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Summary
Background. — Cardiac catheterization is the gold-standard modality for investigation of cardiovas-
cular  morphology before bidirectional cavopulmonary connection, but requires general anaesthesia
and  is associated with procedural risk.
Aims.  — To assess the diagnostic accuracy and safety of computed tomography in diagnosing great
vessel  stenosis/hypoplasia compared with cardiac catheterization and surgical findings.
Methods.  — Twenty-seven patients (10 after Norwood stage I) underwent computed tomography
before  surgery between January 2010 and June 2016; 16 of these patients also underwent car-
diac  catheterization. Proximal and distal pulmonary artery, aortic isthmus and descending aorta
measurements,  radiation dose and complications were compared via Bland-Altman analyses and
correlation  coefficients.
Results. — The accuracy of computed tomography in detecting stenosis/hypoplasia of either pul-
monary  artery was 96.1% compared with surgical findings. For absolute vessel measurements and
Z-scores,  there was high correlation between computed tomography and angiography at catheter-
ization  (r = 0.98 for both) and a low mean bias (0.71 mm and 0.48; respectively). The magnitude
of  intertechnique differences observed for individual patients was low (95% of the values ranged
between  −0.9 and 2.3 mm and between −0.7 and 1.7, respectively). Four patients (25%) experi-
enced  minor complications from cardiac catheterization, whereas there were no complications
from  computed tomography. Patients tended to receive a higher radiation dose with cardiac
catheterization  than with computed tomography, even after exclusion of interventional catheter-
ization  procedures (median 2.5 mSv [interquartile range 1.3 to 3.4 mSv] versus median 1.3 mSv
[interquartile  range 0.9 to 2.6 mSv], respectively; P = 0.13). All computed tomography scans were
performed  without sedation.
Conclusions. — Computed tomography may replace cardiac catheterization in identification of great
vessel  stenosis/hypoplasia before bidirectional cavopulmonary connection when no intervention
before  surgery is required. Computed tomography carries lower morbidity, can be performed
without  sedation and may be associated with less radiation.
©  2018 Elsevier Masson SAS. All rights reserved.

MOTS  CLÉS
Ventricule  unique  ;
Scanner  cardiaque  ;
Glenn  bidirectionnel

Résumé
Contexte. — Le cathétérisme est l’examen de référence pour l’évaluation morphologique cardio-
vasculaire  avant la dérivation cavopulmonaire bidirectionnelle supérieure, mais il nécessite une
anesthésie  générale et comporte des risques liés à la procédure.
Buts.  — Notre objectif était de comparer la performance diagnostique et la sécurité de la tomo-
densitométrie  cardiaque avec le cathétérisme et l’examen peropératoire pour le diagnostic des
sténoses  et/ou hypoplasies des gros vaisseaux en comparaison.
Méthodes.  — Vingt-sept patients (10 après une intervention de Norwood) ont eu une tomo-
densitométrie  cardiaque avant la chirurgie entre janvier 2010 et juin 2016. Seize d’entre eux
ont  également eu un cathétérisme cardiaque. Les mesures proximales et distales des artères
pulmonaires,  de l’isthme aortique et de l’aorte descendante, ainsi que l’irradiation et les
complications  per procédurales ont été comparées entre les 2 investigations à l’aide des coefficients
de  Bland-Altman et de corrélation.
Résultats. — La précision de la tomodensitométrie pour la détection de sténoses/hypoplasies
des  artères pulmonaires était 96,1 % en comparaison avec l’évaluation peropératoire lors de la
chirurgie.  Pour les mesures des vaisseaux et les Z-scores, il y avait une excellente corrélation
entre  la tomodensitométrie et l’angiographie lors du cathétérisme (0,98 pour les 2), peu de biais
(0,71  mm vs 0,48, respectivement). La difference de magnitude observée entre les 2 techniques
pour  chaque individu est faible ainsi que reflètent les intervalles a 95 % des valeurs mesurées allant
de  −0,9 à 2,3 mm et de −0,7 à 1,7, respectivement. Quatre patients ont souffert de complications
mineures  lors du cathétérisme alors qu’il n’y a eu aucune complication liée à la tomodensitométrie.
Les  patients ont eu tendance à recevoir une irradiation plus importante lors du cathétérisme que
lors  de la tomodensitométrie (médiane 2,5 mSv [IQR 1,3 à 3,4 mSv] vs 1,3 mSv [0,9 à 2,6 mSv],
respectivement;  P = 0,13). Toutes les tomodensitométries ont été effectuées sans sédation.
Conclusions.  — La tomodensitométrie peut potentiellement remplacer le cathétérisme pour iden-
tifier  les sténoses et/ou hypoplasies des gros vaisseaux avant la dérivation cavopulmonaire
bidirectionnelle,  à condition qu’il n’y ait pas besoin d’intervention. La tomodensitométrie a  une
morbidité  moindre, ne nécessite pas de sédation et elle est moins irradiante.
©  2018 Elsevier Masson SAS. Tous droits réservés.
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ackground

atients  with  single  ventricle  physiology  require  detailed
ascular  imaging  before  superior  bidirectional  cavopul-
onary  connection  (BCPC).  Unrecognized  stenoses  or

ypoplasia  of  the  great  vessels  can  have  deleterious  con-
equences  for  early  or  medium-term  outcome  [1,2].

