  

this	  is	  given	  in	  detail	  in	  section	  2.4.	  	  

The	  viscous	  behaviour	  of	  all	  Newtonian	  fluids	  can	  be	  estimated	  using	  the	  dimensionless	  

Reynolds	  number	  (Re),	  which	  can	  be	  calculated	  using	  the	  expression	  below	  (1.1).	  

!" =   !
!"
!
	  

(1.1)	  

Where  !	  and	  !	  are	  the	  fluid	  density	  and	  viscosity,	  respectively;	  and	  !	  and	  !	  are	  the	  typical	  

velocity	  magnitude	  and	  diameter	  values,	  respectively	  (17).	  Fluids	  with	  a	  ‘low’	  Reynolds	  number	  

are	  said	  to	  be	  viscous	  dominant	  and	  as	  such	  exhibit	  smoothly	  varying	  laminar	  flow,	  whereas	  

fluids	  with	  a	  ‘high’	  Reynolds	  number	  typically	  demonstrate	  turbulent	  flow.	  The	  transition	  from	  

laminar	  to	  turbulent	  flow	  depends	  on	  many	  elements	  such	  as	  wall	  roughness	  or	  changes	  in	  the	  

inlet	  stream,	  but	  the	  primary	  factor	  is	  the	  Reynolds	  number	  (19).	  Although	  Reynolds	  number	  
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ranges	  may	  vary	  slightly,	  White	  (19),	  in	  his	  text	  on	  Fluid	  Mechanics,	  proposes	  approximate	  

values	  at	  which	  flow	  changes	  from	  laminar	  to	  turbulent.	  He	  states	  that	  at	  Reynolds	  numbers	  of	  

less	  than	  1,	  000,	  flow	  is	  broadly	  laminar;	  between	  1,	  000	  and	  10,	  000	  there	  is	  a	  transition	  to	  

turbulence,	  and	  above	  10,	  000	  flow	  is	  certainly	  turbulent.	  Importantly,	  when	  specifically	  

considering	  flow	  in	  ducts,	  Reynolds	  numbers	  of	  greater	  than	  2,	  300	  would	  render	  turbulent	  

flow	  (19).	  The	  Reynolds	  number	  calculated	  for	  the	  vessels	  in	  this	  research	  is	  approximately	  90	  

(Re	  ≈	  90),	  and	  as	  such	  is	  comfortably	  within	  the	  laminar	  range.	  

	  

1.4 Aim	  and	  objectives	  

The	  aim	  of	  the	  thesis	  is	  stated	  below	  along	  with	  the	  working	  hypothesis	  of	  the	  study.	  A	  list	  of	  

objectives	  is	  subsequently	  provided	  to	  detail	  the	  way	  in	  which	  the	  aim	  will	  be	  achieved.	  	  	  

1.4.1 Aim	  

This	  thesis	  aims	  to	  describe	  the	  use	  of	  Computational	  Fluid	  Dynamics	  (CFD)	  to	  model	  blood	  

flow	  characteristics	  through	  sutured	  and	  coupled	  microvascular	  anastomoses,	  in	  order	  to	  

detect	  flow	  patterns	  that	  may	  predispose	  to	  thrombus	  formation.	  Qualitative	  and	  quantitative	  

results	  will	  be	  presented	  to	  demonstrate	  the	  following	  research	  hypothesis.	  

1.4.2 Working	  hypothesis	  

Couplers	  have	  demonstrated	  at	  least	  equivalent	  thrombosis	  rates	  to	  those	  of	  sutures	  in	  venous	  

microanastomoses.	  The	  working	  hypothesis	  of	  this	  study	  is	  that	  arterial	  coupling	  may	  follow	  a	  

similar	  pattern,	  based	  on	  the	  flow	  properties	  of	  each	  anastomotic	  technique.	  

1.4.3 Objectives	  

In	  order	  to	  fulfil	  this	  aim,	  the	  following	  objectives	  have	  been	  identified:	  

• To	  identify	  pertinent	  empirical	  and/or	  analytical/numerical	  blood	  rheology	  data	  from	  

current	  literature	  for	  entry	  into	  suitable	  CFD	  software.	  
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• To	  produce	  analytical	  and	  numerical	  (CFD)	  models	  of	  idealised	  Newtonian	  fluids	  

though	  a	  standardised	  circular	  duct.	  

• To	  utilise	  computational	  models	  in	  order	  to	  mimic	  the	  human	  blood	  vessel	  geometries	  

in	  pristine	  forms.	  

• To	  perform	  steady-‐state	  analyses	  of	  microvascular	  anastomoses	  using	  CFD	  (i.e.	  

through	  sutured	  and	  coupled	  vessels).	  

• To	  correlate	  modelling	  data	  with	  realistic	  empirical	  data	  evident	  in	  the	  literature,	  

analyse	  the	  data	  and	  present	  it	  in	  a	  thesis.	  

	  

1.5 Overview	  of	  the	  thesis	  

Chapter	  2	  details	  the	  applicable	  literature	  including	  current	  anastomotic	  techniques	  and	  

previous	  work	  investigating	  computational	  modelling	  of	  flow	  in	  blood	  vessels.	  It	  should	  be	  

noted	  that	  a	  thorough	  examination	  of	  the	  existing	  literature	  has	  revealed	  no	  studies	  that	  have	  

evaluated	  CFD	  of	  flow	  through	  microvascular	  coupling	  devices.	  	  

In	  chapter	  3,	  the	  modelling	  methods	  are	  discussed.	  This	  encompasses	  geometry	  creation,	  

meshing	  techniques,	  application	  of	  boundary	  conditions,	  post-‐processing	  and	  validation	  

processes.	  

Chapter	  4	  focuses	  on	  the	  results	  obtained	  during	  this	  research.	  Comprehensive	  results	  of	  the	  

vascular	  models	  are	  given	  along	  with	  their	  statistical	  analysis.	  

The	  penultimate	  chapter	  encompasses	  discussion	  of	  the	  findings	  from	  both	  a	  clinical	  and	  

analytical	  viewpoint;	  while	  in	  the	  final	  chapter,	  detailed	  conclusions	  are	  drawn	  from	  the	  work	  

presented,	  and	  recommendations	  suggested	  for	  further	  work.	  
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2 Background	  
	  

2.1 Anastomotic	  techniques	  

Historically,	  vessels	  have	  been	  anastomosed	  end-‐to-‐end	  using	  sutures2,	  which	  remains	  the	  

preferred	  method.	  However,	  more	  recently	  (20)	  coupling	  devices	  have	  been	  developed	  to	  

produce	  a	  sutureless	  anastomosis	  in	  the	  vessels.	  These	  coupling	  devices	  consist	  of	  two	  

polyethylene	  rings	  with	  stainless	  steel	  pins	  that	  interlock	  to	  provide	  intima-‐intima3	  contact.	  

Couplers	  have	  been	  used	  in	  the	  joining	  of	  vessels	  for	  several	  years	  with	  venous	  thrombosis	  and	  

flap	  salvage	  rates	  approximately	  equivalent	  to	  sutured	  anastomoses	  (21).	  They	  have	  mainly	  

been	  used	  in	  venous	  anastomoses	  and,	  according	  to	  the	  literature	  reviewed	  here,	  there	  are	  no	  

centres	  in	  the	  UK	  using	  them	  to	  perform	  arterial	  anastomoses,	  as	  they	  are	  primarily	  designed	  

for	  veins.	  

As	  well	  as	  a	  thorough	  review	  of	  the	  PubMed	  and	  Medilne	  databases,	  a	  consensus	  opinion	  was	  

sought	  at	  a	  meeting	  of	  leading	  UK	  and	  international	  plastic	  surgeons	  regarding	  the	  use	  of	  the	  

coupler	  in	  arterial	  anastomoses.	  Synovis,	  the	  manufacturer	  of	  the	  coupling	  device,	  held	  this	  

meeting	  in	  October	  2010	  where	  there	  was	  widespread	  agreement	  that	  the	  coupler	  is	  not	  used	  

for	  arterial	  anastomosis	  in	  the	  UK.	  The	  main	  reasons	  for	  avoiding	  arterial	  coupling	  with	  this	  

device	  are	  the	  technical	  difficulties	  encountered	  when	  placing	  the	  vessel	  onto	  the	  ring-‐pins	  

due	  to	  the	  thicker	  and	  less	  pliable	  walls	  found	  in	  arteries.	  Further	  details	  on	  the	  use	  of	  the	  

coupler	  in	  both	  arteries	  and	  veins	  are	  given	  in	  section	  2.1.1.	  

There	  are	  no	  current	  devices	  specifically	  designed	  for	  arterial	  coupling	  however,	  with	  the	  

average	  time	  taken	  to	  complete	  a	  hand	  sutured	  end-‐to-‐end	  arterial	  anastomosis	  being	  22.3	  

minutes	  (22),	  and	  venous	  coupling	  devices	  taking	  approximately	  5	  minutes	  (23)	  to	  apply,	  there	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
2	  Material used to close a wound or sew tissues together.	  
3	  The inner layer of blood vessel walls, composed of endothelial cells and an elastic membrane.	  
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is	  huge	  potential	  to	  reduce	  arterial	  ischaemic	  time	  with	  the	  development	  of	  an	  arterial	  

coupler.	  

	  

2.1.1 Current	  practices	  

The	  surgical	  anastomosis	  of	  small	  calibre	  (2	  mm)	  vessels	  was	  originally	  pioneered	  by	  Jacobson	  

&	  Suarez	  in	  1960	  when	  using	  fine	  7/04	  silk	  sutures	  to	  join	  carotid	  arteries	  in	  dogs	  (3).	  Since	  

then	  significant	  developments	  have	  been	  made	  in	  anastomotic	  technique,	  surgical	  instruments	  

and	  suture	  materials	  in	  order	  to	  try	  and	  perform	  the	  ideal	  anastomosis.	  Small	  calibre	  vessels	  

are	  now	  routinely	  anastomosed	  using	  fine	  synthetic	  monofilament5	  suture	  with	  the	  aid	  of	  an	  

operating	  microscope.	  This	  is	  the	  current	  standard,	  however	  other	  techniques	  have	  been	  

proposed	  to	  form	  a	  sutureless	  anastomosis	  in	  order	  to	  reduce	  vessel	  thrombosis	  and	  flap	  

failure	  rates.	  Both	  the	  Vascular	  Clip	  System	  (VCS)	  (24)	  and	  the	  Unilink	  microvascular	  coupler	  

(20)	  are	  such	  devices,	  and	  have	  been	  used	  and	  accepted	  as	  alternatives	  to	  suturing	  to	  varying	  

extents	  by	  the	  surgical	  community.	  Neither	  method,	  however,	  is	  routine	  practice	  in	  many	  units	  

because	  of	  cost	  implications,	  operator	  experience	  and	  surgeon	  preference.	  

	  

Sutured	  

Microvascular	  anastomoses	  are	  commonly	  performed	  using	  a	  series	  of	  approximately	  eight	  to	  

ten	  interrupted6	  sutures	  made	  from	  non-‐absorbable	  monofilament	  material.	  Figure	  2.1	  

illustrates	  this	  technique.	  Advances	  in	  medical	  technology	  have	  enabled	  the	  manufacture	  of	  

suture	  needles	  and	  materials	  specifically	  for	  this	  purpose,	  with	  smaller,	  atraumatic	  needles7	  

and	  finer,	  more	  manageable	  sutures.	  The	  standard	  suture	  of	  choice	  is	  a	  9/0	  or	  10/0	  

monofilament	  nylon,	  which	  is	  mounted	  on	  a	  tapered	  non-‐cutting	  needle	  (25).	  Even	  in	  

experienced	  hands	  the	  average	  time	  to	  complete	  an	  end-‐to-‐end	  arterial	  (22.3	  min)	  and	  venous	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
4	  Suture sizes are defined by the United States Pharmacopeia (USP). The diameter varies 
depending on the suture material. A USP 7/0 suture measures between 0.05 and 0.07mm.	  
5	  Single fibre of synthetic material e.g. polypropylene or nylon.  
6	  Each suture is placed and tied individually i.e. not continuous. 
7	  An eyeless surgical needle with the suture permanently fastened into a hollow end.	  
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(24.7	  min)	  anastomosis	  is	  significant	  (22).	  With	  mean	  total	  ischaemic	  times	  for	  arteries	  and	  

veins	  of	  91.6	  min	  and	  104	  min	  respectively	  (22),	  and	  an	  increase	  in	  clinical	  applications	  for	  

microvascular	  procedures,	  it	  has	  become	  more	  important	  to	  discover	  methods	  of	  performing	  

the	  anastomoses	  more	  quickly,	  but	  without	  affecting	  their	  overall	  quality.	  

	  

Figure	  2.1	  -‐	  Demonstrating	  a	  sutured	  anastomosis	  being	  performed	  under	  an	  operating	  microscope	  	  
	  

Coupled	  -‐	  venous	  

The	  ring-‐pin	  vascular	  coupling	  device	  was	  originally	  designed	  and	  reported	  by	  Nakayama	  in	  

1962	  (26).	  This	  was	  developed	  for	  use	  on	  larger	  vessels	  in	  thoracic	  and	  abdominal	  surgery,	  but	  

has	  been	  described	  on	  vessels	  as	  small	  as	  2	  mm.	  In	  1976	  Ostrup	  (27)	  conducted	  a	  study	  

comparing	  anastomoses	  in	  small	  (2	  mm)	  veins	  with	  sutures	  and	  the	  Nakayama	  rings.	  The	  

Nakayama	  anastomosis	  was	  performed	  in	  one-‐third	  of	  the	  time	  of	  a	  sutured	  anastomosis	  and	  

veins	  anastomosed	  by	  this	  technique	  had	  a	  statistically	  significantly	  lower	  rate	  of	  early	  

thrombosis	  than	  the	  sutured	  veins.	  No	  difference	  was	  found	  in	  the	  occurrence	  of	  late	  

thrombosis.	  Although	  this	  method	  was	  quicker	  than,	  and	  as	  reliable	  as,	  sutured	  anastomoses,	  

it	  was	  not	  suitable	  for	  joining	  microscopic	  vessels	  as	  the	  instruments	  were	  too	  bulky.	  	  

In	  1986	  Ostrup	  (20)	  published	  his	  work	  on	  a	  new	  coupler	  based	  on	  Nakayama’s	  ring-‐pin	  device.	  

He	  had	  worked	  alongside	  Unilink8	  to	  develop	  the	  microvascular	  coupler	  suitable	  for	  

anastomosing	  vessels	  as	  small	  as	  0.8	  mm.	  This	  device	  has	  evolved	  into	  the	  commercially	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
8	  Unilink, 3M Healthcare, 3M Center, St. Paul, MN 55144-1000, USA	  
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available	  GEM	  Microvascular	  Anastomotic	  Coupling	  (MAC)	  System,	  produced	  by	  Synovis9,	  that	  

is	  used	  today.	  Figure	  2.2	  illustrates	  the	  coupling	  system	  performing	  a	  venous	  anastomosis	  (28).	  

	  

	  

Figure	  2.2	  -‐	  (a)	  A	  4.0	  mm	  coupler	  in	  winged-‐jaw	  assembly	  anastomotic	  device,	  with	  one	  ring	  turned	  perpendicular	  
to	  the	  vessel	  at	  the	  left	  that	  will	  be	  first	  attached,	  (b)	  vein	  initially	  impaled	  over	  pins	  at	  opposite	  ends	  of	  the	  
major	  axis	  of	  the	  ring,	  (c)	  next,	  vein	  is	  everted	  over	  the	  pins	  opposite	  the	  minor	  axis	  at	  the	  ring	  midpoint,	  (d)	  

completed	  fixation	  of	  vein	  onto	  all	  pins,	  (e)	  finished	  anastomosis	  (adapted	  from	  (28))	  

	  	  

Since	  its	  introduction	  in	  the	  1980s	  the	  MAC	  system	  (20)	  has	  been	  used	  and	  evaluated	  in	  many	  

clinical	  studies,	  with	  the	  main	  aim	  of	  reducing	  ischaemic	  time	  in	  free	  flap	  surgery	  without	  

increasing	  complication	  rates.	  In	  1994	  Ahn	  et	  al.	  (29)	  described	  their	  experience	  with	  the	  MAC	  

system	  in	  100	  free	  tissue	  transfers,	  and	  demonstrated	  an	  overall	  success	  rate	  of	  98.4%	  (121	  of	  

123).	  Despite	  this,	  there	  were	  an	  additional	  4	  venous	  anastomoses	  attempted	  but	  abandoned	  

intraoperatively	  due	  to	  technical	  difficulties.	  Similar	  results	  were	  demonstrated	  by	  Cope	  et	  al.	  

(23)	  in	  2001	  that	  showed	  a	  95%	  overall	  success	  rate,	  and	  an	  average	  anastomotic	  time	  of	  less	  

than	  5	  minutes	  –	  significantly	  quicker	  than	  a	  hand	  sewn	  anastomosis.	  In	  2006	  a	  comparative	  

study	  (21)	  of	  thrombosis	  in	  coupled	  versus	  sutured	  anastomoses	  was	  carried	  out	  which	  

showed	  similar	  patency	  rates	  between	  the	  two	  techniques.	  Venous	  thrombosis	  rates	  were	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
9	  Synovis Micro Companies Alliance, Inc., 439 Industrial Lane, Birmingham, AL 35211, USA 

alternate pins, a different approach is imperative as the
larger ‘megacoupler’ ring has 8 pins. The vessel must first
be everted over the pins at either end of the major axis
of the lumen ellipse (Figure 2B.). Next, the pins at either
side of the minor axis are impaled (Figure 2C). The re-
maining pins are then inserted in the easiest order
(Figure 2D). The same process is repeated for the more
immobile vessel. Once properly attached without any
visible foreign material inside the lumens, the anastomotic
instrument is rotated clockwise until just about to push off

the coupler. A final check insures that the pins are lined up
to meet the corresponding hole in its counterpart. Their
penetration is completed by a hemostat used to further
crimp the 2 wings together to insure the friction fit of the
pins into the holes. Further rotation of the anastomotic
device shaft releases the finished anastomosis, whose integ-
rity is inspected in the usual fashion (Figure 2E).

During the past year, 55 microanastomotic couplers
[Synovis Micro Companies Alliance, Inc., Birmingham, Ala-
bama] were utilized in 38 free flaps and one ‘supercharged’

Table 2 Characteristics of ‘Megacoupler’ Flaps

Flap Donor Vein Recipient
Site

Recipient Vein Coupler Sizeþ Additional
Anastomoses

Anastomotic
Complications

1.DIEAP DIEV breast IMV 4.0 no none
2.Fibula peroneal mandible external jugular 4.0 e-s IJ* none
3.Jejunum jejunal esophagus superior thyroid 4.0 no none
4.LCFAP-vl LCF descending cheek superior thyroid 3.5 e-s IJ* none
5.MCFAP MCF elbow basilic branch 3.5 e-s basilic* none
6.Radial
Forearm

cephalic chin external jugular 4.0 e-e anterior
cervical$

none

e-eZ end-to-end, e-sZ end-to-side.
DIEAPZ deep inferior epigastric artery perforator, DIEVZ deep inferior epigastric vein, IMVZ internal mammary vein, IJZ internal
jugular, LCFAP-vlZ lateral circumflex femoral artery perforator-vastus lateralis, LCFZ lateral circumflex femoral, MCFAPZmedial
circumflex femoral artery perforator, MCFZmedial circumflex femoral.
þ mm.
* sutured.
$ 2.0 mm. coupler.

Figure 2 (A) A 4.0 mm. coupler in winged-jaw assembly in anastomotic device, with one ring turned perpendicular to the vessel at
left thatwill be first attached, (B) vein initially impaled over pins at opposite ends of themajor axis of the ring, (C) next, vein is everted
over the pins opposite the minor axis at the ring midpoint, (D) completed fixation of vein onto all pins, (E) finished anastomosis.

Correspondence and communications 975
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1.4%	  (2/139)	  for	  the	  MAC	  system	  and	  3.3%	  (19/584)	  for	  hand	  sewn	  anastomoses	  (21),	  

revealing	  reduced	  rates	  in	  the	  coupled	  vessels.	  A	  more	  recent	  study	  (30)	  has	  retrospectively	  

analysed	  data	  on	  1000	  consecutive	  anastomoses	  with	  the	  MAC	  system	  and	  has	  demonstrated	  

an	  overall	  venous	  thrombosis	  rate	  of	  0.6%.	  These	  studies	  show	  that	  the	  MAC	  system	  is	  a	  safe	  

and	  efficient	  alternative	  to	  sutures	  for	  microsurgical	  venous	  anastomoses,	  with	  an	  equivalent	  

or	  better	  thrombosis	  rate.	  	  

