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Abstract  COVID-19  is  a  disease  with  many  clinical,  biochemical,  and  radiological  signs  that
has a  predilection  for  the  lungs,  probably  because  of  the  high  number  of  ACE-2  receptors  in
this organ.  The  infection  of  cells  activates  proinflammatory  substances,  causing  diffuse  alveo-
lar damage,  which  is  the  histopathological  basis  of  ARDS.  The  exudative  phase  would  manifest
as ground-glass  opacities  and  consolidation,  and  the  proliferative  phase  would  manifest  as  a
tendency toward  a  more  linear  morphology.  Both  CT  and  PET/CT  findings  support  the  inflam-
matory character  of  the  lung  lesions  in  the  initial  phase  of  the  disease  and  in  patients  with
mild-moderate  disease.

Severe  cases  have  pulmonary  hypoperfusion  that  is  likely  due  to  abnormal  alveolar  ventilation
and perfusion.  On  the  other  hand,  a  prothrombotic  state  increases  the  risk  of  thromboembolic
disease through  the  activation  of  coagulation  and  platelet  pathways  with  the  production  of

fibrin degradation  products  (D-dimer)  and  consumption  of  platelets.
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SARS-CoV-2:  cómo  es,  cómo  actúa  y  cómo  se  expresa  en  la  imagen

Resumen  La  COVID-19  es  una  enfermedad  con  una  gran  semiología  clínica,  bioquímica  y  radi-
ológica, que  tiene  una  afectación  preferente  por  el  pulmón,  probablemente  debido  a  un  mayor
número  de  receptores  ECA-2.  La  infección  celular  activa  sustancias  proinflamatorias  y  provoca
un daño  alveolar  difuso,  que  es  la  base  histopatológica  del  distrés  respiratorio  del  adulto.  La
fase exudativa  explicaría  las  imágenes  ‘‘en  vidrio  deslustrado’’  y  consolidación,  mientras  que  la
tendencia  hacia  una  morfología  más  lineal  representa  la  fase  proliferativa.  Tanto  la  tomografía
computarizada  (TC)  como  la  tomografía  por  emisión  de  positrones/  tomografía  computarizada
(PET/TC)  apoyan  el  carácter  inflamatorio  de  las  lesiones  pulmonares  cuando  la  enfermedad
está en  fase  inicial  o  es  leve-moderada.

Los  casos  graves  muestran  una  hipoperfusión  pulmonar  que  se  explicaría  por  una  alteración  de
la ventilación-perfusión  alveolar  (V/Q).  Por  otro  lado,  un  estado  protrombótico  conlleva  mayor
probabilidad  de  enfermedad  tromboembólica  por  la  activación  de  la  vía  de  la  coagulación  y
plaquetaria,  con  la  producción  de  sustancia  de  degradación  de  la  fibrina  (dímero  D)  así  como
el consumo  de  plaquetas.
©  2020  SERAM.  Publicado  por  Elsevier  España,  S.L.U.  Todos  los  derechos  reservados.
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OVID-19,  the  disease  caused  by  the  SARS-CoV-2  coron-
virus,  is  currently  a  global  pandemic.  This  pandemic  is  one
f  the  most  active  over  the  centuries,  with  close  to  1.4  mil-
ion  deaths  around  the  world  (at  the  time  of  drafting  of  this
aper).  Spain  is  one  of  the  countries  with  the  highest  number
f  deaths  per  million  inhabitants.

On  31  December  2019,  the  Wuhan  Health  Commission
otified  the  Chinese  Center  for  Disease  Control  and  Preven-
ion  and  the  World  Health  Organization  (WHO)  of  a  group  of
7  patients  with  pneumonia  of  unknown  origin.  Contact  trac-
ng  of  those  patients  revealed  a  link  to  the  Huanan  Seafood

holesale  Market  in  Wuhan,  which  sells  living  and  dead
nimals  of  multiple  species,  including  bats,  snakes  and  pan-
olins.  The  outbreak  of  infection  was  thought  to  stem  from

 virus  mutation  that  enabled  transmission  from  animals  to
umans.  On  30  January  2020,  the  WHO  declared  the  viral
neumonia  outbreak  a  public  health  emergency  of  interna-
ional  concern.  On  11  March  2020,  it  characterised  it  as  a
andemic  of  coronavirus  disease  2019  (COVID-19).1,2

