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De finition

Borde r z one  infarcts  (BZ I) als o k now n as  w ate rs h e d
infarcts  (W SI), are  is ch e m ic le s ions  th at occur at th e
junction of tw o non anas tom os ing m ajor ce re bral-
arte rial te rritorie s .1

BZ I w e re  firs t dis cus s e d in th e  19 th  ce ntury, Z ulch
and Be h re nd re porte d th e  typical topograph ical are as
of BZ I and h ypoth e s is e d th e ir h ae m odynam ic m e ch a-
nis m .2

Th e s e  le s ions  cons titute  approxim ate ly 10%  of all
brain infarcts .3

TYPES:
BZ I are  clas s ifie d into tw o type s ; Supra te ntorial and
infra te ntorial BZ I. W e  w ill dis cus s  s upra te ntorial
infarcts  in de tail.
Supra te ntorial BZ I are  furth e r of tw o type s ; e xte rnal/
cortical BZ I and inte rnal/s ubcortical BZ I4  (Fig. 1).
Exte rnal BZ I are  be tw e e n tw o adjace nt s upe rficial
te rritorie s  of th e  ante rior (ACA), m iddle  (MCA) and
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Borde r z one  or w ate rs h e d infarcts  are  is ch e m ic le s ions  th at occur at th e  junction of  tw o non anas tom os ing m ajor
ce re bral arte rial te rritorie s , cons tituting approxim ate ly 10%  of all brain infarcts . Tw o type s  of borde r z one  infarcts
(BZ I) are  re cogniz e d: Supra te ntorial and infra te ntorial. Supra te ntorial BZ I are  furth e r of tw o type s ; e xte rnal
(cortical) and inte rnal (s ubcortical). Th e ir path oph ys iology h as  not ye t be e n fully e lucidate d, but a com m only
acce pte d h ypoth e s is  h olds  th at inte rnal BZ I are  caus e d m ainly by h e m odynam ic com prom is e , w h e re as  e xte rnal
BZ I are  be lie ve d to re s ult from  e m bolis m  but not alw ays  w ith  as s ociate d h ypope rfus ion. Various  im aging m odalitie s
h ave  be e n us e d to de te rm ine  th e  pre s e nce  and e xte nt of h e m odynam ic com prom is e  or m is e ry pe rfus ion in
as s ociation w ith  BZ I. Se ve ral advance d te ch niq ue s  (e -g, diffus ion and pe rfus ion m agne tic re s onance  im aging
and com pute d tom ograph y, pos itron e m is s ion tom ograph y) can be  us e ful for ide ntifying th e  path oph ys iology,
m ak ing an e arly clinical diagnos is  and pre dicting th e  outcom e .
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pos te rior ce re bral arte ry (PCA).5 Th e s e  are  s ub
clas s ifie d as  ante rior, param e dian and pos te rior
cortical BZ I. Ante rior cortical borde r z one s  and
param e dian w h ite  m atte r infarcts  are  found at th e
junction of th e  te rritorie s  s upplie d by th e  ACA and
MCA, and th os e  in th e  pos te rior cortical borde r z one

Figure  1
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are  found at th e  junction of th e  te rritorie s  s upplie d
by th e  MCA and PCA. Ante rior cortical BZ I are  m ore
com m on be caus e  of th e  h igh  pre vale nce  of inte rnal
carotid arte ry (ICA) dis e as e .
Inte rnal BZ I are  locate d at th e  junctions  of th e  ACA,
MCA and PCA te rritorie s  w ith  th e  H e ubne r, le nticulos -
triate  (LS), and ante rior ch oroidal arte ry te rritorie s .
Inte rnal BZ I th us  m ay be  clas s ifie d as  infarcts  of th e
LS-MCA, LS-ACA, H e ubne r - ante rior ce re bral arte ry,
ante rior ch oroidal - MCA, and ante rior ch oroidal -
PCA te rritorie s . LS-MCA BZ I are  th e  m os t com m on
as  th is  are a is  s upplie d by th e  e nd branch e s  of de e p
pe rforating LS arte rie s  and m e dullary pe ne trators
from  th e  pial branch e s  of MCA.1