Coupled	  -‐	  arterial	  

Although	  not	  specifically	  designed	  for	  use	  in	  arteries,	  some	  groups	  have	  successfully	  

performed	  microvascular	  arterial	  anastomoses	  using	  the	  MAC	  system.	  In	  2005,	  Ross	  et	  al.	  (31)	  

reviewed	  50	  arterial	  anastomoses	  performed	  in	  head	  and	  neck	  reconstruction	  with	  the	  

coupling	  device	  and	  demonstrated	  that	  this	  technique	  is	  a	  viable	  alternative	  to	  sutures.	  They	  

reported	  a	  4%	  (2/50)	  complication	  rate	  including	  one	  intraoperative	  thrombosis	  and	  

subsequent	  conversion	  to	  hand-‐sewn	  anastomosis,	  and	  one	  anastomotic	  rupture	  due	  to	  an	  

arterial	  tear	  (31).	  A	  further	  published	  study	  (32)	  demonstrated	  a	  large	  number	  of	  arterial	  

anastomoses	  performed	  with	  the	  MAC	  system,	  also	  in	  the	  head	  and	  neck.	  A	  total	  of	  127	  

arterial	  anastomoses	  were	  performed,	  124	  with	  the	  coupling	  device,	  and	  3	  which	  were	  

converted	  to	  hand-‐sewn	  because	  of	  atherosclerotic	  plaques,	  inadequate	  flow	  and	  

pseudoaneurysm	  formation.	  Of	  the	  124	  coupled	  arterial	  anastomoses,	  there	  was	  a	  3.2%	  

(4/124)	  arterial	  insufficiency	  rate	  and	  2.4%	  (3/124)	  flap	  failure	  rate	  (32).	  Although	  much	  less	  

common	  in	  the	  literature,	  arterial	  coupling	  for	  breast	  reconstructive	  surgery	  has	  been	  

described.	  Spector	  et	  al.	  (33)	  performed	  62	  out	  of	  74	  (83.9%)	  arterial	  anastomoses	  using	  the	  

coupling	  device	  with	  no	  flap	  losses.	  	  

Despite	  the	  coupler’s	  apparent	  success	  in	  a	  high	  number	  of	  arterial	  anastomoses,	  there	  is	  a	  

widespread	  consensus	  among	  surgeons	  that	  the	  variable	  patency	  rates	  and	  technical	  

difficulties	  encountered	  with	  arterial	  coupling	  prevent	  it	  from	  becoming	  routine	  practice.	  

There	  are	  several	  issues	  consistently	  raised	  in	  the	  literature	  which	  concern	  even	  the	  most	  
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experienced	  microsurgeons,	  with	  the	  thicker	  and	  less	  distensible	  walls	  of	  the	  arteries	  being	  the	  

most	  commonly	  implicated.	  These	  characteristics	  make	  placement	  of	  the	  arterial	  wall	  onto	  the	  

pins	  challenging,	  often	  requiring	  a	  smaller	  diameter	  coupler	  to	  be	  used.	  This	  in	  turn	  would	  

potentially	  reduce	  blood	  flow	  and	  lead	  to	  thrombosis	  (30).	  In	  1994	  Ahn	  et	  al.	  (29)	  reported	  a	  

14%	  (4/29)	  arterial	  thrombosis	  rate	  and	  3.5%	  (1/29)	  vessel	  trauma	  rate.	  

	  

2.2 Fluid	  dynamics	  

Fluid	  dynamics	  is	  the	  study	  of	  fluids	  in	  motion	  and,	  as	  with	  most	  physical	  substances,	  it	  can	  be	  

investigated	  and	  analysed	  both	  theoretically	  and	  experimentally.	  As	  discussed	  in	  1.3,	  fluid	  flow	  

satisfies	  a	  set	  of	  basic	  mechanical	  laws	  and	  as	  such	  many	  fluid	  dynamics	  problems	  can	  be	  

addressed	  using	  a	  theoretical	  approach.	  The	  main	  drawback	  of	  this	  is	  that	  the	  theory	  is	  based	  

around	  a	  set	  of	  idealised	  situations	  and	  consequently	  may	  not	  be	  directly	  applicable	  to	  

practical	  real-‐life	  problems.	  

The	  concept	  of	  a	  fluid	  has	  already	  been	  outlined	  in	  1.3.1,	  and	  its	  theoretical	  analysis	  can	  be	  

divided	  broadly	  into	  the	  integral,	  or	  control	  volume,	  approach	  and	  the	  differential	  approach.	  

The	  control	  volume	  method	  determines	  the	  gross	  flow	  effects	  on	  a	  fluid	  within	  a	  finite	  region,	  

where	  flow-‐in	  balances	  flow-‐out,	  whereas	  the	  differential	  approach	  describes	  the	  detailed	  flow	  

patterns	  at	  each	  point	  within	  the	  fluid	  field	  (34).	  In	  addition	  to	  these	  theoretical	  analyses	  

methods,	  fluid	  flows	  can	  also	  be	  analysed	  experimentally	  using	  dimensional	  analysis.	  The	  

fundamentals	  of	  each	  method	  are	  outlined	  in	  this	  section.	  	  

	  	  

2.2.1 Control	  volume	  analysis	  
	  
The	  control	  volume	  analysis	  method	  is	  often	  based	  on	  average	  values	  at	  the	  volume’s	  

boundaries	  and	  can	  be	  applied	  to	  any	  flow	  distribution.	  As	  such,	  it	  provides	  a	  good	  estimate	  of	  

the	  flow	  properties	  but	  is	  limited	  by	  the	  one-‐dimensional	  nature	  of	  the	  boundary	  values.	  	  
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When	  analysing	  a	  control	  volume,	  the	  basic	  laws	  of	  the	  conservation	  of	  mass,	  energy,	  and	  

momentum,	  are	  converted	  to	  apply	  to	  a	  specific	  region,	  which	  the	  system	  occupies	  for	  that	  

instant.	  This	  is	  the	  basis	  of	  the	  Reynolds	  Transport	  Theorem,	  which	  can	  be	  used	  to	  analyse	  flow	  

in	  a	  fixed	  control	  volume	  with	  constant	  or	  variable	  velocities,	  or	  even	  in	  a	  situation	  where	  the	  

control	  volume	  is	  deformable.	  	  

Control	  volume	  or	  integral	  analysis	  is	  one	  of	  the	  three	  basic	  ways	  of	  approaching	  a	  fluid	  flow	  

problem	  along	  with	  differential	  and	  dimensional,	  or	  experimental,	  analyses.	  The	  control	  

volume	  method	  is	  concerned	  with	  the	  analysis	  of	  an	  arbitrary	  volume,	  surrounded	  by	  a	  

geometric	  boundary	  -‐	  the	  control	  surface,	  through	  which	  fluid	  flows	  (16).	  The	  generalised	  

theories	  of	  mechanics	  are	  then	  applied	  to	  the	  volume,	  namely	  the	  conservation	  of	  mass	  

(equation	  (2.1)),	  momentum	  (equation	  (2.2))	  and	  energy	  (equation	  (2.3)),	  in	  order	  to	  derive	  

the	  following	  relationships.	  

!
!"

!"# + ! ! ∙ ! !"
!!

= 0	  

(2.1)	  

!
!"

!!!" + !! ! ∙ ! !"
!!

= !
!

	  

(2.2)	  

!
!"

!"#$ + !" ! ∙ ! !"
!!

= ! −!	  

(2.3)	  

Where	  !	  is	  the	  fluid	  density,	  !	  is	  the	  control-‐volume	  under	  consideration,	  !	  the	  velocity-‐field	  

vector,	  !	  is	  the	  outward	  normal	  vector	  to	  the	  particular	  control	  surface	  !	  under	  consideration	  

during	  the	  analysis;	  !	  being	  the	  body-‐force	  or	  surface-‐force	  depending	  on	  the	  integral	  being	  

considered	  on	  the	  left-‐hand-‐side	  of	  equation	  (2.2).	  	  In	  the	  energy	  equation	  (2.3),	  !	  is	  the	  

specific	  energy	  of	  the	  fluid,	  while	  the	  terms	  !	  and	  !	  are	  the	  heat-‐transfer	  and	  work-‐done	  by	  

the	  fluid,	  respectively	  (34).	  
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It	  should	  be	  noted	  that	  the	  first	  term	  in	  each	  of	  the	  equations	  relates	  to	  the	  transient	  element	  

of	  the	  relationship,	  whilst	  the	  second	  term	  corresponds	  to	  the	  surface	  features	  of	  the	  fluid.	  For	  

example,	  in	  equation	  (2.1)	  the	  term	   !
!"

!"#! 	  represents	  the	  mass	  in	  the	  control	  volume	  at	  

any	  given	  point	  in	  time.	  The	  second	  term,   ! ! ∙ ! !"! ,	  indicates	  that	  the	  mass	  flow	  rate	  at	  

each	  of	  the	  control	  surfaces	  remains	  conserved.	  

	  

2.2.2 Differential	  analysis	  
	  

The	  differential	  analysis	  method	  examines	  the	  details	  of	  a	  flow	  pattern	  by	  analysing	  an	  

infinitesimal	  region	  of	  fluid	  flow.	  The	  basic	  conservation	  laws	  are	  applied	  to	  an	  infinitesimal	  

control	  volume	  to	  produce	  the	  differential	  equations	  of	  fluid	  motion	  (35).	  Applying	  these	  

important	  principles	  to	  an	  infinitesimal	  control	  volume	  detailed	  in	  equations	  (2.1)	  to	  (2.3),	  

renders	  the	  appropriate	  Partial	  Differential	  Equations	  (PDEs)	  of	  fluid	  motion,	  which	  are	  

subsequently	  solved	  by	  the	  CFD	  code.	  Of	  particular	  importance	  to	  this	  work	  are	  those	  of	  mass	  

and	  momentum:	  	  

!"
!"
+
!
!"

!" +
!
!"

!" +
!
!"

!" = 0

!"
!" + ∇ !! = 0

  

  

where	  nambla	  (∇)	  is	  the	  mathematical	  gradient	  detailing	  the	  change	  in	  the	  mass	  across	  each	  

infinitesimal	  control	  surface	  within	  the	  flow-‐field.	  Since	  the	  benchmark	  and	  vascular	  

simulations	  all	  use	  incompressible	  fluids	  (typically	  water	  or	  blood),	  then	  these	  equations	  

reduce	  to:	  

	   	   	   	   	   !! = 0	  

(2.4)	  
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In	  all	  the	  simulation	  work	  that	  follows,	  due	  to	  the	  nature	  of	  the	  working	  fluid	  operating	  at	  

velocities	  with	  negligible	  Mach	  numbers,	  it	  is	  this	  equation	  that	  is	  solved	  together	  with	  

momentum	  (Navier-‐Stokes),	  thus	  establishing	  the	  primary	  solution	  velocity	  vector.	  	  

	  

In	  addition	  to	  these	  equations,	  the	  viscous	  stresses	  of	  the	  fluid	  must	  be	  accounted	  for.	  The	  

Navier-‐Stokes	  equations	  incorporate	  the	  viscous	  nature	  of	  the	  fluids	  in	  question	  and	  can	  be	  

derived	  (35)	  via	  an	  appropriate	  momentum	  balance	  of	  an	  infinitesimal	  control	  volume,	  as	  

defined	  in	  section	  2.2.1,	  coupled	  with	  the	  definition	  of	  the	  Einsteinium	  stress	  tensor	  (36).	  This	  

is	  used	  to	  obtain	  a	  PDE	  that	  makes	  volumetric	  mass	  and	  acceleration	  equal	  to	  the	  volumetric	  

gravity	  (g),	  force	  (pressure)	  and	  viscous	  forces.	  	  Finally,	  for	  Newtonian	  fluids	  (18)	  the	  definition	  

of	  the	  of	  viscosity	  renders:	  

	  

!
!!
!"

= !! − ∇! + !∇!!	  

(2.5)	  

which	  are	  the	  Navier-‐Stokes	  equations	  in	  their	  compact	  form.	  It	  should	  be	  noted	  here,	  purely	  

for	  completeness,	  that	  equation	  (2.5)	  actually	  denotes	  three	  PDEs	  (35)	  one	  for	  each	  of	  the	  

principal	  directions	  of	  motion	  in	  this	  case	  the	  principal	  orthogonal	  set.	  It	  is	  these	  three	  

equations	  that	  are	  solved	  together,	  along	  with	  that	  of	  continuity	  (2.4),	  in	  the	  CFD	  software.	  

	  

The	  advantages	  of	  this	  method	  over	  the	  control	  volume	  analysis	  are	  that	  it	  permits	  point-‐by-‐

point	  knowledge	  of	  the	  flow	  field,	  and	  that	  it	  is	  valid	  for	  any	  flow	  in	  any	  motion.	  The	  

disadvantage	  of	  this	  method	  is	  that	  the	  differential	  equations	  derived	  are	  inherently	  complex	  

and	  contain	  nonlinear	  terms,	  which	  further	  complicates	  the	  mathematical	  analysis.	  	  

Fortunately,	  the	  advent	  of	  CFD	  has	  made	  solving	  these	  lengthy	  equations	  much	  simpler	  and	  

quicker.	  	  That	  is,	  modern	  commercial	  CFD	  code	  such	  as	  that	  employed	  in	  this	  work	  takes	  away	  

much	  of	  the	  mathematical	  complexity	  via	  the	  use	  of	  sophisticated	  numerical	  routines	  which	  
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solve	  the	  continuity	  and	  Navier-‐Stokes	  equations.	  The	  validity	  and	  convergence	  of	  solutions	  

obtained	  can	  be	  verified	  in	  some	  part	  via	  appropriate	  plots	  of	  the	  convergence	  norms	  resident	  

in	  the	  software.	  These	  should	  always	  be	  used	  in	  conjunction	  with	  appropriate	  simplistic	  

analogous	  analytical	  solutions	  and,	  where	  possible,	  empirical	  data	  (37,38);	  which	  is	  the	  case	  in	  

the	  work	  that	  follows.	  	  In	  the	  case	  of	  the	  analytical	  model	  formulations	  it	  is	  usually	  necessary	  

to	  re-‐cast	  the	  governing	  equations	  of	  fluid	  flow	  namely,	  equations	  (2.4)	  and	  (2.5),	  in	  to	  

cylindrical	  coordinates	  which	  are	  polar	  coordinates	  extended	  into	  three-‐dimensions	  

represented	  by	  r,	  !	  and	  z	  (39)	  as	  shown	  in	  Figure	  2.3;	  here	  only	  steady-‐state	  solutions	  are	  

considered,	  where	  the	  first	  term	  in	  equation	  (2.5)	  can	  be	  removed.	  

	  

	  

Figure	  2.3	  –	  Illustrating	  the	  cylindrical	  coordinates	  (from	  (39))	  

	  

It	  is	  worth	  noting	  that	  whilst	  the	  Navier-‐Stokes	  equations	  can	  be	  applied	  to	  evaluate	  

Newtonian	  fluids,	  where	  the	  viscous	  stresses	  are	  proportional	  to	  the	  element	  strain	  rates	  and	  

the	  coefficient	  of	  viscosity	  (35),	  Euler’s	  equation	  (35)	  can	  be	  applied	  to	  evaluate	  inviscid	  flows.	  

Euler’s	  equation	  can	  be	  derived	  from	  equation	  (2.5)	  by	  removing	  the	  viscosity	  term,	  where,	  in	  

the	  absence	  of	  gravity	  (which	  is	  the	  case	  here,	  as	  the	  pressure	  to	  maintain	  blood	  flow	  within	  

the	  vessel	  would	  render	  gravity	  negligible):	  
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!
!!
!"

= −∇!	  

(2.6)	  

This	  is	  useful	  in	  the	  inspection	  of	  flows	  that	  may	  be	  considered	  distant	  from	  the	  boundary	  

layer,	  for	  instance,	  the	  central	  streamlines	  in	  the	  blood	  vessel	  models	  considered	  within	  this	  

thesis.	  

	  

2.2.3 Dimensional	  analysis	  

Dimensional	  analysis	  is	  a	  method	  for	  reducing	  experimental	  data	  to	  a	  minimum	  data	  set,	  which	  

is	  dimensionless.	  It	  reduces	  the	  number	  and	  complexity	  of	  experimental	  variables	  using	  a	  

compacting	  method.	  Dimensional	  analysis	  also	  has	  other	  perceived	  advantages	  in	  that	  it	  saves	  

time,	  aids	  in	  the	  planning	  of	  an	  experiment,	  and	  provides	  a	  set	  of	  scaling	  laws	  by	  which	  a	  scale	  

model	  can	  be	  converted	  to	  a	  prototype.	  Although	  this	  method	  is	  likely	  to	  provide	  some	  of	  the	  

most	  real-‐life	  solutions,	  it	  would	  be	  impossible	  to	  apply	  to	  the	  current	  research	  problem	  due	  to	  

the	  microscopic	  nature	  of	  the	  fluid	  domain.	  Rickard	  et	  al.	  (40)	  did	  use	  transit-‐time	  ultrasound	  

to	  measure	  the	  overall	  flow-‐rates	  of	  blood	  through	  analogous	  vessels	  in	  a	  rat	  model,	  but	  this	  

method	  is	  too	  insensitive	  to	  examine	  local	  flow	  phenomena	  around	  defects	  within	  the	  vessel	  

lumen	  seen	  in	  sutured	  and	  coupled	  anastomoses.	  	  

	  

2.3 CFD	  	  

CFD	  codes	  model	  fluid	  flow	  through	  a	  particular	  domain	  by	  breaking	  it	  down	  into	  a	  fine	  mesh	  

consisting	  of	  volumes	  and	  nodes.	  The	  code’s	  solver	  then	  solves	  the	  PDEs	  for	  each	  of	  the	  

thousands	  or	  even	  millions	  of	  volumes	  within	  the	  mesh	  to	  produce	  a	  numerical	  solution.	  CFD	  

therefore	  allows	  engineers	  to	  analyse	  fluid	  flow	  problems	  in	  a	  wide	  variety	  of	  environments	  

including	  the	  industrial,	  motorsport,	  and	  medical	  fields.	  The	  greatest	  advantage	  of	  CFD	  is	  the	  

ability	  to	  simulate	  flow	  and	  create	  numerical	  results	  in	  otherwise	  expensive	  and	  time-‐
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consuming	  experiments,	  or	  in	  those	  circumstances	  that	  would	  be	  impossible	  to	  recreate	  

experimentally,	  such	  as	  the	  work	  described	  in	  this	  thesis.	  The	  main	  disadvantage	  of	  CFD	  is	  that	  

the	  potential	  for	  errors	  and	  obtaining	  inaccurate	  results	  are	  great.	  CFD	  should	  therefore	  be	  

used	  in	  conjunction	  with	  experienced	  computational	  engineers	  with	  a	  firm	  understanding	  of	  

fluid	  mechanics	  and	  should	  be	  applied	  to	  appropriate	  problems	  in	  order	  to	  obtain	  realistic	  

solutions.	  

	  

2.3.1 Fundamentals	  

CFD	  methods	  are	  concerned	  with	  the	  solution	  of	  the	  equations	  of	  motion	  for	  fluids.	  The	  first	  

step	  in	  CFD	  is	  to	  input	  or	  create	  a	  geometry	  that	  is	  representative	  of	  the	  fluid	  domain	  to	  be	  

analysed.	  This	  can	  be	  generated	  either	  within	  the	  software	  itself,	  or	  imported	  as	  a	  scale	  model	  

from	  a	  Computer	  Aided	  Design	  (CAD)	  package,	  or	  even	  from	  a	  high-‐resolution	  scan	  or	  

photograph.	  