irology

n  7  January  2020,  the  origin  of  the  infection  was  discovered
n  China;  on  11  February,  the  WHO  named  it 2̈019  novel  [new]
oronavirus̈(2019-nCoV).  The  disease  was  sometimes  collo-
uially  called Ẅuhan  pneumonia,̈ but  the  WHO  renamed  it
OVID-19  to  avoid  stigmatising  a  particular  geographic  area.
n  very  nearly  the  same  day,  the  International  Committee  on
axonomy  of  Viruses  named  the  causative  virus s̈evere  acute
espiratory  syndrome  coronavirus  2(̈SARS-CoV-2),  or  SARS-2
o  distinguish  it  from  the  SARS-1  outbreak  of  2002---2003.3,4
Coronaviruses  belong  to  the  family  Coronaviridae  and  are
 type  of  enveloped  single-stranded  RNA  virus.  They  are
ivided  into  four  genera:  alpha,  beta,  gamma  and  delta.  To
ate,  seven  coronaviruses  have  been  identified  in  humans,
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ll  of  which  are  members  of  the  alpha  and  beta  genera.
he  beta  genus  includes  the  SARS-1,  SARS-2  and  Middle  East
espiratory  syndrome  (MERS)  coronaviruses.  Coronaviruses
elonging  to  the  alpha  genus  normally  cause  signs  and  symp-
oms  of  the  common  cold.  Those  belonging  to  the  beta
enus  sometimes  cause  acute  respiratory  distress  syndrome
ARDS)  in  adults.5,6 These  viruses  arise  from  virus  muta-
ions  in  animals  such  as  bats,  which  act  as  reservoirs  before
ontaminating  or  spreading  to  hosts  (humans).  SARS-2  has
een  linked  to  the  genome  of  a  virus  found  in  horseshoe
ats,  which  belong  to  the  species  Rhinolophus, in  the  Chi-
ese  province  of  Yunnan  (96%  similarity).  Early  on,  it  was
ostulated  that  pangolins  serve  as  intermediate  hosts  or
ven  primary  reservoirs  (Pangolin-Cov),  but  this  has  not  been
onfirmed.3,7

SARS-CoV-2  (hereinafter,  SARS-2)  has  a  diameter  of
0−200  nm  (Fig.  1A).  Among  its  surface  proteins,  the  spike
S)  glycoprotein  is  the  one  that  binds  to  the  host  cell  through
ngiotensin-converting  enzyme  2  (ACE2)  receptors.3 These
eceptors,  present  in  type  II  lung  cells,  are  also  found  in
maller  numbers  in  the  kidneys,  bowel,  heart,  uterus,  brain,
ascular  walls  and  adrenal  glands  (Fig.  1B).8---10 Once  the
irus  binds  to  the  cell  membrane  through  a  mechanism  of
ndocytosis,  the  RNA  virus  genome  is  released  into  the  cyto-
lasm  for  replication.  The  genomic  RNA,  using  the  cell’s
ndoplasmic  reticulum  and  Golgi  bodies,  prepares  nucleo-
apsids  to  form  intracellular  virions  and  new  viral  particles
hat  exit  the  cell  through  exocytosis.  The  cell,  having  been
ltered  functionally  and  structurally,  undergoes  apoptosis
programmed  cell  death)11,12 (Fig.  1C).

Cytokines  are  released,  very  likely  as  a  result  of  inter-
ction  between  the  M  protein  of  the  virus  inside  the  cell
nd  the  nuclear  cytosol.  These  cytokines  then  activate  cells
uch  as  monocytes,  T  lymphocytes,  macrophages,  endothe-

ial  cells,  epithelial  cells  and  dendritic  cells.  This  mechanism
f  innate  immunity  in  the  host  represents  the  first  line  of
efence  against  the  virus.  Subsequently,  through  activation