BZ I follow  th e  gray and w h ite  m atte r along th e  le ngth
of th e  paras agittal plane , and s h ow  pe ak  infarct fre -
q ue ncy at tw o s e parate  s ite s . One  is  frontal pe ak , in
th e  gre y and w h ite  m atte r s urrounding th e  junction
of th e  s upe rior frontal and pre ce ntral s ulci. And th e
oth e r is  parie tal pe ak , in th e  gre y and w h ite  m atte r
of th e  s upe rior parie tal lobule , pos te rolate ral to th e
pos t ce ntral s ulcus .5 (Fig. 2)

nis m s  of cortical BZ I and inte rnal BZ I are  pre s um e d
to be  diffe re nt.
Cortical BZ I are  th ough t to be  th e  re s ult of e m boli-
z ation e ith e r from  carotid arte ry ath e ros cle ros is  or
plaq ue  dis ruption or from  arte ry-to-arte ry e m boli
aggravate d by an e pis ode  of s ys te m ic arte rial h ypo-
te ns ion. A s e le ctive  vulne rability of cortical borde r
z one  to m icroe m boli is  link e d to th e  vas cular anatom y
of pial arte rie s  s upplying th os e  te rritorie s , re duce d
cle arance  of e m boli in a re lative ly h ypope rfus e d z one ,
or a com bination of both .9 ,10

Inte rnal BZ I h ave  be e n m os tly cons ide re d  to be
caus e d by h ae m odynam ic com prom is e  and s e ve re
carotid arte ry s te notic dis e as e .11 But th e re  are  s tudie s
s aying th at inte rnal BZ I re s ult e ith e r from  h e m ody-
nam ic im pairm e nt or from  m icroe m bolis m  s e condary
to plaq ue  inflam m ation.12,13

Th e  gre ate r vulne rability of inte rnal borde r z one s  to
h e m odynam ic com prom is e  is  due  to anatom ic ch arac-
te ris tics  of th e  ce re bral arte riole s  w ith in th e s e  z one s .
Th e  m e dullary pe ne trating arte rie s  are  th e  m os t dis tal
branch e s  of ICA and h ave  th e  low e s t pe rfus ion
pre s s ure . Th e  de e p pe rforating LS arte rie s  h ave  little
collate ral s upply, and th e re  are  no anas tom os e s
be tw e e n th e  de e p pe rforators  and th e  w h ite  m atte r
m e dullary arte riole s . Th e re fore , th e  ce ntrum  s e m iovale
and corona radiata are  m ore  s us ce ptible  th an oth e r
re gions  to is ch e m ic ins ults  in th e  pre s e nce  of h e m o-
dynam ic com prom is e .1

MISERY PERFUSION:
Mis e ry pe rfus ion is  incre as e d OEF, de cre as e d ce re bral
blood flow  and de cre as e d ce re bral blood flow /ce re bral
blood volum e  ratio. In s ym ptom atic ath e ros cle rotic
ce re bral arte ry dis e as e , m is e ry pe rfus ion is  an inde -
pe nde nt pre dictor of s ubs e q ue nt s trok e  ris k .14

CLINICAL COURSE:
Exte rnal BZ I h ave  a m ore  be nign clinical cours e  and
a be tte r prognos is  be caus e  th e s e  are  clos e r to th e
cortical s urface  th us , incre as e d ch ance  of de ve loping
collate rals  th rough  le ptom e ninge al or dural anas to-
m os e s .7 Inte rnal BZ I h ave  a poor prognos is  and rapid
clinical de te rioration. M ultiple  s m all inte rnal infarcts
h ave  prove d to be  inde pe nde nt pre dictors  of s ubs e -
q ue nt is ch e m ic s trok e .
Patie nts  w ith  m e tabolic s yndrom e  h ave  gre ate r ris k
of de ve loping BZ I.15

Figure  2: Color ove rlays  on axial T2-w e igh te d m agne tic re s onance
(MR) im age s  of norm al ce re brum  s h ow  locations  of e xte rnal (blue )

and inte rnal (re d) borde r z one  infarcts .