In	  a	  pre-‐processing	  stage	  the	  geometry	  is	  then	  divided	  into	  a	  mesh	  to	  enable	  numerical	  

analysis	  of	  the	  domain.	  The	  mesh	  is	  created	  in	  such	  a	  way	  that	  the	  domain	  is	  completely	  

covered	  by	  the	  mesh,	  there	  is	  no	  space	  left	  between	  the	  mesh	  cells,	  and	  that	  the	  mesh	  cells	  do	  

not	  overlap	  each	  other.	  The	  user	  can	  define	  the	  mesh	  density	  and,	  generally,	  finer	  meshes	  

yield	  more	  accurate	  data.	  The	  resulting	  mesh	  is	  described	  computationally	  as	  a	  series	  of	  

coordinates	  from	  which	  the	  millions	  of	  control	  volumes	  are	  defined	  (38).	  The	  governing	  

equations	  are	  then	  solved	  for	  each	  of	  the	  control	  volumes.	  

The	  equations	  of	  motion	  of	  an	  inviscid	  fluid	  (Euler	  equations)	  and	  of	  viscous	  fluid	  (Navier-‐

Stokes	  equations)	  are	  solved	  for	  each	  model	  to	  provide	  approximate	  computer-‐based	  data.	  

The	  Navier-‐Stokes	  equations	  provide	  accurate	  solutions	  for	  laminar	  viscous	  flows,	  but	  are	  less	  

useful	  in	  a	  turbulent	  model.	  The	  Reynolds-‐averaged	  Navier-‐Stokes	  equations	  offer	  a	  simple	  

and	  more	  accurate	  method	  of	  turbulence	  modeling,	  however	  the	  Reynolds	  stress	  model	  

provides	  an	  even	  more	  detailed	  data-‐set	  when	  considering	  turbulence	  (38).	  	  	  
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The	  governing	  equations	  mentioned	  above	  are	  the	  same	  no-‐matter	  what	  type	  of	  fluid	  problem	  

they	  are	  applied	  to,	  however	  it	  is	  clear	  that	  not	  all	  fluid	  problems	  are	  the	  same.	  The	  way	  in	  

which	  CFD	  distinguishes	  between	  these	  is	  via	  the	  boundary	  conditions.	  For	  viscous	  flows	  the	  

surface	  boundary	  condition	  assumes	  no	  relative	  velocity	  between	  the	  surface	  and	  the	  fluid	  –	  

known	  as	  non-‐slip	  conditions.	  For	  inviscid	  flows	  however,	  there	  is	  no	  friction	  at	  the	  fluid-‐

surface	  boundary	  and	  the	  fluid	  slips	  freely	  at	  a	  tangent	  to	  the	  surface	  (41).	  The	  remaining	  

boundary	  conditions	  depend	  on	  the	  fluid	  problem	  being	  addressed,	  but	  usually	  comprise	  of	  an	  

inlet	  and	  outlet	  at	  specific	  points.	  	  

Once	  the	  model	  has	  solved,	  data	  are	  created	  by	  the	  CFD	  code	  can	  then	  be	  analysed	  and	  

examined	  in	  the	  post-‐processor	  within	  the	  analysis	  software.	  	  	  

	  

2.3.2 CFD	  and	  blood	  flow	  modelling	  

Flow	  modelling	  and	  computing	  have	  been	  extensively	  used	  to	  develop	  a	  detailed	  

understanding	  of	  local	  blood	  flow	  patterns	  within	  vessels	  since	  the	  link	  between	  altered	  blood	  

vessel	  haemodynamics	  and	  the	  formation	  of	  atherosclerosis10	  was	  made.	  The	  first	  connections	  

between	  haemodynamic	  forces	  and	  atherosclerosis	  were	  established	  in	  the	  1980s	  by	  Friedman	  

et	  al.	  (42)	  who	  used	  laser	  Doppler	  velocimetry	  to	  examine	  blood	  flow	  in	  human	  arteries	  and	  

correlate	  this	  with	  areas	  of	  atherosclerosis	  post-‐mortem.	  Casts	  were	  made	  of	  the	  aortic	  

bifurcation	  of	  a	  male	  with	  atherosclerosis	  and	  a	  laser	  Doppler	  anemometer	  was	  used	  to	  

measure	  fluid	  velocities	  in	  the	  cast	  at	  selected	  sites.	  Intimal	  thickness	  was	  measured	  at	  

corresponding	  sites	  and	  a	  negative	  correlation	  was	  found	  between	  intimal	  thickness	  and	  wall	  

shear	  rate	  (42).	  In	  the	  early	  1990s,	  CFD	  emerged	  as	  a	  technique	  for	  investigating	  local	  flow	  

patterns	  in	  extreme	  detail,	  making	  more	  sophisticated	  studies	  possible	  (43,44).	  Additionally,	  

Perktold	  (45–48)	  and	  colleagues	  were	  responsible	  for	  the	  majority	  of	  the	  novel	  work	  in	  this	  

field,	  and	  were	  the	  first	  group	  to	  demonstrate	  the	  carotid	  bifurcation	  using	  CFD.	  Their	  carotid	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
10	  Atherosclerosis is a disease of the arteries in which fatty plaques and scar tissue form in 
vessel walls causing degeneration. This can limit blood flow and predispose to thrombosis.	  
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bifurcation	  was	  actually	  based	  on	  a	  geometry	  created	  by	  Ku	  et	  al.	  (49)	  who	  used	  human	  

angiograms	  to	  construct	  a	  Plexiglas	  model	  which	  was	  scaled	  upwards	  by	  125	  times	  to	  permit	  

analysis	  of	  flow	  using	  a	  high	  resolution	  laser	  Doppler.	  Perktold	  et	  al.	  (48)	  used	  the	  original	  

dimensions	  taken	  from	  the	  angiograms	  and	  applied	  incompressible	  Newtonian	  fluid	  

characteristics	  along	  with	  the	  calculated	  flow	  rates	  obtained	  from	  the	  work	  of	  Ku	  et	  al.	  (49).	  

The	  computational	  numerical	  analysis	  performed	  by	  Perktold	  et	  al.	  (48)	  confirmed	  the	  flow	  

fields	  and	  mechanical	  stresses	  found	  by	  Ku	  et	  al.	  (49)	  in	  their	  up-‐scaled	  experimental	  Plexiglas	  

model.	  

The	  increasing	  availability	  of	  CFD	  as	  a	  research	  tool,	  combined	  with	  ever-‐improving	  computer	  

capabilities,	  led	  to	  a	  multitude	  of	  studies	  into	  the	  local	  haemodynamic	  flow	  within	  vessels.	  

Factors	  such	  as	  low	  wall	  shear	  stress	  (49),	  flow	  disturbance	  (50),	  high	  oscillatory	  shear	  stresses	  

(51),	  and	  vessel	  wall	  tension	  (52)	  were	  all	  implicated	  as	  factors	  affecting	  atheroma	  formation	  

through	  the	  use	  of	  CFD.	  These	  correlations	  are	  supported	  by	  studies	  carried	  out	  in	  animal	  

models	  by	  DePaola	  et	  al.	  (53)	  who	  demonstrated	  that	  large	  shear	  stress	  gradients	  could	  induce	  

morphological	  and	  functional	  changes	  in	  the	  endothelium	  in	  regions	  of	  disturbed	  flow.	  Bryant	  

et	  al.	  (54)	  have	  also	  shown	  vascular	  remodeling	  in	  response	  to	  altered	  blood	  flow	  in	  vitro	  and	  

have	  implicated	  fibroblast	  growth	  factor-‐2	  (FGF-‐2)	  as	  its	  mediator.	  

As	  well	  as	  developments	  within	  CFD,	  significant	  improvements	  were	  also	  being	  made	  within	  

medical	  imaging.	  This	  led	  to	  in	  vivo	  measurements	  of	  haemodynamics	  using	  techniques	  such	  as	  

Doppler	  ultrasound	  (55),	  Magnetic	  Resonance	  Imaging	  (MRI)	  (56),	  and	  angiography	  (57).	  It	  

then	  became	  possible	  to	  combine	  CFD	  with	  image-‐based	  techniques	  to	  investigate	  realistic	  

vascular	  geometries	  (58–60).	  Detailed	  reviews	  of	  the	  developments	  of	  image-‐based	  modelling	  

of	  blood	  flow	  over	  the	  last	  two	  decades	  have	  been	  carried	  out	  by	  Steinman	  (61)	  and	  Taylor	  

(62).	  	  

In	  the	  early	  days	  of	  CFD,	  simulations	  initially	  required	  several	  days	  of	  computer	  processing	  and	  

could	  only	  produce	  two-‐dimensional	  models	  of	  idealised	  geometries.	  Now	  however,	  it	  is	  
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possible	  to	  convert	  detailed	  high	  quality	  medical	  images	  into	  complex	  three-‐dimensional	  

meshes	  for	  simulation	  of	  blood	  flow	  in	  individualised	  patients	  (63).	  This	  process	  involves	  

contrast-‐enhanced	  Magnetic	  Resonance	  Imaging	  (ceMRI)	  of	  the	  vessels	  and	  the	  application	  of	  

a	  computational	  filter	  to	  calculate	  flow	  rates.	  The	  ceMRI	  images	  are	  converted	  into	  a	  mesh	  and	  

then	  a	  patient	  specific	  flow	  simulation	  is	  created	  using	  a	  CFD	  solver	  (63).	  Although	  these	  

simulations	  are	  clinically	  relevant	  and	  can	  be	  used	  to	  aid	  therapeutic	  decision	  making	  for	  

certain	  pathologies,	  for	  example	  aortic	  dissection,	  some	  limitations	  still	  exist.	  These	  are	  

primarily	  related	  to	  assumptions	  made	  in	  order	  to	  reduce	  processing	  time	  of	  large	  volumes	  of	  

information,	  including	  arterial	  wall	  non-‐slip	  conditions,	  rigid	  walls,	  and	  blood	  as	  a	  Newtonian	  

fluid	  (63).	  

Application	  of	  CFD	  to	  blood	  flow	  within	  vessels,	  whether	  pristine	  or	  pathological,	  is	  complex,	  

but	  the	  addition	  of	  a	  surgical	  anastomosis	  creates	  further	  issues	  for	  consideration	  including	  

compliance	  mismatch,	  new	  geometries	  and	  subsequently	  new	  local	  haemodynamics	  (64).	  

Several	  studies	  have	  been	  carried	  out	  to	  model	  flow	  in	  a	  range	  of	  anastomoses	  both	  in	  large	  

and	  small	  vessels.	  

Coronary	  Artery	  Bypass	  Graft	  (CABG)	  

The	  first	  computational	  models	  of	  CABG	  end-‐to-‐side	  anastomoses	  were	  carried	  out	  in	  the	  early	  

1990s	  and	  were	  based	  on	  two-‐dimensional	  steady-‐state	  simulations	  (65,66).	  The	  following	  

decade	  saw	  the	  introduction	  of	  pulsatile	  flow	  (67)	  and	  three-‐dimensional	  modelling	  

incorporated	  from	  MRI	  (68).	  	  

Peripheral	  Artery	  Bypass	  	  

As	  for	  modelling	  in	  CABG,	  early	  computational	  models	  of	  peripheral	  bypass	  anastomoses	  were	  

created	  in	  the	  1990s	  (69)	  and	  were	  simplified	  greatly	  in	  comparison	  to	  current	  techniques.	  

Studies	  into	  end-‐to-‐side	  bypass	  grafts	  increased	  markedly	  with	  increasingly	  more	  detailed	  

models	  being	  created.	  The	  works	  of	  Lei	  et	  al.	  (70–72)	  have	  explored	  the	  incorporation	  of	  vein	  

patches	  to	  prosthetic	  vascular	  grafts,	  and	  proposed	  CFD	  based	  design	  alterations	  to	  minimise	  
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Wall	  Shear	  Stress	  (WSS)	  gradients.	  A	  comprehensive	  study	  was	  carried	  out	  by	  Perktold	  et	  al.	  

(73)	  examining	  the	  different	  compliance	  of	  synthetic	  grafts,	  arterial	  walls	  and	  the	  presence	  of	  

suture	  material.	  This	  extensive	  study	  compared	  these	  factors	  in	  conventional	  anastomoses	  as	  

well	  as	  in	  those	  with	  a	  vein	  patch,	  and	  then	  performed	  an	  in	  vivo	  comparison	  in	  a	  sheep	  model.	  

Although	  this	  study	  has	  used	  CFD	  to	  model	  suture	  lines,	  it	  has	  only	  investigated	  the	  principal	  

stress	  contours	  at	  the	  suture	  site	  and	  has	  not	  examined	  local	  flow	  patterns	  around	  the	  suture	  

itself.	  

Microvascular	  Anastomoses	  

There	  has	  been	  little	  work	  in	  this	  area,	  with	  only	  a	  few	  studies	  carried	  out	  to	  investigate	  the	  

computational	  modelling	  of	  microvascular	  anastomoses.	  Al-‐Sukhun	  et	  al.	  (74)	  developed	  a	  

finite	  element	  model	  (FEM)	  to	  study	  the	  effect	  of	  stress	  and	  strain	  in	  microvascular	  

anastomoses.	  This	  group	  created	  FEMs	  of	  end-‐to-‐end	  and	  end-‐to-‐side	  anastomoses	  and	  also	  

included	  a	  simulation	  of	  size	  discrepancy	  between	  the	  host	  and	  recipient	  vessels.	  The	  principle	  

finding	  of	  this	  study	  was	  that	  the	  effect	  of	  discrepancy	  in	  the	  size	  of	  the	  vessel	  in	  end-‐to-‐end	  

anastomoses	  was	  remarkable,	  with	  a	  reduction	  in	  blood	  flow	  of	  48	  ml	  min-‐1,	  when	  compared	  

to	  end-‐to-‐side	  anastomoses,	  with	  a	  reduction	  of	  only	  11	  ml	  min-‐1	  (74).	  

A	  second	  study	  into	  the	  computational	  modelling	  of	  microvascular	  anastomoses	  was	  that	  of	  

Rickard	  et	  al.	  (40)	  who	  investigated	  several	  techniques	  for	  anastomosis	  in	  arteries	  with	  size	  

discrepancy.	  Four	  idealised	  end-‐to-‐end	  anastomotic	  techniques	  were	  modelled	  where	  the	  

recipient	  artery	  was	  smaller.	  Flow	  data	  were	  acquired	  via	  transit	  time	  ultrasound	  of	  the	  

exposed	  femoral	  artery	  of	  a	  Wistar	  rat	  –	  a	  vessel	  similar	  in	  size	  and	  structure	  to	  that	  of	  a	  

human	  internal	  mammary	  artery	  (IMA)	  perforator	  used	  for	  microvascular	  anastomoses	  in	  

breast	  reconstruction.	  CFD	  modelling	  was	  performed	  to	  evaluate	  flow	  patterns	  and	  WSS	  in	  the	  

idealised	  anastomoses,	  with	  the	  ‘wedge’	  technique	  proving	  the	  best	  construct	  demonstrating	  

the	  least	  flow	  separation.	  	  
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The	  above	  studies	  have	  evaluated	  in	  detail	  the	  WSS	  and	  flow	  through	  idealised	  microvascular	  

anastomoses,	  but	  neither	  have	  investigated	  the	  local	  haemodynamics	  around	  sutures,	  or	  have	  

explored	  the	  flow	  patterns	  through	  coupling	  devices.	  	  

	  

2.3.3 CFD	  software	  codes	  

There	  is	  a	  range	  of	  commercial	  CFD	  software	  codes	  available	  to	  perform	  computational	  fluid	  

flow	  analyses.	  Amongst	  the	  literature	  reviewed	  in	  this	  thesis,	  there	  were	  five	  main	  commercial	  

codes	  used	  in	  a	  similar	  context	  to	  this	  study	  i.e.	  to	  model	  blood	  flow	  in	  vessels.	  These	  are	  

shown	  briefly	  in	  the	  list	  below	  and	  are	  then	  subsequently	  outlined	  in	  more	  detail:	  

• Rickard	  (40)	  and	  Karmonik	  (63)	  used	  ANSYS	  Fluent	  
• @neurIST	  study	  (75)	  used	  ANSYS	  CFX	  
• Chaniotis	  (76)	  used	  STAR-‐CD	  
• Antiga	  (60)	  used	  the	  Vascular	  Modelling	  Tool	  Kit	  (VMTK)	  
• Perktold	  (73)	  used	  ABAQUS	  

	  

ANSYS	  Fluent	  is	  a	  commercial	  CFD	  code	  provided	  by	  ANSYS	  Inc.	  that	  contains	  the	  broad	  

physical	  modelling	  capabilities	  needed	  to	  model	  flow,	  turbulence,	  heat	  transfer,	  and	  reactions	  

for	  industrial	  applications.	  It	  has	  advanced	  solver	  technology,	  which	  provides	  fast,	  accurate	  

CFD	  results	  for	  flexible	  moving	  and	  deforming	  meshes.	  ANSYS	  Fluent	  has	  an	  interactive	  solver	  

setup,	  solution	  and	  post-‐processing	  capability,	  which	  makes	  the	  modelling	  process	  

straightforward	  and	  intuitive	  (77).	  It	  has	  been	  used	  reliably	  to	  model	  blood	  flow	  in	  vessels	  

(40,63).	  

ANSYS	  CFX	  is	  a	  high-‐performance,	  general-‐purpose	  fluid	  dynamics	  code	  that	  has	  been	  applied	  

to	  solve	  wide-‐ranging	  fluid	  flow	  problems	  for	  over	  20	  years.	  Like	  ANSYS	  Fluent,	  it	  too	  has	  

advanced	  solver	  technology,	  which	  produces	  reliable	  and	  accurate	  solutions	  quickly	  and	  

robustly	  (78).	  It	  can	  capture	  virtually	  any	  type	  of	  phenomena	  related	  to	  fluid	  flow	  and	  has	  been	  

used	  successfully	  by	  an	  international	  study	  on	  intracerebral	  blood	  flow	  when	  analysing	  flow	  

within	  small	  cerebral	  aneurysms	  (75).	  	  
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STAR-‐CD	  is	  a	  high-‐performance	  CFD	  environment	  that	  can	  perform	  reliable	  analysis	  of	  

complex,	  multiscale	  transport	  phenomena	  in	  realistic	  industrial	  systems,	  usually	  internal	  

combustion	  engines.	  STAR-‐CD	  is	  well	  suited	  to	  the	  solution	  of	  large-‐model	  simulations	  and	  

features	  a	  well-‐integrated	  platform	  for	  creating	  models	  from	  concept,	  or	  body-‐fitted	  meshes	  

from	  existing	  CAD	  geometry	  models	  (79).	  It	  has	  robust	  solver	  technology	  for	  multi-‐physics	  

simulations	  involving	  turbulence,	  heat	  transfer,	  and	  multiphase	  flows.	  Chaniotis	  et	  al.	  (76)	  

utilised	  STAR-‐CD	  to	  analyse	  their	  models	  of	  coronary	  vessels	  with	  reliable	  results.	  

The	  VMTK	  is	  one	  of	  the	  only	  specific	  CFD	  packages	  designed	  for	  the	  analysis	  of	  vessels	  from	  

medical	  images	  such	  as	  CT	  or	  MR	  scans.	  VMTK	  is	  able	  to	  perform	  geometric	  analysis	  and	  

surface	  data	  processing	  of	  3D	  models	  of	  blood	  vessels,	  and	  has	  an	  integrated	  mesh	  generator	  

and	  editor.	  Its	  pre-‐processor	  allows	  creation	  of	  surface	  boundaries	  and	  boundary	  layers	  (80).	  It	  

was	  created	  by	  David	  Steinman	  and	  Luca	  Antiga	  (60),	  who	  have	  both	  used	  VMTK	  to	  analyse	  

flow	  in	  blood	  vessels.	  

ABAQUS	  provides	  advanced,	  scalable	  and	  parallel,	  CFD	  for	  a	  broad	  range	  of	  simulations.	  Both	  

external	  and	  internal	  flows	  of	  complex	  geometries	  that	  are	  in	  steady	  state	  or	  transient	  

conditions	  can	  be	  simulated	  over	  a	  wide	  Reynolds	  number	  range.	  Thermal	  convective	  

simulations	  involving	  heat	  transfer	  such	  as	  natural	  convection	  can	  also	  be	  simulated	  (81).	  

Perktold	  (73)	  successfully	  used	  ABAQUS	  to	  simulate	  fluid	  dynamics	  in	  peripheral	  bypass	  

anastomoses.	  