6
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Figure  1  A)  Structure  of  SARS-CoV-2  (SARS-2).  Enveloped  single-stranded  RNA  virus  with  surface  glycoproteins.  The  virus’s  S
or spike  protein  gives  it  its  characteristic  crown-like  shape  and  binds  to  ACE2  receptors  on  cells.  B)  SARS-2  virus  infection  and
replication.  The  virus  binds  to  the  ACE2  receptors  of  the  host  cell  (in  this  case,  the  type  II  lung  cell)  to  enter  the  cell  by  endocytosis
through the  cell  membrane.  The  viral  envelope  is  destroyed  through  proteolysis;  this  releases  the  RNA,  which  replicates  and  then,
through the  membranes  of  the  cell’s  Golgi  bodies  and  endoplasmic  reticulum,  forms  complete  virions  (viral  inclusions  in  tissues  on
autopsy). These  virions  are  eliminated  by  means  of  exocytosis  through  the  cell  membrane.  Other  virus  proteins  enable  the  virus  to
enter the  nucleus  and  alter  it  structurally  and  functionally,  leading  to  apoptosis,  or  programmed  cell  death.  C)  The  cell  involvement
caused by  the  virus  prompts  activation  of  macrophages,  endothelial  cells,  dendritic  cells,  etc.  These  produce  cytokines  (IL-1,  IL-6
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nd IL-8)  and  cause  T  lymphocytes  to  activate  as  a  rapid  immune
r simply  not  well  regulated  causes  overproduction  through  IFN
ells (cytokine  storm).  COX-2:  cyclooxygenase-2;  IFN:  interfero

f  B  lymphocytes,  antibodies  are  generated  to  destroy  the
irus  and  clear  it  from  the  body.

Observation  of  patients  with  SARS  and  MERS  coron-
viruses  has  suggested  that  the  immune  mechanism  may  be
oorly  regulated,  such  that  macrophages  and  T  lymphocytes
verproduce  or  hyper-regulate  cytokines,  resulting  in  sys-
emic  inflammatory  response  syndrome  (SIRS),  also  called
ytokine  storm.  A  rapid,  well-coordinated  innate  immune
esponse  against  viral  infection  would  keep  the  virus  from
eplicating  and  prevent  its  effects,  but  a  poorly  regulated
r  excessive  immune  response  could  cause  cell  damage.13

xperiments  with  cells  in  vitro  have  demonstrated  delayed
elease  of  cytokines  and  other  kinins  in  respiratory  epithelial
ells,  dendritic  cells  and  macrophages  early  in  the  course  of
ARS-2  infection.  Cells  later  secrete  interferon  (IFN)  antivi-
al  factors  and  high  levels  of  pro-inflammatory  cytokines
uch  as  interleukins  (ILs)  (IL-1  and  IL-6)  and  tumour  necrosis
actor  (TNF).  Secretion  of  these  substances  induces  further
roduction  and  release  of  cytokines,  which  cause  severe  cell
amage.14,15

SARS-2,  like  SARS-1  and  MERS,  infects  epithelial  cells  in

uman  airways  (type  II  lung  cells),  where  THP-1  cells  (mem-
ers  of  a  monocytic  cell  line),  macrophages  and  dendritic
ells  induce  delayed  but  elevated  levels  of  pro-inflammatory
ubstances.  Serum  cytokine  and  chemokine  levels  are  signifi-
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11
onse.  However,  a  response  that  is  not  rapid  (delayed  response)
 TNF,  resulting  in  greater  activation  of  macrophages  and  other

 interleukin;  TNF:  tumour  necrosis  factor.

antly  higher  in  patients  with  severe  disease  than  in  patients
ith  milder  disease.

From  these  studies,  it  may  be  gleaned  that  a  poorly
ontrolled,  exaggerated  cytokine  response  by  cells  infected
ith  SARS-2  could  play  a  significant  role  in  COVID-19’s  patho-
enesis  and  progression  towards  severe  stages  of  ARDS.16

igns and symptoms

igns  and  symptoms  can  be  categorised  into  five  groups:

 No  signs  or  symptoms  (asymptomatic).
 Mild  to  moderate  disease  (80%).
 Severe  disease  and  hospitalisation  (13%).
 Critical  disease  and  intensive  care  unit  (ICU)  admission

(5%).
 Death  (2%).

The  true  percentage  of  asymptomatic  patients  is  diffi-
ult  to  ascertain.  Zhu  et  al.  published  a  meta-analysis  of
8  studies  that  enrolled  a  population  of  3062  patients  with

OVID-19,  12%  of  whom  were  asymptomatic.17 On  the  Dia-
ond  Princess  cruise  ship,  out  of  634  patients  with  a  positive

everse  transcription-polymerase  chain  reaction  (RT-PCR)
est,  the  actual  proportion  of  asymptomatic  patients  was

7
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8%.17,18 Men  and  women  are  affected  similarly,  with  slightly
igher  rates  in  men  (50%---62%).18