The  majority  of  these  single  ventricle  patients  undergo
nitial  neonatal  surgery  to  secure  a  balanced  pulmonary  and
ystemic  blood  flow,  with  a  systemic-to-pulmonary  shunt,
ulmonary  artery  banding  or  a  complex  procedure,  such
s  the  Norwood  stage  I  operation,  incorporating  extensive
econstructive  surgery  to  the  aortic  arch.  These  procedures
ay  result  in  hypoplasia  or  stenosis  of  the  pulmonary  arter-

es  and/or  aorta  [3,4].
Cardiac  catheterization  is  the  gold-standard  imaging

odality  in  the  assessment  of  vascular  anatomy  before
CPC;  it  also  provides  the  opportunity  to  measure  pulmonary
rtery  pressure  and  resistances,  and  to  perform  interven-
ional  procedures  [5].  Cardiac  magnetic  resonance  imaging
s  also  used  extensively  [6,7],  but  requires  general  anaes-
hesia,  which  carries  a  risk  of  complications  [8],  and  is  time
onsuming  and  expensive.  Although  echocardiography  is  the
rst-line  imaging  technique  of  choice,  it  has  been  shown  to
e  unreliable  in  detecting  great  vessel  stenosis,  even  with
edation  [9,10].

Recent  advances  in  cardiac  computed  tomography  (CT)
ave  led  to  such  high  spatial  and  temporal  resolution  that  it
as  become  an  ideal  imaging  modality  for  preoperative  plan-
ing  for  patients  of  all  ages  with  congenital  heart  disease,
ithout  the  need  for  general  anaesthesia  [11]. In  our  institu-

ion,  we  often  use  CT  angiography  to  clarify  the  anatomy  of
ongenital  heart  defects  in  all  age  groups,  from  neonates  to
dults  [12].  Patients  with  single  ventricle  physiology  undergo
ardiac  catheterization  and/or  CT  angiography  according  to
linical  requirements.

We  hypothesized  that  if  haemodynamic  assessment  or
ntervention  is  not  required,  CT  might  be  superior  to  cardiac
atheterization  in  patients  before  BCPC,  with  equivalent
iagnostic  accuracy  and  decreased  complications  (both  pro-
edural  and  anaesthetic).  Therefore,  the  aim  of  this  study
as  to  assess  the  accuracy  and  safety  of  CT  compared  with
ardiac  catheterization  and  surgical  findings  in  detecting
tenosis  of  the  pulmonary  arteries  and  aorta.

ethods

e  performed  a  retrospective  study  in  all  patients  who
nderwent  BCPC  and  had  a  previous  CT  scan  in  our  institution
etween  January  2010  and  June  2016.  The  study  conforms
o  the  ethical  guidelines  of  the  1975  Declaration  of  Helsinki.

The  primary  endpoint  was  to  assess  the  accuracy  of  CT
n  detecting  pulmonary  artery  and  aortic  arch  stenosis,  and
o  compare  this  with  surgical  and  angiographic  findings  at
ardiac  catheterization.  Secondary  outcomes  were  to  assess
he  safety  of  CT,  in  terms  of  ionizing  radiation,  the  need  for
naesthesia  or  sedation  and  complications,  compared  with

ardiac  catheterization.

Patient  demographic  data,  the  need  to  use  anaes-
hesia  or  sedation  for  CT  and  cardiac  catheterization,
omplications,  ionizing  radiation  exposure,  amount  of
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ontrast,  perioperative  findings  and  follow-up  data  were
ollected  from  patients’  medical  and  imaging  records.

T technique

T  scans  were  performed  on  a  dual  source  (2  ×  128  slice)
T  scanner  (Somatom  Definition  Flash;  Siemens  Health-
are,  Erlangen,  Germany),  using  weight-based  paediatric
T  angiography  protocols.  Ungated  high-pitch  spiral  acqui-
itions  (‘‘flash  thoracic  CT  angiogram’’)  were  obtained  after
dministration  of  intravenous  contrast  medium  (VisipaqueTM

20  [iodixanol];  GE  Healthcare,  Cork,  Ireland)  up  to  2  mL/kg,
ump-injected  at  0.5—5  mL/s  depending  on  cannula  size  and
ocation)  from  the  lung  apices  to  immediately  below  the
iaphragm.  Tube  voltage  was  set  at  80  or  100  kV,  depending
n  patient  weight,  and  tube  current  was  automatically  mod-
lated  according  to  the  scan  projection  radiograph.  Images
ere  reconstructed  at  0.75  mm  slice  thickness  at  an  interval
f  0.5  mm.