This	  study	  uses	  ANSYS	  CFX	  to	  analyse	  blood	  flow	  through	  microvascular	  anastomoses.	  ANSYS	  

CFX	  was	  chosen	  for	  several	  reasons.	  Firstly,	  it	  is	  a	  well-‐established	  and	  well-‐respected	  CFD	  

code	  in	  the	  industrial	  setting,	  including	  cutting-‐edge	  technologies	  such	  as	  Formula	  1	  and	  

nuclear	  engineering;	  secondly,	  it	  has	  been	  used	  in	  a	  previous	  internationally	  recognised	  study	  

on	  simulated	  blood	  flow	  in	  small	  vessels	  in	  humans	  (75);	  thirdly,	  the	  University	  of	  Central	  

Lancashire	  has	  access	  to	  ANSYS	  CFX	  and	  has	  a	  team	  of	  staff	  who	  are	  proficient	  at	  its	  use;	  and	  

finally	  ANSYS	  Inc.	  has	  an	  excellent	  training	  and	  support	  facility	  which	  is	  accessible	  via	  the	  
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University.	  From	  a	  technical	  point	  of	  view,	  ANSYS	  CFX	  is	  a	  reliable	  code	  that	  has	  a	  high	  quality	  

mesher	  and	  is	  able	  to	  produce	  accurate	  solutions	  rapidly	  when	  compared	  to	  other	  

commercially	  available	  codes.	  

	  

2.4 Boundary	  conditions	  and	  material	  properties	  

Determining	  the	  correct	  boundary	  conditions	  and	  material	  properties	  for	  a	  simulation	  is	  key	  to	  

obtaining	  accurate,	  reliable	  and	  comparable	  results.	  To	  this	  end,	  several	  studies	  were	  

evaluated	  to	  obtain	  the	  most	  appropriate	  and	  applicable	  boundary	  conditions	  for	  this	  

research.	  	  

Boundaries	  in	  CFD	  are	  essentially	  grouped	  into	  two,	  namely	  walls	  that	  encompass	  the	  fluid	  

domain,	  and	  openings	  through	  which	  flow	  enters	  or	  exits	  the	  domain.	  Openings	  are	  further	  

subdivided	  into	  inlets	  and	  outlets.	  	  

There	  is	  an	  agreement	  amongst	  several	  studies	  (40,63,73,77),	  including	  an	  international	  study	  

on	  intracerebral	  blood	  flow	  (75),	  that	  walls	  may	  be	  simulated	  as	  rigid,	  non-‐compliant	  

structures	  with	  non-‐slip	  conditions.	  This	  is	  likely	  to	  be	  due	  to	  technical	  difficulties	  modelling	  

fluid-‐solid	  interactions	  to	  produce	  physiologically	  accurate	  boundaries.	  As	  such,	  the	  majority	  of	  

the	  studies	  have	  knowingly	  compromised	  when	  devising	  their	  models	  in	  order	  to	  gain	  an	  

appreciation	  of	  the	  flow	  patterns,	  rather	  than	  the	  most	  physiologically	  accurate	  results.	  

Inlet	  properties	  varied	  depending	  on	  the	  models	  used,	  however,	  a	  consistent	  feature	  amongst	  

the	  studies	  (40,76)	  was	  the	  use	  of	  either	  a	  velocity	  or	  mass	  flow	  rate	  at	  this	  opening.	  For	  

outlets,	  a	  pressure	  boundary	  condition	  is	  applied	  (40,76).	  Actual	  figures	  for	  inlet	  and	  outlet	  

properties	  used	  in	  this	  study	  are	  detailed	  in	  sections	  3.3.1	  and	  3.3.2,	  respectively.	  

The	  material	  properties	  of	  blood	  itself	  are	  largely	  well	  established	  in	  the	  literature.	  Blood	  is	  

considered	  an	  incompressible	  fluid	  and	  as	  such	  will	  have	  a	  constant	  density.	  There	  is	  minor	  
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variation	  in	  the	  density	  figures	  quoted	  in	  the	  literature	  (1052-‐1064	  kg	  m-‐3)(83),	  however,	  

several	  studies	  have	  used	  a	  figure	  of	  1060	  kg	  m-‐3	  (40,75,76),	  which	  has	  also	  been	  adopted	  for	  

this	  research.	  	  

One	  of	  the	  main	  considerations	  that	  has	  been	  debated	  in	  the	  literature	  is	  whether	  to	  model	  

blood	  as	  a	  Newtonian	  or	  non-‐Newtonian	  fluid.	  Many	  studies	  have	  investigated	  this	  within	  

vessels	  of	  varying	  sizes	  under	  a	  range	  of	  conditions.	  Overall,	  it	  appears	  that,	  under	  standard	  

conditions,	  in	  blood	  vessels	  of	  the	  dimensions	  that	  will	  be	  studied	  in	  this	  project,	  the	  non-‐

Newtonian	  nature	  of	  blood	  is	  not	  significant	  (76,84).	  One	  paper	  (85)	  compared	  seven	  non-‐

Newtonian	  models	  and	  one	  Newtonian	  model	  in	  evaluating	  flow	  through	  cardiac	  vessels,	  and	  

found	  that	  Newtonian	  flow	  was	  considered	  a	  good	  approximation	  at	  mid	  and	  high-‐strain	  rates.	  

However,	  not	  all	  studies	  entirely	  agree.	  Chen	  and	  Lu	  (86)	  investigated	  non-‐Newtonian	  flow	  in	  a	  

pulsatile	  model	  and	  demonstrated	  a	  significant	  difference	  between	  Newtonian	  and	  non-‐

Newtonian	  flow	  during	  the	  pulse	  cycle.	  Despite	  this,	  during	  a	  rheology	  study	  carried	  out	  by	  

Bernsdorf	  et	  al.	  from	  the	  @neurIST	  group	  (75),	  it	  was	  demonstrated	  that	  the	  non-‐Newtonian	  

Carreau	  Yasuda	  model	  yields	  different	  solutions	  to	  those	  obtained	  with	  a	  Newtonian	  model,	  

but	  that	  the	  differences	  were	  most	  pronounced	  at	  unphysiologically	  low	  Reynolds	  numbers.	  At	  

a	  Reynolds	  number	  of	  100,	  still	  at	  the	  low	  end	  of	  the	  physiological	  range,	  Bernsdorf	  reports	  

relatively	  small	  differences	  for	  the	  peak	  shear	  stress	  on	  the	  walls	  for	  Newtonian	  and	  non-‐

Newtonian	  models	  (75).	  In	  keeping	  with	  the	  protocols	  for	  the	  @neurIST	  (75)	  study	  and	  those	  

of	  Rickard	  et	  al.	  (40),	  blood	  has	  been	  modelled	  as	  a	  Newtonian	  fluid	  in	  the	  research	  described	  

in	  this	  thesis.	  

Viscosity	  figures	  are	  also	  largely	  consistent	  within	  the	  literature	  with	  a	  range	  from	  0.0035	  Pa	  s	  

(75,76)	  to	  0.0050	  Pa	  s	  (40).	  In	  the	  modelling	  protocol	  by	  Berti	  et	  al.	  (75)	  consideration	  was	  
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given	  to	  the	  average	  haematocrit11	  which	  yielded	  0.0035	  Pa	  s	  as	  the	  figure	  for	  the	  viscosity	  for	  

their	  simulations;	  this	  figure	  will	  be	  used	  in	  the	  present	  study.	  

	  

2.5 Flow	  effects	  and	  blood	  coagulation	  

	  
Although	  low	  blood	  flow	  and	  stasis	  within	  vessels	  are	  risk	  factors	  for	  thombus	  formation,	  it	  is	  

known	  that	  Shear	  Strain	  Rate	  (SSR)	  is	  a	  more	  reliable	  factor	  to	  evaluate	  than	  flow	  rate	  or	  flow	  

velocity	  when	  evaluating	  coagulation	  in	  the	  presence	  of	  flow	  (87).	  This	  is	  because	  SSR	  governs	  

the	  transport	  phenomena	  near	  the	  surface	  of	  vessels	  and	  describes	  the	  change	  of	  flow	  velocity	  

with	  increasing	  distance	  from	  the	  surface	  (88).	  

As	  previously	  mentioned	  in	  2.3.2,	  WSS	  has	  been	  implicated	  as	  a	  factor	  leading	  to	  atheroma	  

formation	  within	  blood	  vessels	  (49,53,89,90).	  More	  importantly	  for	  this	  research,	  high	  WSS	  

and	  SSR	  have	  also	  been	  strongly	  linked	  to	  platelet	  activation	  (91–94).	  This	  is	  particularly	  

important	  when	  considering	  blood	  coagulation	  and	  thrombosis,	  as	  activated	  platelets	  adhere	  

to	  each	  other	  to	  form	  aggregates,	  and	  subsequently	  thrombus.	  In	  addition,	  shear-‐induced	  

platelet	  thrombus	  formation	  appears	  to	  promote	  the	  generation	  of	  fibrin12	  through	  the	  activity	  

of	  soluble	  coagulation	  factors	  (95).	  Excessive	  generation	  of	  fibrin	  also	  leads	  to	  thrombosis.	  

Interestingly,	  shear-‐activated	  platelets	  do	  not	  appear	  to	  adhere	  to	  an	  intact	  vessel	  wall	  

endothelium	  (96),	  but	  they	  do	  bind	  tightly	  to	  injured	  endothelium	  and	  exposed	  

subendothelium	  (87).	  It	  is	  possible	  this	  may	  be	  more	  important	  in	  sutured	  anastomoses	  than	  in	  

coupled	  anastomoses	  as	  there	  is	  a	  greater	  chance	  of	  exposed	  subendothelium	  in	  the	  sutured	  

technique,	  both	  from	  the	  suture	  sites	  themselves	  and	  from	  the	  cut	  vessel	  ends,	  however	  this	  

has	  not	  been	  validated.	  The	  exposed	  subendothelium	  in	  the	  coupled	  anastomosis	  is	  reflected	  

backward	  and	  outward,	  to	  allow	  intima-‐intima	  contact	  (97),	  and	  as	  such	  is	  not	  in	  contact	  with	  

the	  intravascular	  blood	  flow.	  	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
11	  The	  percentage	  volume	  of	  red	  blood	  cells	  	  
12	  Fibrin	  (also	  called	  Factor	  Ia)	  is	  a	  fibrous,	  non-‐globular	  protein	  involved	  in	  the	  clotting	  of	  blood.	  
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Shen	  et	  al.	  (93)	  and	  Roth	  (94)	  demonstrated	  that	  SSR	  of	  greater	  than	  ≈1x103	  s-‐1	  cause	  direct	  

activation	  of	  platelets.	  A	  recent	  computational	  study	  (98)	  found	  a	  positive	  correlation	  between	  

thrombus	  accumulation	  rates	  and	  SSR	  up	  to	  6x103	  s-‐1.	  This	  study	  also	  showed	  that	  thrombus	  

growth	  rates	  were	  two	  to	  four	  times	  greater	  at	  higher	  SSR	  than	  for	  physiological	  shear	  rates	  of	  

less	  than	  400	  s-‐1	  (98).	  

	  

2.6 Introduction	  of	  methods	  

	  

Although	  there	  is	  a	  wide	  range	  of	  literature	  available	  on	  the	  subject	  of	  CFD	  and	  blood	  flow	  

modelling,	  only	  a	  small	  number	  of	  studies	  are	  directly	  applicable	  to	  this	  research.	  In	  particular	  

the	  work	  of	  Rickard	  et	  al.	  (40)	  in	  his	  study	  of	  microarterial	  anastomoses	  in	  vessels	  with	  size	  

discrepancy,	  demonstrate	  logical	  experimental	  method	  with	  clinically	  relevant	  simulation	  

parameters.	  In	  addition,	  the	  work	  of	  Berti	  et	  al.	  in	  the	  @neurIST	  study	  (75)	  employs	  very	  

similar	  physical	  modelling	  parameters	  and	  uses	  clinically	  applicable	  image-‐based	  geometries	  

for	  the	  analysis.	  	  

The	  simulation	  strategy	  for	  this	  research	  has	  been	  based	  on	  the	  methods	  of	  these	  studies	  as	  

they	  are	  investigating	  similar	  blood	  flow	  patterns	  in	  comparable	  sized	  vessels.	  Both	  research	  

groups	  have	  been	  successful	  at	  demonstrating	  their	  findings	  in	  the	  international	  research	  

community	  and	  this	  project	  intends	  to	  do	  the	  same.	  

The	  modelling	  strategy	  followed	  a	  logical	  sequence,	  starting	  with	  simple	  models	  of	  circular	  

ducts	  with	  a	  known	  fluid	  (i.e.	  water)	  and	  moving	  to	  progressively	  more	  detailed	  and	  clinically	  

relevant	  models	  of	  microvessels	  with	  blood	  as	  the	  working	  fluid.	  

In	  order	  to	  ensure	  that	  the	  blood	  vessel	  simulations	  generated	  accurate	  results,	  it	  was	  

important	  to	  ascertain	  that	  the	  results	  produced	  by	  the	  ANSYS	  CFX	  software	  were	  correct.	  The	  
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first	  step	  was	  to	  perform	  an	  appropriate	  benchmarking	  study	  using	  a	  basic	  duct	  of	  1	  mm	  in	  

diameter	  and	  to	  simulate	  flow	  through	  it	  using	  water.	  

There	  was	  a	  good	  agreement	  between	  the	  expected	  analytical,	  empirical	  and	  CFD	  numerical	  

results.	  Blood	  then	  replaced	  water	  as	  the	  fluid	  for	  analysis,	  using	  data	  from	  the	  literature	  and	  

assuming	  it	  to	  be	  an	  incompressible	  Newtonian	  fluid.	  In	  addition,	  a	  laminar	  flow	  regimen	  was	  

employed	  due	  to	  the	  low	  Reynolds	  number	  in	  these	  models.	  	  

	  
Geometries	  were	  then	  created	  to	  replicate	  idealised	  sutured	  and	  coupled	  anastomoses.	  

Adding	  a	  circumferential	  sequence	  of	  ten	  tori	  with	  the	  same	  dimensions	  as	  a	  microvascular	  

suture	  created	  the	  sutured	  anastomosis.	  The	  coupled	  anastomosis	  process	  was	  performed	  in	  

computational	  space	  using	  the	  Computer	  Aided	  Interactive	  Three-‐dimensional	  Application	  

(CATIA)	  commercial	  Computer	  Aided	  Design	  (CAD)	  and	  analysis	  code.	  	  	  

	  
Simulations	  were	  carried	  out	  using	  steady-‐state	  analysis	  in	  this	  thesis,	  however	  it	  was	  intended	  

that	  transient	  models	  would	  be	  created	  to	  mimic	  the	  pulsatile	  nature	  of	  blood	  flow	  in	  vivo	  in	  

subsequent	  work,	  section	  (6.2).	  Flow	  rates	  for	  the	  arterial	  models	  were	  obtained	  from	  the	  

literature	  (see	  3.3	  for	  details),	  and	  pristine,	  sutured	  and	  coupled	  anastomosis	  simulations	  were	  

then	  performed.	  
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3 Methods	  

This	  chapter	  describes	  the	  simulation	  strategy	  for	  this	  research	  along	  with	  the	  methods	  of	  

geometry	  creation	  and	  meshing	  techniques.	  The	  application	  and	  justification	  of	  appropriate	  

boundary	  conditions	  are	  also	  presented.	  	  

3.1 Vessel	  fluid	  geometry	  creation	  

All	  geometries	  were	  created	  in	  the	  ANSYS	  DesignModeler	  application	  within	  the	  ANSYS	  

Workbench	  (v13)	  software,	  and	  were	  designed	  with	  longitudinal	  symmetry	  exploited.	  This	  half	  

model	  strategy	  was	  employed	  for	  two	  reasons.	  Firstly,	  it	  allowed	  direct	  visualisation	  of	  the	  

internal	  flows	  after	  analysis,	  and	  secondly,	  it	  permitted	  the	  application	  of	  a	  symmetry	  

condition,	  which	  reduced	  the	  computational	  demand	  and	  thus	  reduced	  simulation	  time.	  In	  

keeping	  with	  previous	  work	  (40),	  all	  vessels	  were	  modelled	  with	  a	  diameter	  of	  1	  mm	  to	  

maintain	  continuity	  and	  clinical	  relevance.	  All	  vessel	  geometries	  were	  also	  kept	  at	  a	  constant	  

length	  of	  5	  mm,	  with	  the	  anastomosis	  being	  at	  the	  centre-‐point,	  which	  was	  chosen	  to	  allow	  

good	  visualisation	  of	  the	  flow	  into	  and	  out	  of	  the	  anastomosis	  region.	  It	  was	  deemed	  

unnecessary	  to	  model	  vessels	  longer	  than	  5	  mm	  as	  a	  paraboloid	  velocity	  profile	  was	  added	  to	  

the	  inlet	  to	  ensure	  fully	  developed	  flow	  prior	  to	  the	  anastomosis	  (see	  section	  3.3.1)).	  In	  an	  

attempt	  to	  ensure	  the	  most	  accurate	  analysis	  of	  the	  anastomosis,	  a	  finer	  mesh	  was	  applied	  to	  

the	  anastomotic	  site.	  

	  

3.1.1 Pristine	  model	  

The	  pristine	  model	  was	  constructed	  by	  initially	  creating	  a	  semicircle	  with	  a	  diameter	  of	  1	  mm	  

in	  the	  xy-‐plane.	  This	  was	  then	  extruded	  to	  form	  a	  hemi-‐cylinder	  with	  a	  diameter	  of	  1	  mm,	  and	  

length	  of	  5	  mm,	  as	  shown	  in	  Figure	  3.8(a).	  
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3.1.2 Sutured	  anastomosis	  

The	  sutured	  anastomosis	  was	  created	  using	  DesignModeler’s	  primitive	  three-‐dimensional	  

objects.	  An	  ANSYS	  DesignModeler	  primitive	  torus	  was	  used	  to	  mimic	  the	  suture	  and	  was	  given	  

the	  same	  dimensions	  as	  microvascular	  suture	  material	  (0.03	  mm).	  This	  was	  then	  replicated	  

nine	  times,	  to	  model	  ten	  separate	  sutures,	  circumferentially	  at	  the	  midpoint	  of	  the	  

aforementioned	  pristine	  geometry	  (see	  Figure	  3.8(a)).	  This	  ring	  of	  sutures	  was	  then	  subtracted	  

from	  the	  previously	  created	  pristine	  geometry	  by	  employing	  a	  subtraction	  body	  operation	  

resident	  in	  DesignModeler.	  	  This	  operation	  essentially	  removed	  the	  tori	  thus	  leaving	  a	  hemi-‐

cylinder	  with	  suture-‐like	  deformities	  in	  an	  equidistant,	  concentric	  pattern.	  	  This	  process	  is	  

depicted	  below	  in	  Figure	  3.1.	  

(a)	   (b)	  

Figure	  3.1	  -‐	  Suture	  three-‐dimensional	  modelling	  process	  (a)	  tori	  ring	  (b)	  subtraction	  body	  operation	  

	  

3.1.3 Coupled	  anastomosis	  

The	  coupled	  anastomosis	  was	  created	  initially	  using	  measurements	  taken	  from	  the	  coupler	  

components	  under	  a	  microscope,	  with	  the	  sizes	  of	  the	  required	  fluid	  volume	  extracted	  from	  a	  

CATIA	  model	  as	  shown	  in	  Figure	  3.2.	  	  
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(a)	   (b)	  

Figure	  3.2	  -‐	  CATIA	  coupled	  anastomosis	  (a)	  assembly	  (b)	  exploded	  assembly	  

	  

This	  CATIA	  model	  (Figure	  3.2)	  was	  constructed	  using	  the	  Mechanical	  Assembly	  Design	  

workbench	  resident	  in	  the	  software	  using	  three	  previously	  formed	  CATIA	  parts,	  namely:	  

coupler-‐flange,	  pin	  and	  vessel	  section	  as	  shown	  in	  Figure	  3.3.	  	  	  	  	  