The  most  common  symptom  is  fever  (80%---98%),  in  the
vening;  in  many  cases,  it  is  high  and  accompanied  by  chills
nd  sweating.  Cough  is  the  second  most  common  symp-
om  (63%---70%).  Usually  it  is  dry,  though  in  30%---40%  of
atients  it  is  accompanied  by  expectoration.  There  is  a
ighly  characteristic  association  with  muscle  pain  (45%),
evere  weakness  (asthenia)  and  tiredness.  Anorexia  has
een  observed  in  39%  of  patients  and  usually  accounts
or  weight  loss,  along  with  loss  of  taste  and  smell.19---21

igns  in  children  tend  to  be  milder  and  may  even  go
nnoticed,  though  links  to  vasculitis,  Kawasaki  disease
nd  multisystem  inflammatory  syndrome  in  children  have

een  found.22 Children  are  also  more  prone  to  skin  prob-
ems  such  as  rashes,  urticarial  lesions  and  pernio-like  acral
schaemia.23,24

t
o
e

igure  2  A)  A  61-year-old  man  (healthcare  worker).  He  had  fever,
ddition, a  chest  X-ray  with  blurring  of  the  right  cardiac  silhouette  (
ensity in  the  left  upper  lobe  (LUL);  as  a  result,  a  CT  scan  was  order
nd air  bronchogram  in  the  LUL;  no  other  lesions  were  seen  anywhere
uggestive of  COVID-19  for  6  days.  He  had  significant  fever  and  co
yspnoea. Negative  PCR.  A  CT  scan  showed  increases  in  peripheral
round-glass pattern.

11
da,  P.  Fernández-Rodríguez  et  al.

Dyspnoea  is  the  most  significant  warning  symptom
34%---50%);  a  combination  of  dyspnoea  and  O2 desaturation
ndicates  a  serious  clinical  picture  calling  for  hospital  admis-
ion.

In terms  of  laboratory  findings,  lymphopenia  is  char-
cteristic  (57%),  as  are  high  acute-phase  reactant  levels
C-reactive  protein  [CRP]  is  elevated  in  74%  of  patients,  and
rythrocyte  sedimentation  rate  [ESR]  is  elevated  in  66%)
nd  high  ferritin  levels.  Partial  pressure  of  oxygen  (PO2)
s  decreased  in  more  than  half  of  patients  (64%),  and  it  is
ot  uncommon  to  find  moderate  alteration  of  liver  enzymes
29%)  without  elevation  of  bilirubin.

One  of  the  most  striking  abnormalities  is  elevation  of
-dimer  levels,  associated  in  many  cases  with  thrombocy-

openia.  These  abnormalities  have  given  rise  to  a  hypothesis
f  disseminated  intravascular  coagulation  (DIC).  DIC,  a  dis-
ase  that  results  from  activation  and  stimulation  of  the

 asthenia,  muscle  pain  and  cough  for  4  days  (positive  PCR).  In
the  patient  had  pectus  excavatum)  showed  a  subtle  increase  in
ed.  The  CT  scan  revealed  a  lesion  with  a  crazy-paving  pattern

 else  in  the  lung.  B)  A  66-year-old  man  had  signs  and  symptoms
ugh  with  no  notable  expectoration.  Ageusia  and  anosmia.  No

 bilateral  density  with  a  posterior  predominance,  exhibiting  a

8
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igure  3  Other  radiological  patterns  on  CT  in  patients  with
esions. C)  Halo  sign.  D)  Vacuolisation.  E)  Reversed  halo  sign.  F)

oagulation  system,  causes  thrombotic  microangiopathy  due
o  fibrin  deposition  and  secondary  fibrinolysis.  It  is  com-
on  in  many  disease  states,  including  infection  and  sepsis.
owever,  clinical  signs  of  DIC  include  bleeding,  which  is  not
sually  seen  in  patients  with  COVID-19.25,26

adiological diagnosis

hest  X-rays  have  been  very  helpful  in  supporting  patient
riage  and,  in  particular,  serving  as  a  criterion  for  deciding
n  hospital  admission  where  patients  have  shown  exten-
ive  radiological  signs.  Computed  tomography  (CT)  is  a  test
ith  high  diagnostic  reliability  (98%  sensitivity)  that  enables
riteria  for  disease  severity  and  progression  to  be  evalu-
ted.  High-resolution  studies  show  multifocal  attenuation
ncreases  exhibiting  ground-glass  radiological  patterns  and
onsolidation  with  a  bilateral  peripheral  distribution,  with

 slight  predilection  for  the  lower  and  posterior  lung  fields.
his  distribution  was  reported  even  in  the  first  articles  pub-

ished  on  the  subject.  Single  lesions  are  less  commonly  found
25%)  and  tend  to  be  seen  in  the  earliest  stages  of  the  disease
Fig.  2).27