General  anaesthesia  is  not  used  for  any  elective  patient
ndergoing  a  CT  scan  in  our  institution.  When  the  patient
as  small  enough,  gross  patient  movement  was  limited  using

 vacuum  immobilization  device.  It  is  our  local  practice  to
ttempt  CT,  in  all  instances,  without  sedation.  If  the  child  is
oo  anxious  for  unsedated  CT,  light  sedation  is  administered.

ardiac catheterization technique

ardiac  catheterization  was  performed  under  general  anaes-
hesia  for  all  cases.  Pulmonary  arteries  and  the  aorta
ere  catheterized  antegradely  through  a  femoral  vein
ccess  or  through  a femoral  artery  access  in  patients  with
lalock-Taussig  shunt.  If  necessary,  additional  jugular  vein
ccess  was  used.  Pulmonary  angiography  was  performed
sing  orthogonal  biplane  angiography  (Axiom  Artis  dBC;
iemens  Healthcare,  Erlangen,  Germany)  at  a  frame  rate
f  30  frames/s  after  injection  of  contrast  (VisipaqueTM 320;
—1.5  mL/kg),  with  an  injection  time  of  1—1.5  seconds.

easurement of the pulmonary arteries and
orta

T  and  cardiac  catheterization  angiographic  measurements
ere  performed  by  two  experienced  observers  blinded  to

he  other  modality  findings  (S.  K.  has  12  years  and  L.  V.-G.
as  5  years  of  paediatric  cardiology  experience).  Inter-  and
ntraobserver  variabilities  were  compared  by  reanalysing  10
andomly  chosen  cases.

On  CT,  each  vessel  was  viewed  on  multiplanar  reconstruc-
ions,  and  measured  in  two  perpendicular  dimensions  (OsiriX
oftware,  version  6.5;  Pixmeo,  Bernex,  Switzerland),  and
n  average  was  then  calculated.  Using  cardiac  catheteri-
ation  angiograms,  each  vessel  segment  was  measured  on
till  two-dimensional  images  (Medcon  database  software)  in
ostero-anterior  or  anterior  oblique  and  lateral  angiograms
aused  at  maximal  vessel  diameter.  Examples  of  CT  and  car-
iac  catheterization  measurement  are  shown  in  Fig.  1A—D.

For  measurement  of  the  pulmonary  arteries,  two  dif-

erent  sites  were  considered:  proximal  (immediately  after
he  pulmonary  trunk  bifurcation  or  proximal  to  the  modi-
ed  Blalock-Taussig);  and  distal  (before  the  pulmonary  lobar
ifurcation).  The  aorta  was  measured  at  two  sites:  at  the
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Figure 1. A, B. Measurement of the right pulmonary artery (A) a
Measurement of the pulmonary arteries (C) and the aorta (D) from 

level  of  the  aortic  isthmus  (the  narrowest  part  of  aorta  distal
to  the  subclavian  artery);  and  at  the  level  of  the  diaphragm.

During  four  cardiac  catheterizations,  we  experienced  dif-
ficulty  in  obtaining  adequate  measurements  with  lateral
angiograms,  and  considered  only  the  measurement  in  the
posteroanterior  or  oblique  view  for  the  analysis.

Z-scores  for  CT  and  catheterization  measurements  were
calculated  for  each  vessel  segment  using  published  CT  nor-
mal  values  [13,14].

Pulmonary  artery  branches  and  the  aortic  isthmus  were
considered  stenotic  when  the  ratio  of  proximal  and  distal
measurements  was  <  0.75  [4,15].  Pulmonary  artery  branches
were  classified  as  hypoplastic  if  the  Z-score  of  both  proximal
and  distal  parts  was  <  −2.

Patients  underwent  both  CT  and  cardiac  catheterization
between  any  initial  palliation  and  BCPC  based  predomi-
nantly  on  clinical  indication.  Therefore,  in  some  patients
there  was  a  longer  time  interval  between  the  two  investi-
gations.  For  the  purposes  of  vessel  segment  comparison,  we
compared  only  patients  who  had  CT  and  cardiac  catheteri-
zation  within  120  days  (median  41  days,  [interquartile  range
(IQR)  31  to  63  days]).

Measurement of the radiation dose
CT angiography
In  CT,  the  examination  dose-length  product  (DLP)  for
a  32  cm  diameter  dose  phantom,  expressed  in  units  of
mGycm,  and  patient  weight  were  collected.  Effective  dose
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e aorta (B) on computed tomography multiplanar reformat. C, D.
graphy at catheterization.

as  estimated  using  the  conversion  factors  from  the  DLP
16  cm  dose  phantom)  to  effective  dose  [16]  available  for
he  chest  region  for  phantoms  of  a  newborn,  1-year-old  and
-year-old  [17].  Conversion  factors  for  a  32  cm  diameter
ose  phantom  were  derived  by  multiplying  published
onversion  factors  by  2.3  (taken  from  the  manufacturer’s
osimetry  data).  The  conversion  factor  for  each  patient
as  selected  from  the  best-fit  logarithmic  function  to  these
onversion  factors,  plotted  against  phantom  weight.  The
ffective  dose  for  each  patient  was  then  estimated  by
ultiplying  the  DLP  by  this  factor.