(a)	   (b)	   (c)	  

Figure	  3.3	  -‐	  CATIA	  anastomosis	  assembly	  parts	  (a)	  coupler	  flange,	  (b)	  pin	  and	  (c)	  vessel	  section	  

	  

The	  coupler	  flange	  was	  modelled	  using	  the	  sophisticated	  sketch	  tracing	  facilities	  supported	  by	  

CATIA.	  The	  exact	  geometrical	  form	  of	  the	  whole	  coupling	  device	  was	  extrapolated	  from	  

micrographs	  shown	  in	  Figure	  3.4.	  Here	  the	  CATIA	  software	  extrapolated	  the	  smaller	  

dimensions	  (e.g.	  pin	  holes)	  from	  the	  principal	  dimension	  of	  the	  known	  internal	  diameter	  of	  

1mm.	  Then,	  using	  the	  Part	  Design	  workbench,	  the	  inside	  and	  outside	  diameters	  were	  extruded	  

using	  the	  CATIA-‐Pad	  command.	  A	  single	  hole	  was	  then	  positioned	  on	  a	  pitch	  circle	  diameter	  

equivalent	  to	  the	  average	  of	  the	  inside	  and	  outside	  diameters;	  the	  diameter	  of	  the	  hole	  being	  

extrapolated	  by	  CATIA	  as	  described	  previously.	  Finally,	  this	  part	  design	  was	  completed	  via	  the	  

production	  of	  an	  array.	  
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Thereafter,	  the	  CATIA	  Image	  and	  Shape	  workbench	  was	  employed	  for	  extrapolation	  of	  the	  pin	  

length	  from	  the	  micrograph	  shown	  in	  Figure	  3.4(b),	  in	  addition	  to	  other	  principal	  sizes.	  The	  pin	  

being	  completed	  in	  three-‐dimensional	  space	  via	  a	  simple	  revolve	  using	  the	  CATIA-‐Shaft	  

command	  in	  the	  Part	  Design	  workbench.	  

The	  vascular	  section	  was	  constructed	  from	  a	  single	  revolution	  using	  the	  CATIA-‐Shaft	  command	  

in	  order	  to	  produce	  a	  vessel	  with	  an	  outside	  nominal	  diameter	  of	  1	  mm,	  and	  reflected	  vessel	  

wall	  of	  suitable	  size	  to	  effectively	  use	  the	  coupler	  flange.	  Subsequently,	  a	  wall-‐thickness	  (0.1	  

mm)	  (99)	  was	  added	  to	  this	  initial	  surface	  model	  to	  produce	  the	  finalised	  three-‐dimensional	  

CATIA	  part.	  

(a)	   (b)	  

Figure	  3.4	  -‐	  Micrographs	  of	  coupling	  device	  (a)	  plan	  and	  (b)	  side	  elevation	  used	  to	  construct	  CATIA	  model	  

	  

A	  sub-‐assembly	  was	  constructed	  in	  the	  CATIA	  Mechanical	  Assembly	  Design	  workbench	  that	  

consisted	  of	  the	  coupler	  flange	  and	  six	  pins	  (Figure	  3.5).	  This	  was	  achieved	  by	  using	  a	  

coincident	  constraint	  between	  the	  axes	  of	  each	  hole	  and	  pin.	  In	  addition	  a	  surface	  contact	  

constraint	  was	  applied	  at	  the	  base	  of	  the	  pin	  and	  hole;	  in	  each	  of	  the	  positions	  depicted	  in	  

Figure	  3.5.	  
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Figure	  3.5	  -‐	  CATIA	  coupler	  sub-‐assembly	  

	  

The	  surgical	  microvascular	  coupling	  procedure	  was	  then	  simulated	  using	  the	  CATIA	  Mechanical	  

Design	  Assembly	  workbench.	  In	  essence	  the	  actual	  surgical	  operation	  was	  replicated	  using	  the	  

CATIA	  functionality.	  Here,	  an	  analogous	  method	  was	  employed	  as	  that	  used	  to	  produce	  the	  

coupler	  sub-‐assembly.	  The	  vessel	  and	  coupler	  sub-‐assembly	  were	  made	  coincident	  along	  the	  

longitudinal	  axis,	  and	  a	  surface	  constraint	  applied	  between	  them,	  as	  indicated	  in	  Figure	  3.2(b).	  

This	  procedure	  was	  repeated	  for	  a	  second	  vessel	  and	  coupler,	  which	  were	  aligned	  using	  

appropriate	  coincident	  constraints	  on	  the	  remaining	  pins	  and	  holes,	  and	  subsequently	  

interlocked,	  as	  would	  be	  the	  case	  in	  the	  actual	  surgical	  procedure.	  

	  

With	  the	  anastomosis	  assembly	  model	  completed,	  the	  fluid	  control	  volume	  was	  determined	  by	  

sectioning	  the	  model	  through	  the	  axis	  of	  the	  vessel	  horizontally	  as	  shown	  in	  Figure	  3.6(a)	  and	  

(b).	  The	  fluid	  volume	  was	  created	  by	  revolving	  half	  this	  section	  about	  the	  longitudinal	  axis	  as	  

can	  be	  seen	  in	  Figure	  3.6(c).	  	  	  
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(a)	  	  
	  

(b)	  
	  

(c)	  

	  
Figure	  3.6	  -‐	  Control	  volume	  creation	  (a)	  section	  creation,	  (b)	  resulting	  section	  and	  (c)	  symmetric	  fluid	  volume	  

	  

Hence,	  the	  coupled	  anastomosis	  fluid	  model	  consisted	  of	  an	  annular	  outward-‐facing	  deformity	  

to	  mimic	  the	  reflection	  of	  the	  vessel	  walls	  when	  the	  coupling	  device	  was	  in-‐situ.	  The	  CAD	  

image	  of	  the	  anastomosis	  was	  then	  transferred	  manually	  into	  ANSYS	  DesignModeler,	  and	  the	  

wall	  defect	  re-‐created.	  The	  luminal	  diameters	  of	  the	  sutured	  and	  coupled	  models	  were	  scaled	  

and	  standardised	  to	  1	  mm	  during	  the	  ANSYS	  simulations	  to	  ensure	  direct	  comparability.	  
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3.2 Meshing	  techniques	  

All	  geometries	  were	  meshed	  using	  ANSYS	  Meshing	  (v13).	  Following	  advice	  directly	  from	  ANSYS	  

Inc.	  regarding	  the	  meshing	  of	  small	  ducts,	  and	  also	  in	  keeping	  with	  a	  large	  international	  study	  

using	  CFD	  to	  model	  cerebral	  aneurysms	  (75),	  tetrahedra	  meshes	  were	  created	  for	  all	  

geometries.	  The	  crucial	  aspect	  of	  this	  research	  was	  to	  monitor	  as	  closely	  as	  possible	  the	  flow	  

profile	  close	  to	  the	  walls,	  sutures	  and	  coupler.	  To	  this	  end,	  the	  patch	  conforming	  meshing	  

technique	  was	  used.	  This	  created	  a	  detailed	  surface	  mesh	  first,	  and	  then	  formed	  the	  volume	  

mesh.	  In	  a	  further	  attempt	  to	  ensure	  the	  most	  accurate	  readings	  at	  the	  model’s	  periphery,	  a	  

fine	  high-‐density	  mesh	  was	  then	  applied.	  All	  meshes	  were	  set	  with	  high	  smoothing	  to	  create	  

the	  smoothest	  transitions	  between	  mesh	  cells.	  

As	  described	  in	  Section	  3.1,	  the	  central	  (anastomosis)	  section	  of	  each	  geometry	  underwent	  a	  

further	  mesh	  refinement	  at	  the	  model	  edges	  in	  order	  to	  capture	  the	  boundary	  layer	  flow	  field.	  

Mesh	  reports	  for	  the	  geometries,	  along	  with	  target	  figures	  as	  suggested	  by	  ANSYS	  (100),	  used	  

in	  this	  study	  can	  be	  found	  below	  in	  Table	  3.1.	  This	  clearly	  showed	  that	  the	  number	  of	  nodes	  

and	  tetrahedra	  increased	  as	  the	  complexity	  of	  the	  geometry	  increased.	  

	   Nodes	  

(×103)	  

Tetrahedra	  	  

(×106)	  

Min.	  Face	  Angle	  

(Target	  ≥10°)	  

Max.	  Face	  Angle	  	  

(Target	  ≤170°)	  

Edge	  Length	  Ratio	  	  

(Target	  ≤100)	  

Pristine	  	   75	   0.04	   12°	   143°	   5	  

Sutured	  	   393	   2.08	   10°	   147°	   5	  

Coupled	  	   460	   2.41	   8°	   146°	   7	  

	  
Table	  3.1	  -‐	  Mesh	  reports	  for	  vessel	  geometries	  

	  

Given	  the	  microscopic	  nature	  of	  the	  simulations	  being	  performed,	  it	  was	  paramount	  to	  ensure	  

maximum	  accuracy	  by	  minimising	  the	  sources	  of	  error.	  One	  potential	  key	  source	  of	  error	  was	  
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poor	  geometrical	  mesh	  quality.	  Mesh	  quality	  could	  be	  measured	  in	  several	  ways	  i.e.	  mesh	  

orthogonality	  and	  aspect	  ratio	  (or	  stretching).	  	  

Mesh	  orthogonality	  relates	  to	  how	  close	  the	  angles	  between	  adjacent	  element	  faces	  are	  to	  an	  

optimal	  angle	  and	  can	  be	  measured	  using	  a	  variety	  of	  techniques,	  one	  of	  which	  is	  the	  

maximum	  and	  minimum	  face	  angle.	  As	  shown	  in	  Table	  3.1,	  all	  models	  have	  maximum	  and	  

minimum	  face	  angles	  in	  the	  ideal	  range	  except	  for	  the	  coupler,	  where	  the	  minimum	  face	  angle	  

is	  8°,	  and	  ideally	  should	  be	  10°	  or	  above.	  Although	  this	  was	  outside	  the	  ideal	  range,	  it	  was	  by	  a	  

very	  small	  amount,	  and	  the	  face	  angle	  parameter	  is	  not	  always	  optimal	  in	  three-‐dimensional	  

flows.	  As	  such,	  the	  figure	  of	  8°	  was	  deemed	  acceptable	  and	  unlikely	  to	  cause	  significant	  error.	  

The	  mesh	  aspect	  ratio	  relates	  to	  the	  degree	  that	  mesh	  elements	  are	  stretched,	  and	  can	  be	  

measured	  using	  the	  edge-‐length	  ratio.	  Again,	  referring	  to	  Table	  3.1,	  all	  meshes	  from	  the	  vessel	  

geometries	  had	  edge-‐length	  ratios	  well	  within	  the	  acceptable	  range.	  

These	  methods	  of	  mesh	  quality	  control	  indicated	  that	  reliable,	  good	  quality	  geometries	  have	  

been	  created	  and	  as	  such,	  reliable	  results	  should	  be	  obtained.	  Detailed	  figures	  of	  the	  sutured	  

and	  coupled	  meshes	  are	  shown	  in	  Figure	  3.7(a)	  &	  (b)	  and	  (c)	  &	  (d)	  respectively	  with	  images	  of	  

all	  three	  vessels	  shown	  in	  Figure	  3.8.	  It	  should	  be	  noted	  that	  whilst	  the	  mesh	  densities	  at	  the	  

anastomotic	  regions	  of	  each	  vessel	  appear	  different,	  they	  have	  undergone	  identical	  

refinements	  as	  dictated	  by	  the	  ANSYS	  CFX	  software.	  
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(a)	   (b)	  
	  

(c)	   (d)	  

Figure	  3.7	  -‐	  Meshes	  of	  the	  anastomotic	  region	  in	  the	  sutured	  (a)	  &	  (b)	  and	  coupled	  (c)	  &	  (d)	  models	  

	  
	  

3.3 Boundary	  conditions	  

Each	  model	  required	  a	  detailed	  set	  of	  accurate	  boundary	  conditions	  to	  be	  applied	  so	  that	  the	  

correct	  conclusions	  could	  be	  drawn	  from	  the	  results	  obtained.	  Two	  principal	  types	  of	  boundary	  

conditions	  were	  applied	  to	  the	  models,	  namely	  at	  the	  walls	  surrounding	  the	  flow	  domain,	  and	  

at	  the	  openings	  through	  which	  flow	  entered	  or	  exited	  this	  domain.	  Each	  boundary	  surface	  of	  

the	  geometry	  was	  addressed	  separately,	  as	  follows:	  

3.3.1 Inlet	  

The	  inlet	  boundary	  conditions	  remained	  constant	  for	  all	  simulations	  including	  the	  

benchmarking	  studies	  and	  vessel	  model	  analyses.	  These	  will	  now	  be	  explained	  individually.	  

From	  a	  mathematical	  viewpoint,	  they	  can	  be	  thought	  of	  as	  the	  knowns	  required	  in	  the	  

Reynolds	  transport	  equations	  (2.1)	  and	  (2.2)	  in	  order	  to	  solve	  the	  resulting	  system,	  e.g.	  the	  

Navier-‐Stokes	  which	  follow.	  The	  inlet	  location	  is	  shown	  in	  Figure	  3.8(a).	  
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(a)	  

(b)	  

(c)	  

Figure	  3.8	  -‐	  ANSYS-‐CFX	  (a)	  pristine,	  (b)	  sutured	  and	  (c)	  coupled	  blood	  vessel	  models,	  inc.	  boundary	  conditions	  

	  

Line	  for	  data	  extrapolation	  

Inlet	  

Outlet	  

Symmetry	  

Wall	  
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Benchmarking	  

All	  benchmarking	  studies	  were	  carried	  out	  using	  water	  as	  the	  working	  fluid.	  A	  laminar	  solution	  

was	  sought	  as	  the	  Reynolds	  number	  (1.1)	  was	  low,	  i.e.	  90	  <<	  2300	  -‐	  the	  accepted	  duct	  flow	  

transition	  value	  (19).	  This	  benchmarking	  process	  was	  performed	  to	  establish	  computationally	  

the	  length	  of	  duct	  required	  for	  the	  flow	  to	  become	  fully	  developed,	  which	  is	  known	  (101)	  to	  be	  

larger	  than	  observed	  experimentally	  (in	  this	  case	  0.06  !"!!~  6!	  (19);	  where	  a	  paraboloid	  

velocity	  distribution	  is	  expected	  (Figure	  3.9).	  	  

	  

Figure	  3.9	  -‐	  Paraboloid	  velocity	  distribution	  in	  a	  straight	  rigid	  circular	  vessel	  with	  constant	  flow	  (created	  in	  
MathWorks	  MATLAB)	  	  	  

	  

The	  benchmarking	  routine	  applied	  a	  mass	  flow	  rate	  of	  1.045x10-‐4	  kg	  s-‐1	  (calculated	  from	  the	  

maximum	  arterial	  flow	  from	  (40))	  at	  the	  inlet	  through	  a	  circular	  duct	  of	  1	  mm	  diameter	  that	  is	  

analogous	  to	  the	  blood	  vessels	  to	  be	  investigated.	  Data	  from	  these	  analyses	  are	  shown	  in	  

Figure	  3.10.	  Here,	  the	  open	  circles	  represent	  the	  velocity	  values	  extrapolated	  from	  a	  diameter	  

toward	  the	  outlet	  of	  the	  model	  as	  indicated	  in	  Figure	  3.8(a).	  The	  crosses	  signify	  velocity	  data	  

values	  obtained	  from	  an	  analogous	  diameter	  approximately	  at	  the	  models	  centre.	  These	  data	  

clearly	  show	  the	  development	  of	  the	  flow	  field.	  The	  theoretical	  solution	  of	  the	  Navier-‐Stokes	  

equations	  is	  also	  denoted	  in	  Figure	  3.10	  as	  the	  continuous	  line.	  	  

x	  

y	  

z	  
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Figure	  3.10	  -‐	  Comparison	  of	  theoretical	  and	  analytical	  velocity	  profiles	  

	  

The	  data	  show	  the	  velocity	  field	  is	  a	  function	  of	  only	  the	  radial	  coordinate	  in	  these	  special	  

cases.	  Hence,	  as	  suggested	  previously,	  an	  analytical	  theoretical	  model	  could	  be	  developed	  for	  

this	  pristine	  case	  from	  direct	  solution	  of	  the	  Navier-‐Stokes	  equations	  (2.5),	  transformed	  into	  

cylindrical	  coordinates	  and	  neglecting	  the	  hoop	  and	  axial	  momentum	  terms,	  as	  follows:	  	  

	  

!
!!
!"

= !! −
!"
!"

+ !
1
!
!
!"

!
!"
!"

	  

(3.1)	  

Since	  the	  fluid	  was	  modelled	  horizontally	  under	  steady	  state	  conditions	  the	  first	  two	  terms	  

vanished	  and	  equation	  (3.1)	  became:	  

!"
!"

= !
1
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!
!"
!"
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The	  physics	  dictated	  that	  the	  term	  on	  the	  left	  hand	  side	  was	  constant,	  as	  a	  constant	  pressure	  

drop	  must	  drive	  the	  flow:	  	  

∆!
!
= !

1
!
!
!"

!
!"
!"

	  

where	  L	  was	  the	  length	  of	  the	  duct.	  Noting	  here,	  the	  change	  to	  ordinary	  differentials	  as	  

opposed	  to	  partial	  differentials	  since	  the	  data	  indicated	  that	  the	  velocity	  field	  was	  solely	  a	  

function	  of	  the	  radial	  coordinate,	  therefore:	  

∆!
!!

! =
!
!"

!
!"
!"

	  

	  

Integrating	  twice	  rendered:	  

!(!) =
∆!!!

4!!
+ !!ln  (!)+!!	  

(3.2)	  

where	  c1	  and	  c2	  were	  the	  constants	  of	  integration.	  The	  first	  constant	  of	  integration	  must	  be	  

zero	  as	  the	  velocity	  was	  singularly	  defined	  and	  bounded	  (i.e.	  not	  minus	  infinity)	  at	  this	  point	  

i.e.	  0.13	  m	  s-‐1	  in	  this	  particular	  case	  (Figure	  3.10).	  Moreover,	  the	  non-‐slip	  boundary	  condition	  

implied	  that	  velocity	  must	  be	  zero	  at	  the	  walls,	  i.e.	  when	  ! = !,	  therefore:	  

	  

! ! = −
!!∆!
4!!

1 −
!!

!!
	  

(3.3)	  

It	  was	  this	  function	  that	  was	  plotted	  as	  the	  theoretical	  curve	  in	  Figure	  3.10	  for	  comparison	  with	  

the	  CFD	  data	  obtained	  from	  the	  ANSYS	  CFX	  commercial	  code.	  

	  

In	  addition,	  a	  second	  order	  (quadratic)	  fit	  of	  the	  CFD	  data	  obtained	  from	  the	  end	  of	  the	  model	  

was	  included	  as	  a	  dotted	  line	  for	  further	  comparative	  purposes.	  	  This	  implies	  that	  the	  ANSYS	  
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CFX	  software	  calculated	  an	  accurate	  velocity	  distribution	  in	  both	  undeveloped	  and	  developed	  

flow	  forms.	  This	  was	  evidenced	  by	  the	  data	  obtained	  from	  the	  centre	  of	  the	  model	  lying	  under	  

the	  data	  obtained	  towards	  the	  outlet	  of	  the	  model,	  thus	  indicating	  underdeveloped	  flow	  closer	  

to	  the	  inlet,	  as	  expected.	  Particularly	  good	  agreement	  was	  shown	  between	  the	  data	  obtained	  

from	  the	  end	  of	  the	  model	  and	  the	  analytical	  model	  derived	  in	  this	  section	  (equation	  (3.3)).	  

Further	  incontrovertible	  evidence	  of	  a	  quadratic	  velocity	  distribution	  was	  obtained	  by	  

observing	  the	  least-‐squared	  fit	  of	  these	  particular	  data.	  Incidentally,	  the	  correlation	  coefficient	  

between	  the	  theoretical	  and	  least-‐square	  fit	  data	  was	  0.999,	  which	  strongly	  indicates	  that	  the	  

CFD	  data	  obtained	  and	  the	  theoretical	  model	  developed	  here	  describe	  an	  identical	  physical	  

phenomenon.	  	  

	  

It	  should	  be	  noted	  that	  these	  results	  were	  obtained	  from	  models	  approximately	  30	  mm	  in	  

length	  to	  enable	  the	  flow	  to	  fully	  develop.	  Since	  the	  vessels	  to	  be	  simulated	  were	  part	  of	  a	  

larger	  cardiovascular	  system,	  a	  pertinent	  assumption	  therefore	  was	  that	  flow	  through	  the	  

anastomosed	  vessels	  would	  be	  fully	  developed.	  Hence,	  all	  steady	  state	  simulations	  that	  

followed	  applied	  a	  paraboloid	  velocity	  profile	  to	  the	  inlet	  using	  functionality	  within	  the	  ANSYS-‐

CFX	  software.	  This	  well-‐recognised	  technique	  has	  been	  demonstrated	  in	  previous	  work	  (48,76).	  