The  ground-glass  pattern  was  the  most  common  of  the
ifferent  radiological  patterns  (77%).  Lymphadenopathy  and
leural  and  pericardial  effusion  are  atypical  findings,  except
n  severely  ill  and  ICU-admitted  patients,  who  may  have  sec-
ndary  infections  or  heart  failure.  Other  possible  findings
re:  a  crazy-paving  pattern,  the  halo  sign,  the  reversed  halo

ign,  vascular  thickening,  air  bronchogram,  air  cysts  and,  in
ome  cases,  spontaneous  pneumothorax.  However,  the  lat-
er  findings  are  less  common  and  specific  to  this  disease
Fig.  3).28---30

i
V
i
p

11
ID-19:  A)  Crazy-paving  pattern.  B)  Vascular  thickening  inside
ntaneous  pneumothorax.

Authors  such  as  Duan  et  al.  and  Berheim  et  al.  docu-
ented  the  course  of  these  patterns  in  relation  to  onset

f  symptoms,  and  divided  COVID-19  into  three  stages:  an
arly  stage  (0---2  days),  an  intermediate  stage  (3---5  days)
nd  a  late  stage  (6---12  days).31,32 In  the  first  few  days  (mean

 ±  2  days),  it  was  not  uncommon  to  find  normal  scans,  or
cans  with  a ground-glass  pattern,  either  isolated  (Fig.  2A)
r  multifocal  (Fig.  2B).  However,  depending  on  the  course  of
he  disease,  there  could  be  overlapping  or  associated  crazy-
aving  patterns  and  areas  of  consolidation  that,  in  severe
ases,  converged  to  yield  a  radiological  pattern  of  ARDS.
here  the  patient  followed  a favourable  clinical  course,

hese  increases  in  density  gradually  decreased  over  the  next
wo  weeks,  leaving  reticular  or  linear  images  (fibrous  stripes
nd  subpleural  lines).  As  of  the  third  week,  radiological
maging  showed  significant  improvement  with  scant  residual
esions.  In  some  patients  with  mild  to  moderate  disease  who
eceived  treatment  with  corticosteroids,  radiological  clear-
nce  of  lesions  could  be  seen  within  a  few  days  of  treatment
Fig.  4).33

These  radiological  changes  reflect  the  histological  sub-
trate  reported  in  the  autopsies  and  biopsies  of  patients
ith  SARS-1  and  COVID-19.  The  common  histological  find-

ng  is d̈iffuse  alveolar  damagep̈articular  to  ARDS  in  its
ifferent  stages.34---36 The  first  few  days  correspond  to  an
arly  or  exudative  stage,  characterised  by  diffuse  alveolar
amage  with  acute  interstitial  oedema,  capillary  conges-
ion  and  exudate  in  the  air  space  made  up  of  fluid,  fibrin
nd  erythrocytes.  These  changes  account  for  the  radiolog-

cal  appearance  of  ground-glass  and  crazy-paving  patterns.
ascular  congestion  could  represent  the  vascular  thicken-
ng  sign  seen  on  CT,  which  is  reportedly  characteristic  of
atients  with  COVID-19  (59%  of  patients  with  COVID-19  ver-

9
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Figure  4  CT  on  axial  (A)  and  coronal  (B)  planes.  A  56-year-old  man,  diabetic,  with  signs  and  symptoms  of  malaise  and  39 ◦C  fever,
without cough,  for  10  days.  He  was  treated  with  hydroxychloroquine,  ceftriaxone  and  azithromycin.  On  his  sixth  day  of  admission,
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s he  was  not  following  a  favourable  clinical  course,  a  decision  w
ays of  this  treatment,  he  showed  clinical  and  radiological  imp