ardiac catheterization
n  cardiac  catheterization,  total  dose-area  product  (DAP),
xpressed  in  units  of  �Gym2, and  patient  weight  were
ollected.  Effective  dose  [16]  was  estimated  using  conver-
ion  factors  from  DAP  to  effective  dose.  Conversion  factors
ere  derived  using  the  PCXMC  computer  programme,  ver-

ion  2.0  (Stuk,  Helsinki,  Finland).  The  interventional  unit
as  modelled  using  the  typical  imaging  geometries  and  X-

ay  beam  qualities  used  for  children  in  fluoroscopy  and
cquisition  modes.  The  most  frequently  used  projections
ere  simulated  for  phantoms  of  a  newborn,  1-year-old  and
ve-year-old.  A  typical  conversion  factor  for  each  of  the

hantoms  was  estimated  by  averaging  over  projections  and
odes.  The  conversion  factor  for  each  patient  was  selected

rom  the  best-fit  logarithmic  function  to  these  data  plot-
ed  against  phantom  weight.  The  effective  dose  for  each
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6  

atient  was  then  estimated  by  multiplying  the  total  DAP  by
his  factor.

urgical assessment

T  and/or  cardiac  catheterization  findings  were  presented
nd  discussed  with  the  surgeons  before  surgery.  In  all
atients,  the  right  pulmonary  artery  was  dissected  as  part
f  the  BCPC,  and  was  visualized  directly  by  the  surgeon.  The
eft  pulmonary  artery  was  explored  using  a  Hegar  dilator.

Branch  pulmonary  artery  stenosis  was  diagnosed  if  the
arrowed  segment  was  <  25%  of  the  diameter  of  the  adjacent
egment;  hypoplasia  was  diagnosed  if  the  Z-score  diameter
f  the  vessel  was  <  −2.

tatistical analysis

ategorical  data  are  presented  as  frequencies  (percent-
ges).  Population  data  are  expressed  as  median  and  full
ange,  and  all  CT  and  catheterization  absolute  measure-
ents  and  Z-scores  are  expressed  as  median  [IQR].  The
ifferences  in  matched  radiation  doses  and  amount  of  con-
rast  between  CT  and  cardiac  catheterization  were  tested
sing  the  Wilcoxon  signed-rank  test.  Sensitivity,  specificity,
ositive  and  negative  predictive  values  and  accuracy  were
alculated  to  assess  the  ability  of  CT  to  detect  vessel
tenosis/hypoplasia  against  surgical  findings.  Accuracy  was
alculated  as  the  ratio  of  detected  existing  defaults  divided
y  all  existing  defaults,  i.e.  true  positive  findings/(true  pos-
tive  +  false  negative  findings).  True  positive  findings  were
onsidered  when  branch  pulmonary  stenosis/hypoplasia
ound  on  CT  was  confirmed  by  the  surgeon  at  the  time  of
urgery,  and  false  negative  when  branch  pulmonary  steno-
is/hypoplasia  found  at  the  time  of  surgery  had  not  been
etected  at  presurgical  CT  scan.  Bland-Altman  analysis  [18]
as  performed,  and  Pearson  correlation  coefficients  were
alculated  for  comparison  of  all  CT  and  catheterization  mea-
urements.  Intra-  and  interobserver  reproducibilities  were
ssessed  using  intraclass  correlation.  Statistical  significance
as  set  at  P  <  0.05,  and  the  analysis  was  performed  using
tata  software,  version  14.1  (StataCorp  LP,  College  Station,
X,  USA).

esults

ighty-eight  children  underwent  BCPC  between  01  January
010  and  30  June  2016.  Before  BCPC,  57  patients  (65%)
nderwent  catheterization,  27  patients  underwent  CT  (16
f  whom  also  underwent  catheterization)  and  four  patients
ere  imaged  only  with  echocardiography.

We  studied  the  group  of  27  patients  who  underwent  CT
ngiograms  with  or  without  cardiac  catheterization  before
CPC;  17  (63%)  were  male.  The  underlying  diagnoses  were
s  follows:  hypoplastic  left  heart  syndrome  (n  =  9);  double
nlet  left  ventricle  (n  =  4);  tricuspid  atresia  (n  =  3);  double
utlet  right  ventricle  (n  =  2);  left  atrial  isomerism  (n  =  2),
ncluding  complete  atrioventricular  septal  defect  in  one

ase  and  hypoplastic  left  ventricle  with  double  outlet  right
entricle  in  another  case;  right  atrial  isomerism  (n  =  2),  with
omplete  atrioventricular  septal  defect  and  double  outlet
ight  ventricle  in  both  cases;  double  inlet  right  ventricle
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n  = 1);  hypoplastic  right  ventricle  and  aortic  arch  (n  =  1);
ypoplastic  tricuspid  valve  and  right  ventricle  (n  =  1);  pul-
onary  atresia  with  intact  ventricular  septum  (n  =  1);  and

ransposition  of  the  great  arteries  with  pulmonary  steno-
is  (n  =  1).  Three  patients  had  no  intervention  before  BCPC.
he  Norwood  operation  with  Sano  shunt  was  performed  in
ix  patients,  Norwood  with  Blalock-Taussig  shunt  in  four
atients,  Blalock-Taussig  shunt  alone  in  seven  patients  (right
n  two,  left  in  one  and  bilateral  in  four),  pulmonary  artery
anding  in  five  patients  and  balloon  septostomy  in  two
atients.