In	  a	  straight	  vessel,	  fluid	  moves	  at	  different	  velocities	  at	  different	  points,	  with	  fast	  flow	  in	  the	  

centre	  and	  slow	  flow	  at	  the	  walls.	  This	  pattern	  is	  a	  result	  of	  friction	  between	  the	  fluid	  and	  the	  

vessel	  wall	  and	  within	  the	  fluid	  itself,	  and	  it	  assumes	  a	  parabolic	  profile	  (102).	  In	  Rickard’s	  (40)	  

study,	  the	  aforementioned	  assumption	  of	  a	  paraboloid	  velocity	  distribution	  was	  imposed	  on	  all	  

models,	  that	  is,	  the	  following	  expression	  was	  applied	  at	  the	  inlet:	  

	  

! ! = −
2!
!!!

1 −
!!

!!
	  

(3.4)	  
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where	  Q	  is	  the	  volumetric	  flow	  rate.	  This	  expression	  was	  made	  equivalent	  to	  the	  analytical	  

model	  developed	  earlier	  in	  this	  section	  by	  integration	  of	  equation	  (3.3),	  rendering	  the	  

volumetric	  flow	  rate:	  

! =
!!!∆!
8!"

	  

	  

and	  substituting	  the	  pressure	  drop	  per	  unit	  length	  into	  equation	  (3.3).	  Incidentally,	  the	  ANSYS-‐

CFX	  software	  required	  a	  mass	  flow	  rate	  (! = !")	  in	  order	  to	  define	  velocity	  distribution.	  

Hence,	  this	  definition	  was	  substituted	  into	  equation	  (3.4)	  to	  give:	  

	  

! ! =
2!
!"!!

1 −
!!

!!
	  

	  (3.5)	  

It	  was	  this	  equation	  that	  was	  applied	  in	  the	  software	  at	  the	  inlet	  for	  all	  steady	  state	  

simulations.	  

	  

Steady	  state	  vessel	  models	  

All	  steady	  state	  vascular	  simulations	  were	  carried	  out	  using	  blood	  as	  the	  working	  fluid.	  This	  

was	  modelled	  as	  an	  incompressible	  Newtonian	  fluid	  with	  a	  density	  of	  1060	  kg	  m-‐3	  and	  dynamic	  

viscosity	  of	  0.0035	  Pa	  s	  in	  accordance	  with	  current	  literature	  (40,45,63,75,76).	  

All	  simulations	  were	  conducted	  using	  the	  laminar	  flow	  model,	  as	  the	  Reynolds	  number	  (Re,	  

equation	  (1.1))	  for	  these	  models	  was	  low	  (Re	  ≈	  90).	  

All	  arterial	  models	  were	  given	  a	  constant	  mass	  flow	  rate	  of	  1.045x10-‐4	  kg	  s-‐1;	  this	  was	  

calculated	  from	  the	  maximum	  volume	  flow	  rate	  through	  the	  right	  femoral	  artery	  of	  a	  single	  

410	  g	  outbred	  male	  Wistar	  rat	  in	  the	  study	  by	  Rickard	  et	  al.	  (40).	  A	  summary	  of	  all	  data	  entered	  

into	  the	  simulations	  can	  be	  found	  in	  Table	  4.1.	  
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3.3.2 Outlet	  

All	  simulations	  were	  conducted	  with	  identical	  outlet	  conditions.	  The	  relative	  pressure	  was	  set	  

to	  zero	  in	  all	  models	  so	  as	  not	  to	  influence	  the	  flow	  phenomena	  or	  recirculation	  patterns	  

upstream.	  This	  method	  was	  previously	  used	  on	  clinically	  relevant	  models	  (40).	  The	  location	  of	  

the	  outlet	  boundary	  is	  demonstrated	  in	  Figure	  3.8(a).	  

	  

3.3.3 Wall	  

In	  keeping	  with	  previous	  studies	  (40,63,73,76,82),	  including	  an	  international	  study	  on	  

intracerebral	  blood	  flow	  (75),	  all	  walls	  were	  simulated	  as	  rigid,	  non-‐compliant	  structures	  with	  

non-‐slip	  conditions.	  As	  such,	  the	  boundary	  condition	  applied	  to	  all	  walls	  was	  that	  of	  zero	  

velocity	  and	  hence	  maximum	  shear	  stress.	  The	  wall	  boundary	  can	  be	  seen	  in	  Figure	  3.8(a).	  

	  

3.3.4 Symmetry	  

All	  models	  were	  created	  with	  a	  symmetry	  condition	  axially	  in	  the	  longitudinal	  plane,	  as	  

demonstrated	  in	  Figure	  3.8(a).	  This	  method	  has	  also	  been	  employed	  in	  similar	  research	  on	  

blood	  flow	  modelling	  (40).	  

	  

3.4 Post-‐processing	  

All	  simulations	  were	  examined	  using	  the	  high-‐end	  graphical	  post-‐processing	  software	  ANSYS	  

CFD-‐Post.	  This	  programme	  was	  the	  common	  post-‐processor	  to	  the	  ANSYS	  fluid	  dynamics	  

family	  of	  products	  and	  enabled	  clear	  analysis	  and	  visualisation	  of	  results.	  	  	  

ANSYS	  CFD-‐Post	  had	  a	  wide	  range	  of	  features	  including	  mesh	  visualisation,	  the	  ability	  to	  define	  

locations	  for	  quantitative	  calculations,	  and	  a	  graphical	  user	  interface	  with	  a	  viewer	  pane	  to	  

display	  the	  generated	  outputs	  (103).	  
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There	  are	  a	  variety	  of	  methods	  available	  to	  provide	  visual	  representations	  of	  the	  calculated	  

data,	  which	  can	  be	  extremely	  beneficial	  to	  gain	  an	  overall	  impression	  of	  the	  data	  at	  a	  glance.	  

Fluid	  flow	  can	  be	  represented	  as	  streamlines,	  vector	  plots,	  or	  vortex	  cores,	  as	  well	  as	  many	  

other	  methods,	  and	  all	  can	  be	  animated	  using	  the	  movie	  function.	  	  

As	  well	  as	  producing	  visual	  displays	  of	  the	  flow	  data,	  the	  post-‐processor	  permits	  powerful	  

quantitative	  data	  analysis.	  It	  is	  possible	  to	  create	  charts	  of	  variables	  such	  as	  velocity,	  pressure,	  

and	  WSS	  at	  any	  given	  point,	  or	  surface,	  on	  the	  geometry.	  These	  can	  be	  tabulated	  as	  a	  dataset	  

and	  incorporated	  into	  a	  report	  containing	  all	  the	  generated	  images,	  charts	  and	  movies	  for	  

presentation	  purposes	  or	  further	  statistical	  analysis.	  

All	  simulations	  in	  this	  study	  underwent	  a	  basic	  set	  of	  post-‐processing	  interventions	  to	  produce	  

the	  data	  for	  analysis,	  although	  some	  models	  required	  further,	  more	  detailed	  processing.	  Each	  

model	  was	  analysed	  to	  demonstrate	  the	  velocity	  and	  pressure	  profiles	  throughout.	  Wall	  

velocity	  (boundary	  layer	  velocity)	  and	  wall-‐pressure	  profiles	  were	  also	  created	  for	  each	  

geometry,	  to	  examine	  the	  flow	  in	  this	  region	  in	  more	  detail.	  Velocity	  streamlines	  were	  

generated	  from	  the	  inlet	  and	  animated	  to	  better	  visualise	  the	  overall	  flow	  pattern,	  and	  vortex	  

cores	  were	  produced	  to	  demonstrate	  the	  vorticity	  caused	  by	  the	  variance	  in	  geometry,	  

particularly	  at	  the	  wall	  in	  the	  anastomotic	  region.	  Vorticity	  is	  defined	  as	  the	  curl	  of	  the	  velocity	  

field	  and	  as	  such	  might	  indicate	  regions	  of	  recirculating	  flow,	  and	  subsequently	  areas	  of	  

potential	  clot	  development.	  Importantly,	  as	  high	  WSS	  had	  been	  linked	  to	  platelet	  activation	  

and	  therefore	  thrombus	  formation,	  WSS	  and	  SSR	  were	  also	  determined	  for	  each	  simulation.	  

Images	  demonstrating	  the	  output	  of	  each	  stage	  of	  the	  post-‐processing	  phase	  are	  shown	  

subsequently	  in	  the	  figures	  of	  Chapter	  4.	  
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3.5 Statistical	  analysis	  	  

	  

The	  CFD	  software	  generated	  a	  large	  quantity	  of	  data,	  and	  as	  such,	  only	  directly	  applicable	  data	  

were	  statistically	  analysed.	  In	  particular,	  the	  values	  for	  WSS	  underwent	  initial	  analysis	  using	  a	  

Lillie	  test	  to	  ensure	  a	  normal	  distribution,	  and	  subsequently,	  a	  one-‐tailed	  Student’s	  t-‐test	  was	  

performed.	  A	  one-‐tailed	  Student’s	  t-‐test	  was	  used	  as	  it	  was	  clear	  from	  the	  data	  that	  there	  was	  

a	  difference	  in	  the	  WSS	  in	  one	  direction	  only	  i.e.	  an	  increase,	  and	  for	  this	  reason,	  a	  two-‐tailed	  

t-‐test	  would	  be	  unnecessary	  (104).	  

Results	  with	  p	  values	  <	  0.1%	  (0.001)	  were	  deemed	  significant.	  The	  data	  were	  assumed	  to	  be	  

homoscedastic	  in	  nature,	  and	  this	  was	  confirmed	  using	  Fisher’s	  test.	  Discussion	  of	  the	  

statistical	  analysis	  is	  found	  in	  sections	  4.2	  and	  5.2.	  Where	  possible,	  data	  are	  presented	  as	  mean	  

±	  Standard	  Error	  of	  the	  Mean	  (SEM	  ±	  10%).	  
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4 Results	  

This	  chapter	  presents	  the	  results	  obtained	  from	  all	  vessel	  simulations	  performed	  in	  this	  

research.	  Input	  data	  for	  the	  simulations	  are	  displayed	  below	  in	  Table	  4.1.	  

Vessel	  diameter	   1	  mm	  

Vessel	  section	  length	   5	  mm	  

Vessel	  walls	   Non-‐compliant,	  Non-‐slip	  

Flow	  regimen	   Laminar,	  Steady-‐state	  

Reynolds	  number	  (Re)	   ≈90	  

Fluid	  type	   Blood	  (Newtonian)	  

Blood	  density	   1060	  kgm-‐3	  

Blood	  viscosity	   0.0035	  Pa	  s	  

Inlet	  profile	   Paraboloid	  (fully	  developed	  flow)	  

Mass	  flow	  rate	   1.045x10-‐4	  kg	  s-‐1	  (Calculated	  from	  (40))	  	  

Relative	  pressure	   0	  Pa	  

Advection	  scheme	   High	  resolution	  (ANSYS	  default)	  

Convergence	  control	   1-‐100	  iterations	  (ANSYS	  default)	  

Convergence	  criteria	  Root	  Mean	  Squared	  (RMS)	   1x104	  (ANSYS	  default)	  

	  
Table	  4.1	  -‐	  Summary	  of	  input	  data	  parameters	  

	  

4.1 Vessel	  simulations	  

The	  results	  for	  the	  vessel	  simulations	  are	  presented	  below.	  Evaluation	  of	  velocity	  profiles,	  

pressure	  contours,	  WSS,	  SSR	  and	  vorticity	  distributions	  are	  addressed	  in	  turn	  for	  each	  of	  the	  

pristine,	  sutured	  and	  coupled	  anastomoses.	  
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4.1.1 Velocity	  profiles	  

The	  results	  obtained	  for	  the	  primary	  velocity	  field	  are	  shown	  in	  Figure	  4.1.	  	  

Pristine	  
The	  velocity	  distribution	  being	  shown	  in	  Figure	  4.1(a)	  where	  a	  zero	  velocity	  is	  observed	  as	  

expected	  at	  the	  walls	  of	  the	  pristine	  vessel;	  the	  maximum	  velocity	  ~0.25	  ms-‐1	  being	  evaluated	  

at	  the	  central	  core	  which	  is	  in	  complete	  agreement	  with	  application	  of	  equation	  (3.5),	  with	  the	  

appropriate	  variables	  set	  as	  in	  section	  3.3.1.	  Furthermore,	  it	  can	  be	  seen	  that	  the	  profile	  is	  

unchanged	  throughout	  the	  length	  of	  the	  vessel	  signifying	  the	  steady-‐state	  solution	  (equation	  

(3.5)).	  This	  is	  expected,	  since	  there	  are	  no	  changes	  in	  the	  geometry	  and,	  as	  mentioned	  

previously,	  a	  laminar	  solution	  was	  sought.	  

Further	  evidence	  of	  adherence	  of	  the	  CFD	  solution	  to	  the	  analytical	  model	  developed	  in	  

section	  3.3.1	  is	  shown	  in	  Figure	  4.1(b).	  Here,	  the	  wall	  velocity13	  is	  shown	  and	  ranges	  from	  4.2	  

x10-‐5	  to	  8.5x10-‐3ms-‐1	  which	  are	  over	  two	  orders	  of	  magnitude	  less	  than	  the	  applied	  maximum	  

velocity,	  indicating	  a	  near-‐zero	  velocity	  at	  the	  wall.	  However,	  these	  values	  show	  a	  divergence	  

from	  the	  wall	  velocity	  boundary	  condition	  (which	  should	  of	  course	  be	  zero).	  This	  can	  be	  

interpreted	  as	  a	  plot	  of	  the	  boundary	  layer	  velocity	  profile	  where	  a	  significant	  jump	  totalling	  

two	  orders	  of	  magnitude	  is	  observed	  at	  a	  distance	  of	  approximately	  0.02	  mm	  from	  the	  wall.	  

Interestingly,	  this	  boundary	  layer	  velocity	  profile	  gives	  not	  only	  a	  qualitative	  but	  also	  a	  

quantitative	  measurement	  of	  boundary	  layer	  flow	  in	  all	  types	  of	  vessels	  investigated	  

throughout	  this	  work.	  That	  is,	  values	  higher	  than	  the	  maximum	  velocity	  indicated	  in	  Figure	  

4.1(b)	  signify	  accelerated	  flow	  due	  to	  geometrical	  changes;	  conversely,	  decelerated	  or	  sluggish	  

flow	  within	  the	  boundary	  layer	  can	  also	  be	  demonstrated.	  

The	  CFD	  data	  presented	  are	  in	  remarkably	  good	  agreement	  with	  equation	  (3.5)	  and	  therefore	  

Figure	  3.10.	  From	  the	  analysis	  performed,	  it	  can	  consequently	  be	  inferred	  that	  the	  pristine	  

vessel	  model	  is	  in	  excellent	  agreement	  with	  theory	  and	  as	  such	  is	  physically	  realistic.	  	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
13	  As	  defined	  by	  the	  ANSYS	  CFX	  software	  
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(a)	  

(b)	  

Figure	  4.1	  -‐	  Pristine	  CFX	  streamlines	  (a)	  velocity	  profile,	  (b)	  boundary	  layer	  velocity	  profile	  

	  

Sutured	  
The	  velocity	  profiles	  for	  the	  sutured	  anastomosis	  are	  shown	  in	  Figure	  4.2.	  The	  complete	  

velocity	  field	  is	  demonstrated	  in	  Figure	  4.2(a)	  with	  a	  maximum	  velocity	  of	  ~0.25	  ms-‐1	  being	  

observed	  in	  the	  central	  core	  region	  which	  is	  almost	  identical	  to	  that	  of	  the	  pristine	  model,	  as	  

expected.	  The	  profile	  remains	  largely	  unchanged	  throughout	  its	  length,	  however,	  there	  is	  

altered	  flow	  around	  the	  sutures	  which	  can	  be	  seen	  in	  Figure	  4.2(b)	  and	  (c).	  These	  images	  show	  

fluid	  diverging	  around	  the	  suture	  material	  and	  slowing.	  
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(a)	  

(b)	  

(c)	  

	  
Figure	  4.2	  -‐	  Sutured	  CFX	  streamlines	  (a)	  velocity	  profile,	  (b)	  boundary	  layer	  velocity	  profile	  and	  (c)	  close	  up	  of	  

single	  suture	  boundary	  layer	  velocity	  profile	  with	  underlying	  mesh	  
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Coupled	  
The	  coupled	  anastomosis	  velocity	  profiles	  are	  shown	  in	  Figure	  4.3(a)	  to	  (c).	  The	  complete	  

velocity	  field	  is	  demonstrated	  in	  Figure	  4.3(a)	  again,	  unsurprisingly,	  a	  maximum	  velocity	  of	  

~0.25	  ms-‐1	  is	  observed	  in	  the	  central	  region	  which	  is	  almost	  identical	  to	  that	  of	  the	  pristine	  and	  

sutured	  models.	  Again,	  the	  profile	  remains	  largely	  unchanged	  throughout	  its	  length;	  however,	  

there	  is	  some	  altered	  flow	  in	  the	  anastomotic	  region	  which	  can	  be	  seen	  in	  Figure	  4.3(b)	  and	  (c).	  

Fluid	  is	  shown	  deviating	  around	  the	  reflected	  vessel	  wall.	  Analysis	  of	  the	  absolute	  figures	  for	  

both	  sutured	  and	  coupled	  velocity	  profiles	  reveals	  remarkably	  similar	  results	  for	  these	  

techniques.	  Direct	  comparison	  of	  the	  average	  and	  maximum	  velocities	  for	  each	  vessel	  

simulation	  can	  be	  seen	  in	  Table	  4.2,	  with	  the	  sutured	  and	  coupled	  models	  producing	  almost	  

identical	  values.	  

	  

	   Mean	  boundary	  velocity	  
(x10-‐3	  ms-‐1)	  

Maximum	  boundary	  velocity	  
(x10-‐3	  ms-‐1)	  

Pristine	   4.33	  	  ±	  0.2	   6.43	  	  ±	  0.3	  
Sutured	   6.32	  	  ±	  0.3	   9.62	  	  ±	  0.5	  
Coupled	   6.24	  	  ±	  0.3	   9.34	  	  ±	  0.5	  

	  
	  

	  
	  
	  
	  
	  
	  
	  
	  
	  
	  

Table	  4.2	  -‐	  Mean	  and	  maximum	  boundary	  velocity	  comparison	  inc.	  SEM	  depicted	  as	  ANSYS	  default	  of	  10%	  
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(a)

	  (b)	  

	  
Figure	  4.3	  -‐	  Coupled	  CFX	  streamlines	  (a)	  velocity	  profile,	  (b)	  internal	  boundary	  layer	  velocity	  profile	  	  

	  

4.1.2 Pressure	  contours	  
	  

The	  resulting	  pressure	  contours	  as	  calculated	  from	  the	  velocity	  distribution	  (Figure	  4.1),	  are	  

shown	  in	  

Figure	  4.4(a)	  and	  (b)	  on	  the	  symmetry	  plane	  and	  at	  the	  wall	  respectively;	  which	  are	  

approximately	  equal	  within	  numerical	  convergence.	  These	  demonstrate	  a	  linear	  pressure	  drop	  

from	  the	  inlet	  to	  the	  outlet,	  which	  is	  certainly	  the	  case	  physically.	  This	  is	  a	  consequence	  of	  the	  

velocity	  distribution	  remaining	  unchanged	  throughout	  the	  vessel	  (steady-‐state	  with	  no	  

geometrical	  changes)	  and	  a	  relative	  static	  pressure	  of	  zero	  being	  applied	  at	  the	  outlet,	  
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meaning	  the	  pressure	  is	  driving	  the	  flow	  in	  this	  and	  all	  subsequent	  cases.	  Furthermore,	  the	  

value	  of	  the	  pressure	  drop	  can	  be	  verified	  via	  combination	  of	  equations	  (3.3)	  and	  (3.5),	  

followed	  by	  integration	  with	  respect	  to	  the	  z-‐coordinate,	  thus:	  

	  

!(!) =   
8!! ! − !

!"!!
	  