PATH OPH YSIOLOGY:
De s pite  m uch  re s e arch , th e  path oge ne s is  of BZ I
re m ains  de batable  and is  th ough t to be  m ultifactorial.
A h e m odynam ically im paire d  m e ch anis m  including
ICA s te nos is  or occlus ion, s ys te m ic h ypote ns ion, and
e m bolis m  is  a m ajor caus e  of BZ I.6,7,8 Th e  m e ch a-
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INFRATENTORIAL BZ I/CEREBELLAR BZ I:
Alth ough  rare , BZ I can als o be  s e e n in th e  pos te rior
fos s a be tw e e n th e  s upe rior ce re be llar arte ry (SCA)
and th e  pos te roinfe rior ce re be llar arte ry (PICA) or
be tw e e n PICA, SCA and ante roinfe rior ce re be llar
arte ry te rritorie s .16 Th e s e  are  us ually le s s  th an 2 cm
in s iz e , re s ulting from  arte rial s te nos is  or e m bolis m .1

Is olate d ve rtigo and im balance  m ay be  du e  to
ce re be llar BZ I, re s ulting from  focal h ypope rfus ion
caus e d by large  arte ry occlus ive  dis e as e .17 Num e rous
conve ntional MRI s tudie s  une q uivocally indicate  th at
m igraine  w ith  and w ith out aura h ave  an e le vate d ris k
of s trok e  confine d to s m all ce re be llar w ate rs h e d
infarcts .18 (Fig. 3)

APPEARANCE:
Inte rnal BZ I can appe ar conflue nt or partial on CT
and MRI. Conflue nt le s ions  are  due  to e xte ns ive
involve m e nt of w h ite  m atte r and are  us ually unilate ral
and runs  paralle l to th e  late ral ve ntricle . Partial inte rnal
BZ I appe ar as  a s ingle  or m ultiple  dis cre te  rounde d
le s ions  (ros ary be ad appe arance ) in th e  s am e
dis tribution as  conflue nt inte rnal BZ I.16,19  (Fig. 4)

Figure  3: Sch e m atic s h ow s  th e  borde r z one s  of th e  late ral (dark
gre e n) and m e dial (ligh t gre e n) s upe rior ce re be llar arte rie s , ante rior
infe rior ce re be llar arte ry (re d), and late ral (dark  blue ) and m e dial

(ligh t blue ) pos te rior infe rior ce re be llar arte rie s . Orange  =
ante rom e dial brains te m  s upply from  ante rior s pinal, ve rte bral,
and bas ilar arte rie s ; ye llow  = late ral s upply from  bas ilar arte ry.

IMAGING MODALITITIES:
Trans cranial dopple r ultras onograph y (TCD), com -
pute d tom ograph y (CT), m agne tic re s onance  im aging
(MRI), pos itron e m is s ion tom ograph y (PET) and s ingle
ph oton e m is s ion com pute d tom ograph y (SPECT) are
diffe re nt m odalitie s  th at provide  us e ful inform ation
for ide ntifying th e  path oph ys iologic proce s s , m ak ing
an e arly clinical diagnos is , guiding m anage m e nt, and
pre dicting th e  outcom e  of BZ I.

Figure  4: Axial T1 (a) and DW I (b): Multiple  righ t ce re bral inte rnal
borde r z one  infarcts  s h ow ing re s tricte d diffus ion.

a b

EBZ  infarcts  appe ar as  fan or w e dge -s h ape d e xte n-
ding from  th e  late ral m argins  of th e  late ral ve ntricle
tow ard th e  corte x.16 (Fig. 5, 6)

a b

Figure  5: Axial DW I (a) and coronal FLAIR (b): Foci of re s tricte d
diffus ion in le ft ce re bral h e m is ph e re , pre dom inantly along gre y-
w h ite  m atte r junction, ACA: MCA te rritory re pre s e nting le ft ante rior

e xte rnal w ate rs h e d infarct.