BCPC  was  performed  at  a median  age  of  229  days  [range,
6  days  to  3.2  years],  and  at  a median  weight  of  8.3  kg
range,  4.0—13.4  kg].  Bilateral  BCPC  was  performed  in  six
atients.

omparison of CT and cardiac catheterization

ll  CT  scans  were  performed  electively,  and  none  of  the
atients  required  sedation.

omplications
our  patients  (25%)  experienced  minor  complications  during
r  after  cardiac  catheterization:  transitory  complete  heart
lock  (n  =  1);  femoral  artery  pseudoaneurysm  treated  with
hrombin  injection  (n  =  1);  transient  loss  of  femoral  artery
ulse  requiring  heparin  infusion  (n  =  1);  and  femoral  vein
hrombosis  (n  =  1).  There  were  no  complications  from  the
T  scan.

nterventional procedures
t  the  time  of  cardiac  catheterization,  three  patients
nderwent  interventional  procedures:  balloon  angioplasty
f  stenotic  pulmonary  arteries  that  was  anticipated  by
chocardiography;  balloon  angioplasty  of  recoarctation  of
he  aorta  anticipated  by  CT;  and  aortopulmonary  collaterals
cclusion.

adiation doses and contrast
ixteen  patients  underwent  both  CT  and  cardiac  catheter-
zation  (15  had  radiation  dose  data  available).  The  median
T  exam  DLP  was  19.0  mGycm  [IQR  12.0  to  30.0  mGycm].
onversion  factors  from  DLP  (32  cm  dose  phantom)  to  effec-
ive  dose  ranged  between  0.090  and  0.041  mSv/mGycm  for

 newborn  to  a  5-year-old  phantom,  respectively.  Median
uoroscopy  time  and  DAP  for  cardiac  catheterization  were
3.9  minutes  [IQR  11.1  to  29.7  minutes]  and  92.9  �Gym2 [IQR
2.0  to  209.0  �Gym],  respectively.  Conversion  factors  from
AP  to  effective  dose  ranged  between  0.032  and  0.008
Sv/�Gym2 for  a newborn  to  a  5-year-old,  respectively.
hen  comparing  CT  and  cardiac  catheterization,  we  found

hat  the  radiation  dose  and  amount  of  contrast  were  signifi-
antly  higher  for  the  cardiac  catheterizations  (P  =  0.035  and
 =  0.001,  respectively).  However,  when  the  three  patients
ho  underwent  catheter  intervention  were  excluded,  the
ifference  in  dose  was  no  longer  statistically  significant
P  =  0.13)  (Table  1).
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Table  1  Comparison  of  amount  of  contrast  (mL)  and  effective  radiation  dose  (mSv)  between  computed  tomography  and
cardiac  catheterization.

CT  Catheterization  P

Amount  of  contrast  (mL)  (n  =  16)  15.0  (12.0  to  16.8)  41.0  (30.0  to  65.0)  0.001
Effective  radiation  dose  (mSv)  (n  =  15)  1.2  (1.0  to  1.9)  2.6  (1.6  to  3.5)  0.035
Effective  radiation  dose  (mSv)  (n  =  12)a 1.3  (0.9  to  2.6)  2.5  (1.3  to  3.4)  0.13

Vessel dimensions are expressed as median (interquartile range); CT: computed tomography.
a Patients undergoing intervention excluded.

Table  2  Computed  tomography  absolute  measurements  and  Z-scores  of  the  vessel  segments,  acquired  from  the  whole
study  group  (n  =  27).

Measurement  Vessel  segment  CT

Absolute  measurement  (mm)  RPA  distal  7.4  (6.0  to  9.7)
RPA  proximal  6.5  (5.6  to  7.2)
LPA  proximal  5.6  (4.6  to  8.8)
LPA  distal  7.0  (5.6  to  7.9)
Aorta  isthmus  8.9  (7.6  to  10.8)
Aorta  abdominal  7.8  (6.8  to  8.4)

Z-score  RPA  distal  −0.3  (−1.5  to  1.0)
RPA  proximal  −1.2  (−2.0  to  −0.5)
LPA  proximal  −2.0  (−2.7  to  0.2)
LPA  distal  −0.9  (−2.0  to  −0.1)
Aorta  isthmus  1.3  (0.7  to  2.4)
Aorta  abdominal  0.7  (0.2  to  1.6)

Vessel dimensions are expressed as median (interquartile range); CT: computed tomography; LPA: left pulmonary artery; RPA: right
pulmonary artery.
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Agreement in vessel diameter measurements
Table  2  shows  the  absolute  measurements  and  Z-score  values
in  all  27  patients  who  underwent  CT.