(4.1)	  

Application	  of	  this	  equation	  gives	  a	  value	  of	  pressure	  drop	  of	  70.3Pa	  over	  the	  full	  length	  of	  the	  

vessel,	  which	  implies	  that	  the	  derived	  CFD	  pressure	  values	  are	  less	  than	  5%	  in	  error	  when	  

compared	  to	  this	  exact	  theoretical	  value.	  This	  error	  is	  acceptable	  since	  the	  convergence	  sought	  

during	  the	  solution	  of	  the	  CFD	  model	  was	  set	  to	  the	  default	  value	  of	  10%	  in	  the	  ANSYS-‐CFX	  

software.	  	  

A	  further,	  more	  rigorous,	  comparison	  between	  the	  CFD	  data	  obtained	  from	  a	  line	  located	  

through	  the	  centre	  of	  the	  vessel	  on	  the	  symmetry	  plane	  and	  values	  calculated	  from	  the	  

theoretical	  analytical	  model	  are	  shown	  in	  Figure	  4.5,	  where	  excellent	  agreement	  is	  

demonstrated.	  Regression	  analysis	  of	  these	  data	  with	  analytically	  calculated	  data	  reveals	  a	  

perfectly	  correlated	  linear	  regression	  coefficient	  of	  1.02.	  Since	  the	  underlining	  physics	  and	  

modelling	  assumptions	  for	  both	  techniques	  are	  identical,	  this	  demonstrates	  that	  both	  the	  

analytical	  and	  CFD	  data	  are	  modelling	  an	  identical	  phenomenon	  of	  blood	  flow	  through	  a	  

pristine	  vessel.	  
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	  (a)	  
	  
	  

	  (b)	  
	  
	  

Figure	  4.4	  -‐	  Pristine	  CFX	  pressure	  contours	  at	  (a)	  symmetry	  plane	  and	  (b)	  wall	  	  
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Figure	  4.5	  -‐	  Pristine	  CFD	  and	  theoretical	  pressure	  profile	  comparisons	  	  

	  

Pressure	  contours	  for	  the	  sutured	  anastomosis	  are	  shown	  at	  both	  the	  symmetry	  plane	  and	  the	  

wall	  in	  Figure	  4.6(a)	  and	  (b).	  There	  is	  an	  overall	  linear	  pressure	  drop	  from	  the	  inlet	  along	  the	  

vessel	  length	  that	  is	  comparable	  to	  that	  of	  the	  pristine	  model.	  However,	  the	  inlet	  pressure	  in	  

this	  simulation	  is	  88	  Pa,	  which	  is	  higher	  than	  that	  of	  the	  pristine	  model	  (74	  Pa)	  indicating	  

restriction	  in	  the	  flow	  field	  due	  to	  the	  change	  in	  geometry.	  Hence,	  a	  higher	  pressure	  is	  required	  

to	  maintain	  the	  flow	  rate.	  The	  addition	  of	  the	  suture	  material	  has	  altered	  the	  pressure	  profile	  

at	  the	  walls,	  more	  specifically,	  at	  the	  site	  of	  the	  sutures	  themselves.	  Here,	  an	  increased	  

pressure	  is	  seen	  on	  the	  proximal	  upstream	  edge	  of	  the	  suture,	  with	  a	  relatively	  low	  pressure	  

demonstrated	  distally	  as	  expected.	  
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(a)	  

	  

(b)	  
	  

Figure	  4.6	  -‐	  Sutured	  CFX	  pressure	  contours	  at	  (a)	  symmetry	  plane	  and	  (b)	  wall	  
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Pressure	  contours	  for	  the	  coupled	  anastomosis	  are	  demonstrated	  at	  both	  the	  symmetry	  plane	  

and	  the	  wall	  in	  Figure	  4.7(a)	  and	  (b).	  Again,	  there	  is	  an	  overall	  linear	  pressure	  drop	  from	  the	  

inlet	  along	  the	  vessel	  length,	  which	  is	  comparable	  to	  that	  of	  both	  the	  pristine	  and	  sutured	  

models.	  As	  expected,	  a	  reduced	  pressure	  is	  seen	  on	  the	  proximal	  upstream	  edge	  of	  the	  annular	  

region,	  with	  a	  relatively	  higher	  pressure	  demonstrated	  distally.	  

(a)	  

	  

(b)	  
	  

Figure	  4.7	  -‐	  Coupled	  CFX	  pressure	  contours	  at	  (a)	  symmetry	  plane	  and	  (b)	  wall	  



	  
	  

60	  

	  

4.1.3 Wall	  Shear	  Stress	  (WSS)	  and	  Shear	  Strain	  Rate	  (SSR)	  
	  

Since	  it	  is	  known	  from	  the	  literature	  that	  changes	  in	  the	  WSS	  can	  lead	  to	  platelet	  activation	  

and	  subsequently	  thrombus	  formation	  (93,94),	  then	  it	  is	  important	  to	  consider	  such	  data	  from	  

the	  CFD	  code	  (Figure	  4.8),	  where	  an	  average	  value	  of	  approximately	  3.5	  Pa	  is	  observed,	  if	  the	  

Saint-‐Venant’s	  (105)	  edge	  effects	  are	  neglected.	  Moreover,	  for	  pristine	  vessels,	  analytical	  

values	  can	  be	  obtained	  and	  serve	  as	  a	  final	  validation	  of	  methods.	  Hence	  the	  average	  value	  

shown	  can	  be	  compared	  with	  the	  analytical	  model	  developed	  previously	  via	  differentiation	  of	  

the	  velocity	  field	  (3.5),	  thus:	  

	  

! ! =   
4!!
!"!!

	  

(4.2)	  

Where	  ! ! 	  is	  the	  shear	  stress	  when	  ! = !,	  that	  is	  the	  wall	  shear	  stress.	  Application	  of	  this	  

renders	  a	  value	  of	  3.51	  Pa	  for	  the	  fluid	  simulated	  as	  in	  Figure	  4.8;	  hence	  further	  demonstrating	  

excellent	  agreement	  between	  the	  CFD	  modelling	  data	  and	  the	  theoretical	  solution	  of	  the	  

Navier-‐Stokes	  equations	  (section	  3.3.1).	  	  
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Figure	  4.8	  -‐	  Pristine	  CFX	  wall	  shear	  stress	  contour	  

	  

Profiles	  created	  for	  the	  WSS	  in	  the	  sutured	  model	  are	  shown	  in	  Figure	  4.9(a)	  to	  (c).	  Like	  the	  

pristine	  model,	  the	  distribution	  is	  even	  throughout	  the	  vessel,	  however,	  the	  average	  WSS	  is	  

4.54	  Pa	  with	  a	  maximum	  WSS	  of	  9.91	  Pa.	  This	  is	  considerably	  larger	  than	  that	  of	  the	  pristine	  

model,	  where	  the	  average	  WSS	  is	  3.50	  Pa	  and	  the	  maximum	  is	  3.82	  Pa.	  A	  direct	  comparison	  of	  

the	  WSS	  in	  all	  three	  models	  can	  be	  seen	  in	  Table	  4.3.	  Although	  the	  average	  WSS	  is	  larger	  and	  

relatively	  uniform	  throughout	  the	  vessel,	  most	  importantly	  the	  areas	  of	  highest	  WSS	  are	  the	  

suture	  sites	  themselves,	  see	  Figure	  4.9(b)	  and	  (c).	  In	  terms	  of	  thrombogenic	  potential,	  these	  

isolated	  areas	  of	  high	  WSS	  are	  a	  significant	  finding.	  

	  

	  

	  

	  

	  

	  



	  
	  

62	  

	  

(a)	  
	  

(b)	  
	  

(c)	  

Figure	  4.9	  -‐	  Sutured	  CFX	  wall	  shear	  stress	  contour	  at	  (a)	  whole	  vessel,	  (b)	  anastomosis	  and	  (c)	  close	  up	  of	  single	  
suture	  
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The	  Shear	  Strain	  Rate	  (SSR)	  for	  the	  sutured	  anastomosis	  is	  plotted	  below	  in	  Figure	  4.10.	  As	  SSR	  

is	  proportional	  to	  WSS	  in	  Newtonian	  fluids,	  the	  profile	  for	  SSR	  is	  unsurprisingly	  similar	  to	  that	  

of	  the	  WSS.	  It	  is	  clear	  to	  see	  that	  the	  maximum	  SSR	  (approximately	  2.70x103	  s-‐1)	  is	  present	  at	  

the	  suture	  sites,	  which	  is	  well	  above	  the	  threshold	  of	  1x103	  s-‐1	  (93,94)	  where	  platelets	  become	  

activated	  and	  blood	  coagulation	  is	  precipitated.	  The	  average	  SSR	  is	  approximately	  0.80x103	  s-‐1.	  

	  

Figure	  4.10	  -‐	  Sutured	  CFX	  shear	  strain	  rate	  at	  the	  anastomosis	  site	  
	  

WSS	  profiles	  for	  the	  coupled	  model	  are	  shown	  in	  Figure	  4.11(a)	  and	  (b).	  As	  with	  both	  the	  

pristine	  and	  sutured	  models,	  the	  overall	  distribution	  is	  even	  throughout	  the	  vessel.	  The	  

average	  WSS	  in	  this	  case	  was	  3.52	  Pa	  with	  a	  maximum	  WSS	  of	  4.82	  Pa.	  These	  figures	  are	  

almost	  identical	  to	  those	  of	  the	  pristine	  model,	  where	  the	  average	  WSS	  was	  3.50	  Pa	  and	  the	  

maximum	  3.82	  Pa,	  indicating	  that	  the	  coupler	  does	  not	  drastically	  alter	  the	  WSS.	  A	  direct	  

comparison	  of	  the	  WSS	  in	  all	  three	  models	  can	  be	  seen	  in	  Table	  4.3,	  which	  clearly	  shows	  that	  

both	  the	  average	  and	  maximum	  WSS	  is	  notably	  higher	  in	  the	  sutured	  simulation.	  The	  

distribution	  of	  the	  WSS	  at	  the	  coupled	  anastomosis	  site	  (Figure	  4.11(b))	  is	  regular	  and	  

circumferential.	  
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(a)	  
	  

(b)	  

Figure	  4.11	  -‐	  Coupled	  CFX	  wall	  shear	  stress	  contour	  at	  (a)	  whole	  vessel	  and	  (b)	  close	  up	  of	  coupler	  site	  
	  
	  
	  

	  

Table	  4.3	  –	  Mean	  and	  maximum	  wall	  shear	  stress	  comparison	  inc.	  SEM	  depicted	  as	  ANSYS	  default	  of	  10%	  
	  

	   Mean	  wall	  shear	  stress	  
(Pa)	  

Maximum	  wall	  shear	  stress	  
(Pa)	  

Pristine	  (CFD)	   3.50	  	  ±	  0.17	   3.82	  	  ±	  0.2	  
Pristine	  (Analytical)	   3.51	  	  ±	  0.0	   3.51	  	  ±	  0.0	  
Sutured	   4.54	  	  ±	  0.2	   9.91	  	  ±	  0.5	  
Coupled	   3.52	  	  ±	  0.17	   4.82	  	  ±	  0.2	  
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The	  coupled	  anastomosis	  SSR	  contour	  is	  plotted	  below	  in	  Figure	  4.12.	  Again,	  the	  profile	  for	  SSR	  

is	  unsurprisingly	  similar	  to	  that	  of	  the	  WSS.	  The	  maximum	  SSR	  is	  present	  in	  a	  thin	  annular	  

region	  and	  measures	  approximately	  1.25x103	  s-‐1,	  which	  is	  just	  above	  the	  threshold	  of	  1x103	  s-‐1	  

(93,94)	  where	  platelets	  become	  activated	  and	  blood	  clotting	  initiated.	  Despite	  this,	  the	  value	  is	  

less	  than	  half	  the	  maximum	  SSR	  seen	  at	  the	  suture	  sites	  in	  the	  sutured	  simulation;	  the	  average	  

SSR	  however,	  remains	  comparable	  and	  is	  approximately	  0.85x103	  s-‐1.	  	  

Based	  on	  the	  assumption14	  that	  higher	  SSRs	  are	  proportional	  to	  the	  amount	  of	  platelet	  

activation,	  this	  indicates	  that	  the	  higher	  the	  SSR,	  the	  greater	  proportion	  of	  platelets	  will	  be	  

activated,	  thereby	  increasing	  the	  amount	  and	  rate	  of	  thrombus	  formation.	  

	  
	  

	  

Figure	  4.12	  -‐	  Coupled	  CFX	  shear	  strain	  rate	  at	  the	  anastomosis	  site	  
	  

	  
	  
	  
	  
	  
	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
14	  As	  platelets	  become	  activated	  and	  form	  aggregates,	  the	  hydraulic	  diameter	  of	  the	  system	  (r	  in	  
equation	  (4.1))	  reduces,	  thereby	  increasing	  pressure	  at	  the	  anastomotic	  site	  (106).	  This	  pressure	  
increase	  is	  resolved	  into	  the	  shear	  stress	  at	  the	  walls,	  which	  is	  proportional	  to	  the	  SSR.	  
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4.1.4 Vorticity	  
	  

A	  further	  potential	  indicator	  for	  the	  formation	  of	  blood	  clots	  within	  a	  vessel	  is	  disrupted	  flow.	  

This	  can	  in	  part	  be	  demonstrated	  by	  measurement	  of	  recirculation	  patterns	  within	  the	  fluid	  

domain,	  in	  the	  form	  of	  vortices.	  From	  a	  fluid	  dynamics	  viewpoint,	  the	  formation	  of	  vortices	  can	  

be	  determined	  from	  the	  vorticity15	  of	  the	  flow,	  which	  is	  defined	  as	  the	  curl	  of	  the	  velocity	  field.	  

In	  physical	  terms	  this	  represents	  the	  angular	  velocity	  relative	  to	  the	  principal	  axes,	  that	  is	  to	  

say	  the	  amount	  of	  rotation	  of	  the	  flow	  around	  these	  axes.	  It	  should	  be	  noted	  that	  vorticity	  may	  

be	  present	  whether	  the	  flow	  is	  laminar	  or	  turbulent.	  Indeed,	  for	  the	  blood	  flow	  examined	  in	  all	  

models	  here,	  vorticity	  is	  not	  only	  present	  but	  quite	  significant.	  This	  is	  due	  to	  the	  radius	  of	  the	  

vessels	  being	  particularly	  small.	  It	  can	  be	  demonstrated	  directly	  from	  recourse	  to	  the	  definition	  

where	  2! = !!(!)
!

=    !×!.!"
!.!!!"

= 1, 000  rad	  s-‐1	  (see	  Figure	  4.13).	  It	  should	  be	  pointed	  out	  that	  

this	  large	  vorticity	  effect	  is	  present	  at	  the	  wall	  where	  the	  velocity	  gradient	  is	  greatest,	  and	  acts	  

at	  right	  angles	  to	  the	  velocity	  flow	  field.	  	  

To	  gain	  an	  understanding	  of	  probable	  locations	  of	  recirculating	  blood	  flow,	  calculations	  were	  

obtained	  of	  the	  vorticity	  greater	  than	  that	  which	  would	  occur	  naturally	  in	  the	  pristine	  vessel.	  In	  

the	  pristine	  simulation,	  the	  proportion	  of	  vorticity	  equal	  to	  or	  greater	  than	  1,	  000	  rad	  s-‐1	  is	  

negligible.	  This	  serves	  as	  a	  natural	  benchmark	  for	  comparison	  with	  the	  analogous	  sutured	  and	  

coupled	  models.	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
15	  An	  excellent	  explanation	  and	  demonstration	  of	  this	  physical	  phenomenon	  is	  given	  by	  Prof.	  A.	  Shapiro	  
in	  a	  1961	  educational	  film	  produced	  by	  the	  MIT	  (www.youtube.com/watch?v=loCLkcYEWD4)	  
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(a)	  

	  

(b)	  

Figure	  4.13	  -‐	  Vorticity	  profiles	  for	  (a)	  sutured	  and	  (b)	  coupled	  simulations	  

	  

Figure	  4.13	  illustrates	  the	  boundary	  layer	  vorticity	  profiles	  in	  the	  sutured	  (a)	  and	  coupled	  (b)	  

anastomoses,	  respectively.	  Vorticity	  values	  exceeding	  those	  that	  occur	  naturally	  i.e.	  1,	  000	  rad	  

s-‐1	  are	  shown	  in	  red,	  and	  from	  a	  qualitative	  perspective	  there	  is	  a	  greater	  vorticity	  density	  at	  

the	  sutured	  anastomosis,	  particularly	  at	  the	  suture	  sites,	  than	  the	  coupled	  anastomosis.	  The	  
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coupled	  vorticity	  profile	  does	  not	  demonstrate	  any	  vorticity	  at	  the	  actual	  anastomotic	  site	  and	  

the	  distribution	  around	  the	  anastomosis	  is	  more	  scattered	  and	  less	  concentrated.	  	  

	  

4.2 Statistical	  analysis	  

As	  mentioned	  in	  section	  2.5,	  high	  WSS	  and	  SSR	  are	  related	  to	  platelet	  activation	  and	  hence	  

thrombus	  formation.	  This	  implies	  that,	  in	  order	  to	  decipher	  the	  relative	  likelihood	  of	  blood	  clot	  

propagation	  as	  a	  result	  of	  the	  surgical	  procedure,	  the	  WSS	  of	  the	  sutured	  and	  coupled	  

anastomoses	  should	  be	  as	  close	  to	  that	  of	  the	  pristine	  (natural)	  case	  as	  possible.	  Hence,	  the	  

regions	  of	  highest	  WSS	  within	  the	  models	  indicate	  the	  most	  likely	  locations	  for	  thrombus	  

formation.	  It	  is	  therefore	  necessary	  to	  determine	  whether	  the	  WSS	  values	  for	  the	  sutured	  

technique	  are	  significantly	  greater	  than	  those	  for	  the	  coupled	  method	  as	  suggested	  in	  Table	  

4.3.	  From	  a	  statistical	  analysis	  viewpoint,	  this	  statement	  can	  be	  expressed	  as	  the	  null	  (!!)	  and	  

scientific	  (!!)	  hypothesis	  respectively,	  thus:	  

	  

!!:  !!!
(!) − !!!

! = 0	  

(4.1)	  

!!:  !!!
(!) − !!!

! > !	  

(4.2)	  

	  

where	  !!!
(!)	  is	  the	  inferred	  population	  mean	  WSS	  of	  the	  sutured	  anastomosis	  and	  	  !!!

! 	  is	  the	  

inferred	  population	  mean	  WSS	  of	  the	  coupled	  anastomosis.	  

	  

A	  Lillie	  test	  was	  carried	  out	  to	  ensure	  data	  was	  normally	  distributed,	  and	  subsequently	  a	  

homoscedastic	  one-‐tailed	  Gosset	  Student’s	  t-‐test	  was	  performed	  at	  the	  99.9%	  confidence	  level	  

on	  two	  convenient	  samples	  of	  data	  collected	  from	  the	  simulated	  anastomotic	  sites	  of	  each	  

technique.	  As	  mentioned	  in	  3.5,	  a	  one-‐tailed	  t-‐test	  was	  used	  as	  the	  raw	  data	  demonstrated	  a	  
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change	  on	  one	  direction	  only	  (104).	  Incidentally,	  a	  two-‐tailed	  test	  also	  shows	  a	  statistically	  

significant	  result.	  A	  summary	  of	  the	  t-‐test	  is	  shown	  in	  Table	  4.1.	  	  

	  

 Sample size Mean WSS (Pa) Variance 
Sutured 18 8.38 2.07 
Coupled 16 3.16 1.42 
    
Summary       
Degrees Of Freedom 32 Hypothesized Mean 

Difference 
0 

Test Statistics (t-value) 11.43 Pooled Variance 1.76 
    
One-tailed distribution       
p-level 3.83x10-‐13 t Critical Value (p 0.1%) 3.36 

	  
Table	  4.1	  -‐	  Student’s	  t-‐test	  of	  WSS	  for	  sutured	  and	  coupled	  simulations	  (p	  <0.1%)	  
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5 Discussion	  

Although	  there	  have	  been	  many	  studies	  performed	  using	  CFD	  to	  evaluate	  flow	  within	  blood	  

vessels,	  none	  of	  these	  have	  examined	  in	  detail	  the	  local	  fluid	  dynamics	  around	  sutured	  and	  

coupled	  microvascular	  anastomoses.	  This	  study	  has	  utilised	  the	  commercial	  CFD	  code	  ANSYS	  

CFX	  to	  specifically	  target	  the	  local	  fluid	  properties	  at	  suture	  sites	  and	  the	  coupler	  interface;	  

thus	  investigating	  the	  potential	  for	  intravascular	  thrombus	  formation	  in	  these	  two	  techniques.	  