us  22%  of  patients  with  other  forms  of  viral  pneumonia).37

n  a  later  stage  (after  the  first  week),  this  exudate  becomes
ore  compact  and  takes  on  an  eosinophilic  appearance,
ith  greater  formation  of  hyaline  membranes,  especially
long  the  walls  of  the  alveolar  ducts  and  distal  respiratory
ronchioles.38,39 Radiologically,  this  is  expressed  as  progres-
ion  towards  consolidation.  The  proliferative  stage  (from  the
econd  to  the  fourth  week)  shows  changes  with  prolifera-
ion  of  fibroblasts  in  the  alveolar  spaces  and  interstitium,  as
ell  as  hyperplasia  of  type  II  lung  cells,  causing  the  alveolar
alls  to  thicken.  Mononuclear  inflammatory  cells,  especially
acrophages  and  lymphocytes,  may  appear.40,41 This  would

ccount  for  late  radiological  findings  such  as  progression  of
reas  of  lung  consolidation  towards  a  more  linear  pattern.
he  end  result  of  the  first  two  phases  is  deposition  of  mature
ollagen,  leading  to  progression  towards  chronic  intersti-
ial  fibrosis.  However,  in  patients  who  follow  a  favourable

ourse,  most  fibroblast  proliferation  resolves  with  no  func-
ionally  significant  residual  fibrosis42,43 (Fig.  5).

Other  histological  findings  are  the  appearance  of  infarc-
ions  of  the  lung  parenchyma,  alveolar  haemorrhage  and

b
b
c
p

12
ade  to  treat  him  with  corticosteroids  (22/04/2020);  after  four
ent  (28/04/2020).

brin  thrombi.44 Pulmonary  infarctions  (25%  of  patients)
nd  alveolar  haemorrhage  have  been  reported  in  patients
ith  a  clinical  course  of  more  than  10  days.  Fibrin  thrombi,
hich  are  a  common  finding  in  diffuse  alveolar  damage,
haracteristically  affect  small-calibre  arteries  in  both  early
nd  late  stages.  It  is  clear  that  patients  with  COVID-19
re  in  a  prothrombotic  state,  which  might  be  explained
y  the  presence  of  SIRS,  since  increased  levels  of  IL-6
nd  TNF,  as  well  as  activation  of  platelets  and  damage  to
ndothelial  cells,  trigger  the  extrinsic  coagulation  pathway
hrough  tissue  factor  and  the  intrinsic  coagulation  pathway
hrough  clotting  factors.  Thrombin  converts  fibrinogen  to
brin,  which  is  present  in  thrombi  in  small-calibre  and  dis-
al  vessels.  As  these  may  interfere  with  the  functioning  of
arious  organs,  systemic  anticoagulation  is  recommended
n  patients  with  COVID-19.  It  must  not  be  forgotten  that
he  infection  itself  or  sepsis  may  cause  the  patient  to

ecome  dehydrated;  this,  coupled  with  other  prothrom-
otic  risk  factors  such  as  obesity  and  bed  confinement,
ould  account  for  the  relatively  common  development  of
ulmonary  embolism.45,46
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Figure  5  Proposed  radiopathological  correlation  of  the  different  stages  of  acute  respiratory  distress  syndrome  in  COVID-19.  A)
Exudative or  early  phase,  featuring  alveolar  oedema  with  haemorrhage  and  hyaline  membranes.  Pro-inflammatory  substances  (IL-6)
with activation  of  cells  (macrophages)  causing  endothelial  damage  with  vascular  ingurgitation.  B)  Later  phase  with  progression  of
abnormalities (areas  of  consolidation).  C)  Proliferative  phase,  with  large  numbers  of  alveolar  hyaline  membranes  and  hypertrophy
of type  II  lung  cells.  Increase  in  collagen  leading  to  formation  of  interstitial  fibrosis.  Formation  of  fibrin  thrombi  (microvascular
thrombosis).  See  text.

Figure  6  A  patient  with  COVID-19  and  pulmonary  thromboembolism.  D-dimer  12,556  ng/mL.  CT  with  intravenous  contrast.  A)
T es.  B
a  sign
p l  and

d
t
o

his shows  filling  defects  in  distal  (segmental)  pulmonary  arteri
reas of  lung  consolidation,  suggesting  zones  of  infarction.  This
ulmonary thromboembolism  and  prompt  reassessment  of  dista
Curiously,  on  CT  scans  with  evidence  of  thromboembolic
isease,  thrombi  are  usually  small,  segmental  or  subsegmen-
al  (Fig.  6).  This  begged  the  question  of  whether  elevation
f  D-dimer  is  due  to  arterial  thrombi  so  small  that  they

a
T
t
d

12
)  Strikingly,  the  axial  image  shows  zones  of  lower  density  in  the
,  when  detected,  should  alert  the  clinician  to  the  possibility  of

 small  vessels  for  its  presence.