Scatter  and  Bland-Altman  plots  comparing  the  abso-
lute  measurements  and  Z-scores  are  shown  in  Fig.  2A—D,
with  high  correlation  (r  =  0.98  for  both)  and  low  mean
bias  (0.71  mm  and  0.48,  respectively).  The  magnitude  of
intertechnique  differences  observed  for  individual  patients
was  low,  as  reflected  in  the  fact  that  95%  of  values  ranged
between  −0.9  and  2.3  mm  and  between  −0.7  and  1.7,
respectively.  The  bias  tended  to  be  higher  when  the  mea-
surement  was  higher.  Table  3  shows  the  comparison  of
absolute  measurements  and  Z-scores,  broken  down  into  indi-
vidual  segments.

The  intraobserver  intraclass  correlation  coefficients  for
CT  and  catheterization  measurements  were  0.99  (95%  confi-
dence  interval  [CI]  0.98—0.99)  and  0.91  (95%  CI  0.85—0.95),
respectively.  The  interobserver  intraclass  correlation  coef-
ficient  for  CT  measurements  was  0.96  (95%  CI  0.93—0.97)
compared  with  0.95  (95%  CI  0.92—0.97)  for  catheterization.

Comparison of CT and surgical findings
Stenosis  or  hypoplasia  of  the  pulmonary  arteries  was  iden-
tified  in  10  patients  on  the  right  and  12  patients  on  the  left
(seven  patients  had  bilateral  stenosis/hypoplasia)  by  CT.  CT
identified  all  cases  of  stenosis/hypoplasia  of  the  pulmonary

C
u
(
d

rteries.  There  were  two  cases  in  which  pulmonary  artery
ypoplasia  (one  on  the  right  side  and  one  on  the  left)  was
iagnosed  by  CT,  but  not  confirmed  intraoperatively  at  the
ime  of  BCPC.  One  patient  with  coarctation  of  aorta  under-
ent  successful  balloon  angioplasty  after  CT  (this  patient’s
orta  was  excluded  from  the  comparison  of  CT  and  surgical
ndings).  No  other  patients  were  found  to  have  aortic  coarc-
ation  on  CT  or  catheter  angiography  and,  as  such,  surgical
nspection  of  the  aorta  was  not  performed  at  the  time  of
urgery  in  any  of  the  27  patients  identified.

The  specificity,  sensitivity,  positive  and  negative  pre-
ictive  values  and  accuracy  of  CT  for  detecting  steno-
is/hypoplasia  of  the  pulmonary  arteries  are  shown  in
able  4. The  accuracy  of  CT  in  detecting  stenosis/hypoplasia
f  either  pulmonary  artery  was  96.1%  compared  with  surgical
ndings.

During  the  median  follow  up  of  1.7  years  [IQR  161  days
o  3.4  years],  none  of  the  patients  required  intervention
ecause  of  pulmonary  artery  stenosis  or  coarctation  of  the
orta.

omparison of stays in intensive care unit
omparison  of  the  mean  duration  of  stay  in  an  intensive  care
nit  between  patients  undergoing  cardiac  catheterization
n  =  73)  and  the  rest  of  the  patients  (after  CT  or  echocar-
iography  only,  n  =  15)  revealed  no  significant  difference



18  S.  Krupickova  et  al.

Figure 2. A, B. Scatter plot (A) and Bland-Altman plot (B) comparing absolute vessel segment measurements in patients undergoing both
computed tomography (CT) and cardiac catheterization (n = 10). C, D. Scatter plot (C) and Bland Altman plot (D) comparing Z-score segment
measurements in patients undergoing both CT and cardiac catheterization (n = 10). r: correlation coefficient.

Table  3 Comparison  of  each  vessel  segment  measurement  by  computed  tomography  and  cardiac  catheterization.

Vessel  Bias  Lower  limit  agreement  Upper  limit  agreement  r

RPA  (mm)  0.93  −0.7  (−1.4  to  0.0)  2.5  (1.8  to  3.2)  0.98
LPA  (mm)  0.87  −0.8  (−1.5  to  −0.1)  2.6  (1.9  to  3.3)  0.99
Aorta  (mm)  0.44  −1.1  (−1.7  to  −0.5)  2.0  (1.4  to  2.6)  0.93
RPA  (Z-score) 0.72  −0.5  (−0.9  to  −0.2)  1.9  (1.6  to  2.3)  0.96
LPA  (Z-score)  0.69  −0.7  (−1.4  to  0.0)  2.1  (1.4  to  2.8)  0.99
Aorta  (Z-score)  0.16  −0.4  (−1.0  to  0.2)  0.8  (0.2  to  1.4)  0.89

Limits of agreement from Bland-Altman analyses are displayed with 95% confidence intervals; LPA: left pulmonary artery; r: correlation
coefficient; RPA: right pulmonary artery.

Table  4  Sensitivity,  specificity,  negative  and  positive  predictive  values  and  accuracy  of  computed  tomography  to  detect
proximal  stenosis  and/or  hypoplasia  for  each  vessel  segment  (analysed  against  surgical  findings).