H AEMODYNAMIC IMPAIRMENT:
Re duction in th e  ce re bral pe rfus ion pre s s ure  (CPP)
re s ponds  by autore gulatory vas odilatation, le ading
to an incre as e  in ce re bral blood volum e  (CBV), prolon-
gation of m e an trans it tim e  (MTT) and de cre as e in
ce re bral blood flow  (CBF). Com prom is e d CBF can
be  as s e s s e d by various  te ch niq ue s , including TCD,
s table  xe non or ¹³³Xe  CT, SPECT, PET, and m ore
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DIFFUSIO N AND PERFUSIO N W EIG H TED
IMAGING:
Diffus ion-w e igh te d M R im aging (DW I) is  m ore
s e ns itive  th an s tandard MRI te ch niq ue s . It can be tte r
de pict th e  location of BZ I and can diffe re ntiate  acute
s trok e  from  ch ronic s trok e . In acute  e ve nts , DW I is
ve ry s e ns itive  for th e  diagnos is  of both  cortical and
inte rnal BZ I.
Pe rfus ion MR or CT im aging als o h as  be e n pe rform e d
in patie nts  w ith  BZ I de te cte d at routine  CT or MR
im aging or DW  MR im aging. Pe rfus ion s tudie s  h e lp
ide ntify m is e ry pe rfus ion as s ociate d w ith  BZ I and
h ave  s h ow n a far gre ate r are a of m is e ry pe rfus ion
th an is  re fle cte d on DW I, in patie nts  w ith  inte rnal BZ I.
Th us , th e  typically s m all inte rnal BZ I re pre s e nt th e
“tip of th e  ice be rg” of de cre as e d pe rfus ion re s e rve
and m ay be  pre dictive  of im pe nding s trok e . (Fig. 7)
Th e  findings  at pe rfus ion im aging could be  of gre ate r
clinical re le vance  for ide ntifying acute  or ch ronic
s trok e . Th e  caus e  of BZ I can als o be  ide ntifie d from
findings  at pe rfus ion im aging.

Figure  6: Axial diffus ion-w e igh te d MR im age  and appare nt diffus ion
coe fficie nt m ap s h ow  bilate ral pos te rior cortical borde r z one

infarcts .

re ce ntly, CT and MRI pe rfus ion te ch niq ue s . Mos t of
th e s e  are  bas e d on e valuation of th e  autore gulatory
re s pons e  to a vas odilatory s tim ulus  s uch  as  intra-
ve nous  adm inis tration of ace taz olam ide , bre ath  h ol-
ding or inh alation of carboge n.16

H ae m odynam ic com prom is e  s tage  1 is  de fine d as
failure  of CBF  to incre as e  in re s pons e  to vas odilatory
s tim ulus , be caus e  autore gulation h as  alre ady re ach e d
its  m axim um .11 A de cre as e  in ce re bral blood flow
afte r a vas odilatory ch alle nge  re pre s e nts  abnorm al
re s pons e  andindicate s  a h igh e r ris k  for re curre nt
s trok e .1

If ce re bral pe rfus ion de cre as e s  furth e r, norm al
ce re bral oxyge n de m and is  fulfille d by incre as ing th e
am ount of oxyge n e xtracte d from  th e  blood (OEF)
and th is  is  calle d as  h ae m odynam ic com prom is e
s tage  2, a ph e nom e non th at can be  m e as ure d only
w ith  PET.
H ae m odynam ic com prom is e  h as  be e n as s ociate d
w ith  a h igh  ris k  of re curre nt s trok e  e s pe cially for
s tage  2. Th e  ris k  of re curre nt s trok e  for patie nts  w ith
an incre as e d OEF is  about s ix to s e ve n tim e s  h igh e r
th an for patie nts  in w h om  OEF is  w ith in th e  norm al
range .11 Elde rly patie nts  are  m ore  at ris k  of re curre nt
s trok e s  in th e  s e tting of h e m odynam ic com prom is e .16