47
re  invisible  on  CT  given  its  limited  spatial  resolution.
o  answer  this  question,  patients  with  COVID-19  and  eleva-
ion  of  D-dimer  were  studied.  These  patients  underwent  a
ual-energy  CT  scan  with  contrast.  Patients  with  pulmonary

1
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Figure  7  A  woman  (healthcare  worker)  with  suspected  infection.  Positive  PCR.  Normal  chest  X-ray.  Treatment  was  started  with
hydroxychloroquine  and  azithromycin.  Over  the  next  4  days  she  showed  persistent  fever  and  gradual  worsening  with  dyspnoea  and
desaturation.  Increase  in  inflammatory  markers  (IL-6).  Elevation  of  D-dimer  from  322  to  more  than  4000  ng/mL.  A)  CT,  lung  window
showing extensive  bilateral  peripheral  lesions.  B)  CT  angiography  (dual-energy)  showing  no  evidence  of  pulmonary  thromboem-
bolism. Maximum  intensity  projection  (MIP)  reconstruction  enabling  visualisation  of  distal  vessels,  including  inside  areas  of  lung
consolidation.  C)  PBV  imaging  (Lung  Analysis  software  program;  Siemens  Healthineers)  showing  patchy  areas  of  perfusion  defects
essentially corresponding  to  areas  of  consolidation  that  exhibit  lower  contrast  uptake  (uptake  of  1.3  HU)  compared  to  areas  of
h h  na
l (see  

t
d
e
l
fi
a

h
p
u
d
e
l
c
o
m
w

i
d
l
u
t
i
i
e
s
c
c
e
n

ealthy lung  (uptake  of  63.4  HU).  D)  Coronal  reconstruction  wit
ung areas  (hypoperfusion),  more  pronounced  on  the  right  side  

hromboembolism  (PTE)  showed  characteristic  perfusion
efects  associated  with  areas  of  lung  consolidation  that
xhibited  well-delimited  areas  of  low  attenuation  in  vascu-
ar  regions  without  any  appreciable  arterial  thrombus.  This
nding  could  be  explained  by  vascular  obstruction  in  small
nd  distal  vessels  not  visible  on  CT  (Fig.  6).

By  contrast,  patients  who  did  not  show  PTE  and  who
ad  extensive  disease  with  multiple  lung  lesions  exhibited
atchy  areas  with  lower  uptake  on  pulmonary  blood  vol-
me  (PBV)  imaging  (a  lung  perfusion  map  obtained  with
ual-energy  CT).  With  the  positioning  of  a  region  of  inter-
st  (ROI)  in  these  areas,  contrast  uptake  was  found  to  be
ower  in  them  than  in  healthy  lung  areas.  Construction  of

olour  maps  with  narrower  density  thresholds  showed  areas
f  pulmonary  hypoperfusion  (Fig.  7).48 However,  in  cases  of
ore  minor  lesions  and  milder  disease,  no  perfusion  defects
ere  seen  (Fig.  8A),  and  low-energy  single-energy  (40  KeV)

b
s
c
g

12
rrower  density  thresholds,  showing  lower  uptake  by  peripheral
text).

maging  and  reconstructions  enabled  the  patency  of  more
istal  vessels  to  be  examined.  In  addition,  ground-glass
esions  and,  in  particular,  areas  of  consolidation  could  take
p  contrast;  this  would  support  the  notion  of  an  inflamma-
ory  origin  when  disease  is  less  extensive  and  probably  also
n  early  stages  (Fig.  9).  Similarly,  nuclear  medicine  stud-
es  conducted  using  fluorodeoxyglucose  (FDG)  (18F)  positron
mission  tomography/computed  tomography  (PET/CT)  also
howed  increased  metabolic  activity  in  lung  lesions,  thus
onfirming  the  inflammatory  component  as  the  most  likely
ause  of  lung  involvement  (Fig.  10).49 There  is  no  clear
xplanation  for  these  findings,  just  as  there  is  no  clear  expla-
ation  for  many  signs  of  this  disease.  However,  it  could

e  hypothesised  that  viral  infection  of  the  lungs  in  early
tages  has  an  inflammatory  component;  in  fact,  in  many
ases  its  radiological  behaviour  resembles  that  of  crypto-
enic  organising  pneumonia.36,50 This  would  explain  why  the
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Figure  8  Patient  with  COVID-19  who  had  several  pulmonary  lesions  with  high  attenuation.  Dual-energy  CT.  CT  angiography  (dual-
energy) showing  no  evidence  of  pulmonary  thromboembolism  (PTE).  A)  PBV  imaging  exhibiting  no  perfusion  defects  characteristic  of
PTE and  showing  homogeneous  perfusion  of  the  lung  parenchyma.  B)  Lung  window  showing  one  of  the  lung  lesions  with  the  reversed
halo sign.