Vessel  Sensitivity  Specificity  NPV  PPV  Accuracy

RPA  90  (56  to  100)  100  (81  to  100)  94  (73  to  100)  100  (66  to  100)  96  (89  to  100)
LPA  92  (62  to  100)  100  (78  to  100)  94  (70  to  100)  100  (72  to  100)  96  (89  to  100)

All data are displayed with 95% confidence intervals; LPA: left pulmonary artery; NPV: negative predictive value; PPV: positive predictive
value; RPA: right pulmonary artery.
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CT  and  great  vessel  stenosis  or  hypoplasia  

(6.4  ±  7.1  vs  4.9  ±  4.0  days,  respectively;  P  =  0.46).  Four
patients  who  underwent  cardiac  catheterization  died  (7,
20,  370  and  602  days  after  BCPC)  postoperatively;  none  of
the  deaths  was  related  to  any  undiagnosed  coarctation  or
pulmonary  artery  stenosis.

Discussion
In  the  present  study,  we  analysed  the  accuracy  and  safety
of  CT  angiography  in  assessing  great  artery  stenosis  or
hypoplasia  before  BCPC.  The  accuracy  of  CT  in  detecting
stenosis/hypoplasia  was  excellent  compared  with  surgery,
and  no  stenosis/hypoplasia  was  missed  using  CT.  CT  and
catheterization  measurements  were  similar,  the  amount  of
contrast  was  lower  with  CT  and  the  radiation  dosage  was  not
significantly  different  between  CT  and  cardiac  catheteriza-
tion.  No  patients  required  general  anaesthesia  or  sedation
for  CT,  and  procedural  complications  were  only  experienced
during  or  after  cardiac  catheterization.

Detection of great vessel stenosis or
hypoplasia using CT versus surgery

We  have  shown  that,  in  our  cohort,  CT  accurately  iden-
tified  all  cases  of  pulmonary  artery  stenosis/hypoplasia
in  patients  before  BCPC.  There  were  no  examples  of
coarctation  of  the  aorta  identified  by  CT,  and  thus  the
aorta  was  not  inspected  at  the  time  of  surgery.  Impor-
tantly,  during  the  follow-up  period,  no  intervention  was
required  for  pulmonary  stenosis  or  aortic  coarctation,  and
six  patients  have  subsequently  undergone  successful  Fontan
completion.

Detection of great vessel stenosis or
hypoplasia using CT versus cardiac
catheterization

There  was  high  correlation  between  CT  and  cardiac
catheterization  for  measurements  of  the  aorta  and  the
pulmonary  artery,  and  a  low  magnitude  of  intertech-
nique  differences  was  observed  for  individual  patients.
Furthermore,  there  was  agreement  in  intra-  and  inter-
observer  variabilities  regarding  CT  measurements.  The
three-dimensional  dataset  allows  reconstruction  of  vessels
in  any  plane,  together  with  isotropic  measurements,  with
a  spatial  resolution  up  to  0.3  mm  and  temporal  resolution
up  to  75  ms  [19].  At  present,  CT  is  the  best  non-invasive
method  for  obtaining  reproducible  data.  Cardiac  catheteri-
zation  allows  vessel  measurements  in  only  two  dimensions,
and  requires  general  anaesthesia  in  most  centres.  Cardiac
magnetic  resonance  imaging  allows  the  acquisition  of  a
three-dimensional  dataset,  but  with  lower  spatial  and  tem-
poral  resolution  than  CT  (approximately  1.7  mm),  and  also
requires  general  anaesthesia  [20].  Echocardiography  is  the
least  reproducible  method,  as  the  great  arteries  may  have
an  oval  shape,  and  measurements  are  made  in  only  one
two-dimensional  plane  [9].
Radiation dose

Our  study  group  has  shown  that  CT  at  BCPC  carries  a  low
radiation  dose.  However,  the  effective  dose  with  cardiac
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atheterization  in  our  centre  was  also  low,  at  a  median
.6  mSv  (including  three  patients  undergoing  interventional
atheterization;  median  2.5  mSv  when  these  patients  were
xcluded).  For  comparison,  the  worldwide  average  natu-
al  background  carries  an  effective  radiation  dose  of  2.4
Sv/year  [21],  and  one  simple  paediatric  chest  X-ray  car-

ies  0.005  mSv  [22].  The  estimated  lifetime  cancer  risks  [22]
or  CT  scans  and  cardiac  catheterization  are  approximately
.01  and  0.03%,  respectively.  However,  the  true  risk  from
ow-level  diagnostic  radiation  exposure  is  not  clear,  and  is  a
opic  of  much  debate.  Until  more  data  on  the  risk  of  medical
adiation  exposure  are  available,  exposures  should  be  kept
o  the  minimum  possible  to  obtain  sufficiently  diagnostic
mages  [23].