ROLE OF NEUROIMAGING:
Th e  m ain goals  of ne uroim aging in patie nts  w ith  BZ I
is  to de te rm ine  w h e th e r h e m odynam ic im pairm e nt is
pre s e nt or not and to as s e s s  its  s e ve rity. Diffus ion
and pe rfus ion MR or CT im aging are  re ce nt advance s
h aving incre as e d s e ns itivity for BZ I.

Th re e  pe rfus ion patte rns  h ave  be e n ide ntifie d; Norm al/
trans ie nt pe rfus ion de ficit, localiz e d pe rfus ion de ficit,
and e xte ns ive  pe rfus ion de ficit. Re cognition of s pe cific
pe rfus ion patte rns  is  h e lps  in patie nt m anage m e nt.
Norm al pe rfus ion patte rn m ay be  s e e n in patie nts
w ith  a trans ie nt pe rfus ion de ficit due  to de cre as e  in
blood pre s s ure , in th e  abs e nce  of any arte rial path o-
logy.
Localiz e d pe rfus ion de ficit m atch ing th e  are a of
re s tricte d diffus ion on DW I is  ofte n found in patie nts

a b

Figure  7: CT pe rfus ion s ource  data w ith  pe rih e m atom a and
e xte rnal and inte rnal borde rz one  ROIs . Maps  of ce re bral blood
flow , ce re bral blood volum e , ce re bral pe rfus ion pre s s ure , and

ce re brovas cular re s e rve  at 2 diffe re nt s e ctions  from  a patie nt in
th e  <180-m m  H g tre atm e nt group.
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s e ns itivity for th e  de te ction of h e m odynam ically im pai-
re d are as . (Fig. 10, 11)

w ith  infarcts  s e condary to e m bolis m . Th is  pe rfus ion
patte rn pre dicts  re lative ly good prognos is . (Fig. 8)

Figure  8: Localiz e d pe rfus ion de ficits  m atch ing th e  are a of
re s tricte d diffus ion (a) Diffus ion-w e igh te d MR im age  and appare nt
diffus ion coe fficie nt m ap s h ow  re gions  of re s tricte d diffus ion in

th e  te rritory of th e  righ t ACA. (b, c) Pe rfus ion CT m aps  s h ow  an
are a of re duce d ce re bral blood flow  (b) and incre as e d m e an trans it
tim e  (c) in th e  te rritory of th e  righ t ACA (d) CT angiogram  s h ow s

occlus ion of an A2 s e gm e nt of th e  righ t ACA.

a b

c d

Exte ns ive  pe rfus ion de ficits  us ually involve s  one  or
m ore  arte rial te rritorie s  and s ignale d by a m is m atch
be tw e e n diffus ion and pe rfus ion im aging findings . It
re s ults  from  s e ve re  s te nos is  or occlus ion of large
arte rie s . Th is  pe rfus ion patte rn is  as s ociate d w ith  an
incre as e d ris k  of clinical de te rioration and poor
prognos is .

PET:
PET e valuation is  h igh ly s ignificance  in de te rm ining
th e  s tage  II h e m odynam ic im pairm e nt. OEF and CBF
are  tw o im portant param e te rs  th at can be  m e as ure d
w ith  PET. Are as  w ith  incre as e d OEF and de cre as e d
CBF h ave  gre ate r h e m odynam ic im pairm e nt w ith
incre as e d ris k  of s ubs e q ue nt infarction. (Fig. 9 )