Figure  9  A  patient  with  COVID-19.  Dual-energy  CT.  A  and  B)  Single-energy  imaging  showing  right  posterior  and  basal  consolidation
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ptake, more  obvious  on  low-energy  single-energy  imaging  (4
ncrease in  density  of  47  HU.

esions  take  up  contrast  on  imaging  studies  and  resolve  with
nti-inflammatory  treatment.

If  the  disease  progresses,  the  alveolar  damage  increases;
s  a  result,  non-ventilated  areas  increase  and  the  ventila-
ion/perfusion  (V/Q)  ratio  is  altered.  That  is  to  say,  poorly

entilated  lung  areas  exhibit  an  arterial  vasoconstriction
eflex,  called  the  von  Euler-Liljestrand  mechanism,  essen-
ially  in  the  alveolar  capillaries,  accounting  for  the  zones
f  pulmonary  hypoperfusion  in  areas  with  a  ground-glass

h
g
i
a

12
).  C)  Image  from  iodine  map  showing  lesion  uptake  with  an

ppearance  and  consolidation,  as  well  as  in  adjacent  areas.
his  would  amount  to  compromised  ventilation-perfusion  in
he  form  of  a  shunt  or  short  circuit,  and  would  explain  the
resence  of  blood  gas  abnormalities  with  a  decreased  PO2

nd  an  increased  alveolar---arterial  oxygen  gradient.  Patients

yperventilate  in  an  effort  to  increase  haemoglobin  oxy-
en  saturation;  however,  in  intact  lung  areas,  haemoglobin
s  saturated  (an  effect  of  the  oxygen---haemoglobin  dissoci-
tion  curve),  yet  enables  CO2 elimination,  given  that  the

3
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Figure  10  A  71-year-old  man  with  a  history  of  colon  carcinoma,  in  whom  monitoring  revealed  an  indeterminate  pulmonary  nodule.
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) Image  from  CT  with  lung  window.  B)  Image  from  a  PET/CT  

OVID-19, which  exhibit  metabolic  uptake.

iffusibility  of  CO2 is  20  times  that  of  oxygen.  This  mecha-
ism  would  shed  light  on  how  patients  show  hypoxaemia  with
ormocapnia  or  hypocapnia.  Administration  of  100%  oxygen
ay  improve  this  situation  by  recruiting  some  of  the  altered

lveoli.51

In  conclusion,  the  SARS-2  virus,  a  member  of  the  coron-
virus  family,  infects  alveolar  cells  through  a  binding  affinity
etween  ACE2  receptors  and  the  virus’s  S  protein;  this  bind-
ng  affinity  enables  the  virus  to  gain  entry  into  the  cell
hrough  a  mechanism  of  endocytosis  and  replicate  therein.
his  mechanism  activates  innate  or  cellular  immunity  as
n  initial  immune  response  and  triggers  cytokine  produc-
ion.  A  poorly  regulated  response  leads  to  SIRS  or  cytokine
torm,  causing  cell  damage.  In  the  lung,  alveolar  damage  is
ncurred  as  part  of  the  inflammatory  response,  offering  an
xplanation  for  radiological  abnormalities  with  ground-glass
atterns  and  areas  of  condensation.  A  more  severe  disease
ourse  leads  to  greater  alveolar  damage  and  causes  a  pat-
ern  of  end-stage  ARDS  in  many  patients.  Alveolar  damage
eads  to  V/Q  alteration  in  the  form  of  a  shunt,  prompting  a
asoconstriction  reflex  in  the  lung  capillaries,  which  would
xplain  the  areas  of  pulmonary  hypoperfusion  seen  in  perfu-
ion  models  from  dual-energy  CT  scans,  as  well  as  the  blood
as  abnormalities  observed  in  these  patients.
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