The  only  available  comparable  study  [24]  showed  a  sim-
lar  effective  radiation  dose  to  ours  with  CT  (1.1  mSv),  but

 significantly  higher  radiation  dose  with  cardiac  catheter-
zation  (14.0  mSv).  This  may  be  explained  by  a  shorter
atheterization  time,  with  a  focus  on  the  acquisition  of  only
ssential  information  at  our  centre.  It  does  illustrate  that,
n  the  current  era,  low  radiation  exposures  are  achievable
ith  cardiac  catheterization,  although  at  a  slightly  higher

evel  than  with  CT.

eneral anaesthesia and sedation

ll  patients  undergoing  cardiac  catheterization  had  general
naesthesia  without  complications.  No  anaesthesia  or  seda-
ion  was  required  for  CT.  Other  centres  have  reported  the
se  of  sedation  [24]  in  patients  aged  <  1  year,  but  we  have
chieved  good  image  quality  without  any  form  of  sedation,
robably  as  a  result  of  the  high-pitch  acquisition  and  the  use
f  vacuum  immobilization  devices.

dverse events from the contrast

he  complications  of  low  osmolality  iodinated  contrast  are
elatively  rare,  but  include  hypotension  and  acute  kid-
ey  injury,  both  of  which  are  somewhat  dose  dependent.
lthough  very  rare  in  children,  it  should  be  noted  that  the
isk  of  hypotension  and  contrast-induced  acute  kidney  injury
uring  cardiac  catheterization  increases  with  higher  con-
rast  volumes  [25]  and  with  intracardiac  administration  [26].
cute  contrast-related  anaphylactic  reactions,  although
xtremely  rare,  can  lead  to  death  from  circulatory  collapse
nd  severe  bronchospasm,  even  with  tiny  doses  [27].  Nev-
rtheless,  no  adverse  reactions  were  observed  in  any  of
ur  patients,  although  the  amount  of  contrast  required  for
ardiac  catheterization  was  significantly  greater  than  for
T.

maging work-up before BCPC

e  believe  that,  in  most  cases,  relatively  low-cost,  low-dose
nd  low-complication  CT  angiography  accurately  identifies
bnormalities  of  the  great  vessels,  while  overall  intracar-
iac  morphology,  atrioventricular  valve  regurgitation,  the
resence  of  interatrial  communication  and  ventricular  func-

ion  can  be  assessed  accurately  by  echocardiography.  Our
ata  also  showed  that  there  was  no  significant  difference  in
ength  of  stay  in  paediatric  intensive  care  units  between
atients  who  had  catheterization  as  part  of  the  work-up
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efore  BCPC  and  those  who  had  CT  or  echocardiography
nly.  Thus,  the  main  indication  for  cardiac  catheterization
s  likely  to  be  related  to  interventional  procedures,  such  as
alloon  angioplasty  or  abnormal  vessel  embolization,  and
ndications  for  such  interventional  procedures  can  be  diag-
osed  with  a  CT  scan.  The  length  of  time  —  and  therefore
adiation,  contrast  and  general  anaesthetic  doses  —  required
or  these  catheter  measurements  and  interventions  could
robably  be  reduced  by  preprocedural  CT  for  overall  assess-
ent  of  the  cardiovascular  anatomy.  From  our  experience,
atients  with  hypoplastic  left  heart  syndrome  should  still
ndergo  cardiac  catheterization  before  Glenn,  before  pro-
eeding  to  the  second  stage  of  palliation,  because  they  are
ery  likely  to  benefit  from  interventions  such  as  collateral
cclusion,  balloon  dilatation  of  pulmonary  stenosis,  stenting
f  Sano  shunt  and  balloon  dilation  of  aortic  arch  obstruction.
onversely,  other  cases  of  single  ventricle  (especially  tricus-
id  atresia  or  double  inlet  left  ventricle)  can  undergo  only
ardiac  CT.

tudy limitations

esides  the  retrospective  design  of  our  study,  the  main  lim-
tation  was  the  relatively  small  number  of  patients.  This
s  a  reflection  of  a  gradual  increase  in  the  number  of
atients  investigated  by  CT  over  a  6-year  period.  Neverthe-
ess,  our  results  are  very  encouraging  and  confirm  the  value
nd  safety  of  CT  angiography  in  the  preoperative  assess-
ent  of  paediatric  patients  with  complex  congenital  heart
efects.

Finally,  conversion  of  the  collated  radiation  dose  metrics
o  effective  dose  is  inevitably  associated  with  some  uncer-
ainties,  which  could  introduce  systematic  errors  of  up  to
0%  in  the  estimate  of  the  effective  dose.  Nevertheless,
he  methodology  used  for  these  purposes  is  widely  accepted
16,17].

onclusions

his  study  has  shown  that,  in  a  selected  group  of  patients
ot  requiring  intervention  before  BCPC,  CT  angiography  was
ccurate  in  the  identification  and  measurements  of  great
essel  stenosis/hypoplasia.  In  addition,  CT  carried  a lower
adiation  exposure  and  no  morbidity.  No  patient  undergoing
T  required  any  sedation.  Further  multicentre  studies  are
eeded  to  confirm  the  accuracy  of  CT  for  assessment  before
CPC.
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