SPECT:
H e m odynam ic s tatus  is  e valuate d by SPECT  us ing
te ch ne tium  (9 9 m Tc)-labe le d com pounds : 9 9 m Tc-
h e xam e taz im e  or 9 9 m Tc e th yle ne cys te ine  dim e r.
Ce re bral pe rfus ion is  m e as ure d at bas e line  and afte r
vas odilatory ch alle nge . Ce re brovas cular re activity
m e as ure d afte r vas odilatory ch alle nge  h as  h igh

Figure  9 : Exam ple s  of PET im age s  on 2 diffe re nt le ve ls  s h ow
paralle l de cre as e  of FMZ -BP, CBF, CMRO2, and an incre as e  of

OEF in patie nt w ith  righ t ICA occlus ion w h o s h ow e d inte rnal
borde r z one  infarction (re d arrow ) w ith  cortical e xte ns ion (gre e n

arrow ) on corre s ponding MR im age s . In addition to m ark e dly
re duce d FMZ -BP in re gion w ith  s m all cortical infarcts , a de cre as e
of FMZ -BP w as  found in norm al-appe aring ce re bral corte x be yond

borde r z one  infarcts . M e an h e m is ph e ric value s  of ips ilate ral/
contralate ral h e m is ph e re : FMZ -BP ratio, 1.00/1.16; CBF, 20.4/26.1

m L/100 g/m in; CMRO2, 2.37/2.87 m L/100 g/m in; OEF,
61.9 % /58.3% .

Figure  10: Re pre s e ntative  MRI and SPECT im age s  in a patie nt
of de e p W S infarct. (A) MRI s h ow s  de e p W S infarcts  in th e  ce ntrum
s e m iovale  and corona radiata of th e  righ t s ide , w h ile  no involve m e nt
of ce re bral corte x. (B) SPECT im age s  de m ons trate  low  pe rfus ion
and de  cre as e d ace tazolam ide  re activity in th e  righ t MCA te rritory.
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com prom is e , as s ociate d w ith  poor prognos is  and
h igh e r ris k  of re curre nt s trok e . Exte rnal/cortical BZ Is
us ually follow  be nign clinical cours e  and are  us ually
caus e d by e m bolic ph e nom e non.
It is  e s s e ntial to diffe re ntiate  BZ I on im aging as  diffe -
re nt th e rape utic approach e s  m ay be  re q uire d for
tre atm e nt and als o to pre ve nt clinical de te rioration.
Advance d im aging te ch niq ue s  s uch  as  diffus ion and
pe rfus ion MR im aging, PET, pe rfus ion CT and SPECT
can be  us e ful for ide ntifying th e  path oph ys iologic
proce s s , m ak ing an e arly clinical diagnos is , guiding
m anage m e nt, and pre dicting th e  outcom e .

Figure  11: Re pre s e ntative  MRI and SPECT im age s in a patie nt
of cortical W S infarct. (A) MRI s h ow s  cortical W S infarct be tw e e n
th e  MCA and pos te rior ce re bral arte ry of th e  righ t s ide . (B) SPECT
im age s  re ve al pre s e rve d re s ting CBF and ace taz olam ide  re activity,

e xce pt for th e  infarcte d are a.

MRI SPIN LABELLING:
In individual patie nts , diagnos is  of BZ I according to
th e  location of th e  le s ion on brain im aging is  h am pe re d
by th e  large  variability in th e  te rritorie s  of th e  m ajor
ce re bral arte rie s . A re ce nt s e le ctive  arte rial s pin-labe -
lling MRI s tudy s h ow e d th at th is  variability is  large ly
de pe nde nt on anatom ical variation in th e  circle  of
W illis .20 Pe rfus ion m e as ure m e nts  are  tak e n by s pin
labe ling of blood flow ing to th e  individual pe rfus ion
te rritorie s  of m ajor fe e ding ve s s e ls , one  ve s s e l at a
tim e . An incre as e  in arte rial trans it tim e  h e lps in th e
ide ntification of borde r z one s .1

Conclus ion

Inte rnal/s ubcortical BZ Is  typically appe ar in a line ar
ros ary lik e  patte rn, caus e d m ainly by h e m odynam ic