The	  clinical	  implications	  of	  the	  modelling	  work	  are	  presented	  in	  this	  chapter	  together	  with	  

pertinent	  statistical	  analysis	  of	  data	  pertaining	  to	  potential	  formation	  of	  intravascular	  

thrombosis.	  

	  

5.1 Clinical	  

This	  study	  has	  demonstrated	  that	  the	  flow	  patterns	  in	  sutured	  and	  coupled	  microvascular	  

anastomoses	  vary	  sufficiently	  to	  produce	  different	  physical	  properties	  at	  the	  anastomotic	  site,	  

and	  as	  such	  they	  have	  different	  potential	  affects	  on	  coagulation	  and	  thrombus	  formation.	  

Purely	  based	  on	  the	  data	  gathered	  from	  the	  simulations	  performed,	  clot	  formation	  appears	  to	  

be	  more	  likely	  using	  the	  sutured	  technique	  rather	  than	  the	  coupler.	  

Although	  the	  widely	  held	  opinion	  in	  the	  surgical	  community	  is	  that	  a	  coupled	  venous	  

anastomosis	  is	  as	  good	  as	  a	  sutured	  anastomosis,	  there	  are	  studies	  demonstrating	  reduced	  

thrombosis	  rates	  in	  comparative	  series	  (1.5%	  vs.	  3.3%	  (21))	  and	  very	  low	  thrombosis	  rates	  

(0.6%	  (30))	  for	  coupled	  venous	  anastomoses.	  These	  clinical	  studies	  provide	  good	  evidence	  in	  

favour	  of	  the	  microvascular	  venous	  coupler.	  

Thrombus	  formation	  in	  hand	  sutured	  arterial	  anastomoses	  accounts	  for	  approximately	  25%	  of	  

all	  post	  operative	  vessel	  thromboses	  (107).	  This	  represents	  around	  1%	  of	  all	  free	  flaps	  

(107,108)	  and,	  whilst	  this	  is	  low,	  it	  signifies	  a	  large	  number	  of	  failed	  free	  flaps.	  As	  arterial	  
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coupling	  is	  not	  routine	  practice,	  there	  is	  little	  data	  to	  evaluate	  for	  comparison	  with	  arterial	  

sutured	  anastomoses.	  In	  addition,	  the	  studies	  that	  have	  been	  performed	  include	  relatively	  low	  

numbers,	  around	  50	  –	  100	  (31–33),	  when	  compared	  with	  those	  carried	  out	  on	  venous	  coupled	  

anastomoses,	  where	  1000	  anastomoses	  were	  evaluated	  (30).	  Consequently,	  the	  thrombosis	  

rates	  in	  coupled	  anastomoses	  range	  from	  0%	  (0/62)	  (33)	  to	  3.2%	  (4/124)	  (32).	  It	  is	  therefore	  

difficult	  to	  draw	  firm	  conclusions	  from	  the	  available	  clinical	  data	  as	  to	  the	  success	  of	  arterial	  

coupling.	  	  

The	  present	  research	  has	  generated	  raw	  theoretical	  physical	  data	  supporting	  the	  clinical	  

findings	  of	  these	  studies:	  that	  the	  coupled	  anastomosis	  is	  less	  likely	  to	  precipitate	  thrombus	  

formation.	  Furthermore,	  solely	  on	  the	  physical	  findings	  noted,	  it	  is	  possible	  to	  recommend	  

that,	  should	  a	  sutured	  anastomosis	  be	  performed,	  the	  smallest	  possible	  number	  of	  sutures	  

should	  be	  placed	  in	  order	  to	  minimise	  their	  thrombogenic	  potential,	  whilst	  maintaining	  a	  well-‐

sealed	  anastomosis.	  

In	  addition	  to	  the	  physical	  flow	  properties	  of	  the	  sutured	  anastomosis	  being	  more	  

thrombogenic	  than	  that	  of	  the	  coupler;	  the	  time	  taken	  to	  perform	  a	  sutured	  anastomosis	  is	  far	  

greater	  than	  the	  coupled	  technique,	  as	  described	  in	  section	  2.1.1.	  Based	  on	  the	  combination	  of	  

less	  favourable	  flow	  properties,	  and	  a	  longer	  operative	  time,	  the	  sutured	  method	  can	  be	  

depicted	  as	  an	  inferior	  technique.	  

The	  potential	  impact	  of	  this	  research	  lies	  in	  the	  ability	  to	  transfer	  these	  findings	  into	  clinically	  

relevant	  and	  applicable	  recommendations.	  Although	  the	  simulations	  in	  this	  project	  have	  been	  

accurately	  created	  under	  reliable	  and	  realistic	  physical	  conditions,	  the	  models	  are	  idealised	  

and	  rely	  on	  a	  series	  of	  assumptions	  which	  may	  not	  translate	  directly	  into	  clinical	  practice.	  

These	  include	  vessels	  with	  non-‐compliant	  walls,	  and	  the	  steady-‐state	  nature	  of	  blood	  flow.	  

Bearing	  this	  in	  mind,	  there	  are	  a	  number	  of	  recommendations	  for	  further	  work	  (section	  6.2),	  

which	  could	  be	  applied	  to	  this	  study	  to	  address	  these	  issues.	  Despite	  this,	  it	  is	  likely	  that	  the	  

fundamental	  fluid	  flows	  resulting	  from	  geometrical	  differences	  in	  the	  anastomotic	  techniques	  
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will	  remain	  largely	  unchanged.	  This	  implies	  that	  as	  long	  as	  there	  are	  sutures,	  or	  a	  coupler,	  at	  

the	  anastomotic	  site,	  there	  will	  be	  geometrical	  changes	  in	  the	  lumen	  of	  the	  vessel	  that	  can	  

propagate	  blood	  clots,	  irrespective	  of	  the	  increased	  accuracy	  of	  the	  boundary	  conditions	  (e.g.	  

compliant	  walls,	  pulsatile	  flow	  and	  non-‐Newtonian	  fluid).	  

	  

5.2 Analytical	  

The	  mean	  values	  in	  Table	  4.1	  indicate	  an	  overall	  greater	  mean	  WSS	  for	  the	  sutured	  

anastomosis.	  As	  the	  variance	  of	  the	  samples	  is	  quite	  different	  it	  is	  not	  appropriate	  to	  infer	  this	  

is	  true	  for	  the	  whole	  population	  from	  this	  analysis	  alone.	  However,	  the	  test	  statistic	  (t-‐value)	  is	  

very	  high	  (11.4)	  in	  this	  case,	  i.e.	  much	  greater	  than	  the	  critical	  t-‐value	  calculated	  at	  the	  0.1%	  

confidence	  level	  of	  3.36;	  which	  indicates	  a	  highly	  statistically	  significant	  result	  as	  evidenced	  by	  

the	  probability	  of	  the	  null	  hypothesis	  (p=3.83x10-‐13).	  Incidentally	  the	  homoscedastic	  

assumption	  was	  validated	  via	  an	  appropriate	  Fisher’s	  F-‐test	  where	  the	  test’s	  null	  hypothesis	  

was	  retained	  at	  the	  2%	  confidence	  level	  as	  shown	  below	  in	  Table	  5.1.	  

	  

 Coupled Sutured     
Sample size 16 18   
Mean WSS (Pa) 3.16 8.38   
Variance 1.42 2.07   
Standard Deviation 1.19 1.43   
Mean Standard Error 0.29 0.33     
     
Summary 
F 1.44 F Critical value (2%) 2.96  
p-level 1-tailed 0.23    
H0 (2%)? accepted       

	  
Table	  5.1	  -‐	  F	  test	  (Fisher’s)	  for	  WSS	  in	  sutured	  and	  coupled	  simulations	  (p	  <2%)	  

	  

This	  implies	  overwhelming	  statistical	  evidence	  for	  rejection	  of	  the	  null	  hypothesis	  (4.1)	  in	  

favour	  of	  the	  scientific	  hypothesis	  (4.2).	  Thereby	  inferring	  that	  the	  values	  of	  the	  WSS	  in	  the	  

sutured	  anastomosis	  are	  indeed	  greater	  than	  those	  of	  the	  coupled	  anastomosis.	  Initiation	  of	  
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thrombosis	  formation	  is	  therefore	  more	  likely	  in	  the	  sutured	  anastomotic	  technique	  as	  there	  is	  

an	  increase	  of	  28%	  in	  the	  average	  WSS	  when	  compared	  to	  the	  coupled	  method.	  Incidentally,	  

the	  maximum	  WSS	  seen	  in	  the	  sutured	  model	  is	  approximately	  1.5	  times	  greater	  than	  that	  in	  

the	  coupled,	  when	  using	  the	  pristine	  model	  as	  a	  benchmark.	  

Shear	  Strain	  Rates	  (SSR)	  were	  not	  analysed	  statistically	  as	  the	  SSR	  is	  directly	  proportional	  to	  

WSS	  in	  Newtonian	  fluids.	  Hence,	  the	  statistical	  results	  would	  reveal	  the	  same	  relationship.	  

From	  a	  qualitative	  perspective,	  the	  vorticity	  profiles	  demonstrate	  that	  a	  greater	  proportion	  of	  

the	  fluid	  directly	  at	  the	  sutured	  anastomosis	  site	  has	  a	  vorticity	  above	  that	  which	  would	  occur	  

in	  a	  pristine	  vessel,	  when	  compared	  to	  the	  coupled	  anastomosis.	  In	  addition,	  these	  vortices	  

appear	  to	  occur	  in	  greater	  concentrations	  around	  the	  sutures	  and	  are	  better	  dispersed	  in	  the	  

coupled	  simulation.	  Although	  there	  is	  little	  evidence	  in	  the	  literature	  to	  verify	  the	  extent	  to	  

which	  vorticity	  may	  impact	  on	  thrombus	  formation,	  it	  is	  known	  that	  disrupted	  flow	  can	  

precipitate	  coagulation	  (14).	  As	  such,	  the	  proportion	  of	  the	  fluid	  forming	  vortices	  at	  the	  

anastomotic	  site	  could	  be	  interpreted	  as	  disrupted	  flow	  and	  hence	  potentially	  thrombogenic.	  	  

	  

5.3 Summary	  

During	  this	  study,	  a	  rigorous	  benchmarking	  process	  was	  followed	  where	  analytical	  and	  

numerical	  Newtonian	  fluid	  models	  were	  produced.	  Good	  agreement	  was	  demonstrated	  

between	  the	  analytical	  and	  numerical	  modelling	  calculations,	  implying	  the	  simulations	  

presented	  throughout	  this	  thesis	  can	  be	  regarded	  as	  reacting	  in	  a	  physically	  realistic	  manner.	  

Initially,	  models	  of	  pristine	  vessels	  were	  created	  which	  simulated	  blood	  flow	  in	  human	  

microvessels.	  The	  models	  presented	  were	  shown	  to	  be	  reliable	  and	  accurate,	  and	  are	  

analogous	  to	  those	  present	  in	  the	  current	  relevant	  literature	  e.g.	  (40,75,82).	  

The	  modelling	  strategy	  used	  steady-‐state	  analyses	  to	  examine	  the	  local	  fluid	  dynamics	  of	  both	  

sutured	  and	  coupled	  microarterial	  anastomoses,	  which	  is	  a	  comparison	  (to	  the	  author’s	  
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knowledge)	  not	  previously	  made	  in	  either	  the	  clinical	  or	  scientific	  literature.	  Whilst	  the	  steady-‐

state	  models	  are	  not	  physiologically	  representative,	  they	  form	  a	  reliable	  benchmark	  from	  

which	  subsequent	  work	  can	  continue.	  

Data	  obtained	  from	  the	  sutured	  anastomosis	  simulation	  revealed	  reduced	  boundary	  velocities	  

at	  the	  suture	  sites,	  and	  increased	  maximum	  (9.9	  Pa)	  and	  average	  (4.5	  Pa)	  WSS	  throughout	  the	  

vessel.	  Both	  these	  parameters	  are	  implicated	  in	  the	  initiation	  of	  thrombosis.	  The	  most	  

significant	  finding	  was	  an	  especially	  high	  WSS	  (9.9	  Pa)	  observed	  at	  the	  suture	  sites	  themselves,	  

with	  a	  SSR	  significantly	  greater	  than	  1x103	  s-‐1;	  the	  figure	  above	  which	  platelet	  activation,	  and	  

subsequently	  thrombus	  formation,	  is	  expected	  (93,94).	  	  

The	  results	  from	  the	  coupled	  model	  show	  some	  reduction	  in	  boundary	  velocity	  at	  the	  

anastomosis,	  and	  comparable	  maximum	  (4.8	  Pa)	  and	  average	  (3.5	  Pa)	  WSS	  to	  that	  of	  the	  

pristine	  vessel	  (3.5	  and	  3.8	  Pa,	  respectively).	  The	  velocity	  changes	  are	  similar	  to	  that	  of	  the	  

sutured	  anastomosis.	  As	  such,	  it	  appears	  that	  WSS	  and	  SSR	  are	  most	  likely	  responsible	  for	  

initiation	  of	  thrombosis	  formation,	  rather	  than	  purely	  changes	  in	  velocity	  profile.	  

The	  coupled	  anastomosis	  simulation	  shows	  a	  small	  increase	  in	  WSS	  in	  the	  anastomotic	  region	  

compared	  to	  the	  pristine	  model.	  However,	  this	  is	  less	  than	  half	  that	  of	  the	  sutured	  model	  (4.8	  

Pa	  compared	  with	  9.9	  Pa	  respectively),	  with	  a	  SSR	  ~	  1x103	  s-‐1,	  at	  the	  borderline	  of	  thrombus	  

initiation.	  

The	  vorticity	  profile	  for	  the	  coupled	  anastomosis	  demonstrates	  qualitatively	  that	  a	  higher	  

proportion	  of	  the	  fluid	  has	  a	  vorticity	  greater	  than	  would	  be	  expected	  in	  a	  pristine	  vessel.	  

However,	  the	  vorticity	  profile	  in	  the	  sutured	  anastomosis	  shows	  a	  larger	  amount	  of	  vorticity	  at	  

the	  anastomotic	  site	  when	  compared	  to	  both	  the	  coupled	  and	  pristine	  vessels.	  This	  is	  a	  

potential	  indicator	  for	  disrupted	  flow	  and	  hence	  thrombus	  formation.	  Importantly,	  it	  is	  

recognised	  that	  the	  vorticity	  is	  a	  qualitative	  observation	  and	  is	  therefore	  not	  a	  dependable	  

variable	  for	  analysis.	  
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Whilst	  observations	  from	  the	  sutured	  simulation	  would	  individually	  suggest	  an	  increased	  

chance	  of	  blood	  clot	  formation,	  taken	  together,	  they	  potentially	  demonstrate	  a	  more	  

thrombogenic	  profile	  when	  compared	  to	  a	  pristine,	  or	  indeed	  a	  coupled	  vessel.	  Data	  from	  the	  

coupled	  simulations	  reveal	  a	  profile	  that	  may	  be	  less	  thrombogenic	  than	  that	  of	  the	  sutured	  

anastomosis,	  and	  that	  is	  almost	  equivalent	  to	  that	  of	  the	  pristine	  vessel.	  
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6 Conclusions	  and	  recommendations	  

A	  range	  of	  conclusions	  can	  be	  made	  regarding	  the	  local	  flow	  properties	  through	  sutured	  and	  

coupled	  anastomoses	  as	  a	  result	  of	  this	  research.	  These	  are	  detailed	  concisely	  below,	  and	  

reflect	  achievement	  of	  the	  aim	  and	  objectives	  set	  at	  the	  beginning	  of	  the	  thesis	  (section	  1.4).	  

Importantly,	  as	  this	  study	  involves	  several	  assumptions	  being	  made	  about	  the	  fluid	  properties	  

and	  boundary	  conditions,	  and	  is	  very	  much	  idealised,	  there	  are	  a	  range	  of	  recommendations	  

for	  further	  work	  to	  permit	  more	  clinically	  and	  biologically	  realistic	  simulations	  to	  be	  

performed.	  

Overall,	  the	  data	  show	  that	  null	  hypothesis	  can	  be	  rejected	  in	  favour	  of	  the	  research	  

hypothesis.	  

	  

6.1 Conclusions	  

With	  respect	  to	  the	  aim	  and	  objectives	  of	  the	  thesis,	  the	  following	  conclusions	  can	  be	  drawn.	  

• Good	  agreement	  was	  demonstrated	  between	  the	  analytical	  and	  numerical	  modelling	  

calculations.	  

• The	  models	  presented	  in	  this	  thesis	  were	  shown	  to	  be	  reliable	  and	  accurate.	  

• Comparison	  of	  fluid	  dynamics	  through	  sutured	  and	  coupled	  anastomoses	  has	  not,	  to	  

the	  author’s	  knowledge,	  been	  previously	  made	  in	  either	  the	  clinical	  or	  scientific	  

literature.	  	  

• A	  reduced	  boundary	  velocity	  was	  seen	  at	  suture	  sites,	  and	  an	  increased	  maximum	  and	  

average	  WSS	  found	  throughout	  the	  vessel.	  

• An	  especially	  high	  WSS	  was	  observed	  at	  the	  suture	  sites	  themselves,	  with	  a	  SSR	  of	  

significantly	  greater	  than	  that	  where	  platelet	  activation	  is	  expected.	  
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• A	  reduction	  in	  boundary	  velocity,	  and	  comparable	  maximum	  and	  average	  WSS	  to	  that	  

of	  the	  pristine	  vessel,	  was	  seen	  in	  the	  coupled	  simulation.	  

• The	  coupled	  anastomosis	  simulation	  shows	  a	  small	  increase	  in	  WSS	  in	  the	  anastomotic	  

region	  compared	  to	  the	  pristine	  model.	  	  

• The	  vorticity	  profile	  in	  the	  sutured	  anastomosis	  shows	  quantitatively	  a	  larger	  amount	  

of	  vorticity	  at	  the	  anastomotic	  site	  when	  compared	  to	  both	  the	  coupled	  and	  pristine	  

vessels.	  

Overall,	  it	  can	  be	  concluded	  that,	  within	  the	  limits	  of	  CFD	  simulations	  and	  the	  assumptions	  

taken	  in	  this	  study,	  a	  sutured	  anastomosis	  is	  potentially	  more	  likely	  to	  generate	  an	  

intravascular	  thrombosis	  than	  a	  coupled	  anastomosis.	  

	  

6.2 Recommendations	  for	  further	  work	  

This	  study	  has	  examined	  in	  detail	  the	  local	  flow	  patterns	  around	  sutured	  and	  coupled	  

microvascular	  anastomoses	  in	  steady-‐state	  arterial	  models.	  All	  models	  in	  this	  research	  were,	  

however,	  very	  much	  idealised	  and	  as	  such	  cannot	  directly	  represent	  the	  flow	  patterns	  that	  may	  

be	  found	  in	  human	  vessels	  after	  microvascular	  surgery.	  In	  order	  to	  make	  the	  models	  more	  

representative	  of	  genuine	  blood	  vessels	  in	  vivo,	  a	  number	  of	  additional	  features	  could	  be	  taken	  

into	  consideration.	  These	  were	  outside	  the	  scope	  of	  the	  work	  presented	  in	  this	  thesis,	  but	  

would	  make	  a	  range	  of	  topics	  suitable	  for	  further	  research	  in	  this	  field.	  

Potential	  avenues	  for	  further	  investigation	  are	  detailed	  below:	  

• Venous	  microvascular	  anastomosis	  simulations	  for	  comparison	  

• Pulsatile	  blood	  flow	  

• Vessel	  wall	  compliance	  	  

• Mechanical	  properties	  of	  sutures/coupler	  
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• Curved	  and/or	  branching	  vessels	  

• Irregularly	  placed	  sutures	  and/or	  different	  sized	  suture	  material	  

• Non-‐Newtonian	  model	  to	  compare	  directly	  with	  the	  present	  Newtonian	  data	  

• Realistic	  geometries	  from	  image-‐based	  recreations	  of	  human	  vessels	  

• Design	  optimisation	  for	  a	  novel	  artery	  specific	  coupling	  device
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