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Cerebral perfusion and compensatory
blood supply in patients with recent
small subcortical infarcts
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Abstract

Hypoperfusion is the typical perfusion pattern associated with recent small subcortical infarcts of the brain, but other

perfusion patterns may be present in patients with these infarcts. Using CT perfusion, we studied 67 consecutive patients

who had a small subcortical infarct at a follow-up MRI study to investigate the correlation between the perfusion pattern

and the clinical and radiological course. On CT perfusion map analysis, 51 patients (76%) had focal hypoperfusion,

4 patients (6%) had hyperperfusion and the remaining 12 patients (18%) showed no abnormalities. On dynamic sequential

imaging analysis obtained from the source perfusion images, 32 patients (48%) had a sustained hypoperfusion pattern,

11 patients (16%) had a reperfusion pattern, and 18 patients (27%) had a delayed compensation pattern. Systolic blood

pressure was higher in patients with sustained hypoperfusion although the perfusion pattern was independent of the final

volume of infarction. These results reinforce the notion that mechanisms other than hypoperfusion are at play in patients

with small subcortical infarcts including the intervention of compensatory sources of blood flow. The ultimate clinical

significance of these perfusion patterns remains to be determined in larger series of patients assessed longitudinally.
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Introduction

Recent small subcortical infarcts (RSSIs) are the cause
of up to a quarter of all ischemic strokes1 and are
defined by radiological criteria regardless etiological
considerations.2 Most of RSSIs are lacunar infarcts
caused by occlusion of a single perforating artery due
to lipohyalinosis,3,4 although other pathological condi-
tions such as microatheromas, atheromatous branch
disease5 or microembolisms6 can also cause subcortical
infarcts that are indistinguishable from ‘‘true’’ lacunar
infarcts on brain imaging.

RSSIs can be observed as hypoperfused areas on
computed tomography perfusion (CTP) maps despite
their small volume.7–12 The diagnostic yield of CTP in
detecting RSSIs is conditioned by a high rate of false
negative scans that have been explained by limited
coverage, movements during image acquisition, bone
artifacts, and low signal-to-noise ratio of the perfusion
maps.13 However, some RSSIs show no perfusion

defects despite complete brain coverage and good qual-
ity of image acquisition,7 raising the possibility that
the lack of focal hypoperfusion on CTP maps could
also be indicative of restored perfusion rather than a
limitation of the technique. Indeed, areas of ischemic
penumbra have been described in patients with subcor-
tical infarcts,7,14 while patients with lacunar infarcts
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Ángel Chamorro, Department of Neurology, Hospital Clinic, Villarroel

170, Barcelona 08036, Spain.

Email: achamorro@clinic.cat

Journal of Cerebral Blood Flow &

Metabolism

2019, Vol. 39(7) 1326–1335

! Author(s) 2018

Article reuse guidelines:

sagepub.com/journals-permissions

DOI: 10.1177/0271678X18758548

journals.sagepub.com/home/jcbfm

https://uk.sagepub.com/en-gb/journals-permissions
https://doi.org/10.1177/0271678X18758548
journals.sagepub.com/home/jcbfm


and fluctuating symptoms may also exhibit fleeting per-
fusion abnormalities.15

Although the prevailing idea is that most subcor-
tical structures are perfused by terminal branches of
perforating arteries,16 accumulating data also suggest
that collateral blood flow may be relevant in the
deep brain microcirculation. Thus, a recent series of
patients with acute lacunar infarcts studied using
dynamic angiograms generated by perfusion weighted
raw images identified the presence of assorted perfusion
patterns including some that could be attributed to col-
lateral blood flow.17 However, other possible compen-
satory mechanisms were not assessed because only
patients with hypoperfusion in the perfusion-weighted
imaging were studied. Especially in patients with RSSIs
that do not show hypoperfusion, pre-occluded perfor-
ating arteries may have recanalized and thus perfusion
may have been restored.

The aims of the current study were to confirm the
existence of different brain perfusion patterns in
patients with acute RSSIs, evaluate the utility of CTP
for this purpose and assess the clinical and radiological
correlates corresponding to the hemodynamic pattern.
Ultimately, a better knowledge of the pathophysiology
of RSSIs could lead to more effective therapeutic meas-
ures in these patients.

Methods

Patients

From a total of 798 patients evaluated in our emer-
gency service for acute stroke reperfusion therapy
from May 2011 to September 2016, 565 patients had
large vessel occlusions, cortical infarcts or subcortical
infarcts not classifiable as RSSIs, 103 had a hemor-
rhagic stroke, 38 were stroke mimics, and 18 were
classified as lacunar infarcts but were not confirmed
at follow-up MRI. The remaining 74 patients (9%)
had an RSSI confirmed at follow-up magnetic reson-
ance imaging (MRI), and 7 had to be excluded
because of the poor quality of the perfusion maps
(n¼ 4) or because there were multiple acute infarcts
on the follow-up MRI (n¼ 3). We collected demo-
graphic and laboratory data, the systolic and diastolic
blood pressure recorded in the emergency room, pre-
admission antithrombotic therapy, and whether
thrombolytic therapy was given. Stroke etiology was
classified using the Trial of Org 10172 in Acute
Stroke Treatment (TOAST) criteria after a full diagnos-
tic workup. Neurological impairment was assessed by
the National Institutes of Health Stroke Scale (NIHSS)
at admission and daily until discharge. We defined
‘‘clinical fluctuation’’ as a transient increase of more
than 1 point in the NIHSS score from stroke onset to

24 h after admission, while ‘‘neurological worsening’’
referred to an increment of more than 1 point in the
NIHSS score that persisted until discharge. Functional
outcome was measured with the use of the modified
Rankin Scale (mRS) premorbidly and at 90 days by a
stroke neurologist certified in mRS. Poor outcome was
defined as an mRS greater than 1 at 90 days. The study
protocol was approved by the local Clinical Research
Ethics Committee from Hospital Clı́nic of Barcelona
under the requirements of Spanish legislation in the
field of biomedical research, the protection of personal
data (15/1999) and the standards of Good Clinical
Practice, as well as with the Helsinki Declaration of
1975/1983. Patient consent was not required due to
the retrospective nature of the study design and the
lack of patient interaction.

Image acquisition

The multimodal brain CT study for acute stroke
included a non-contrast CT (NCCT) scan, a CTP,
and a CT angiography. As our local neuroimaging
protocol until the end of 2011 included a second CTP
study at days 2–3 after stroke, one patient in this cohort
underwent two CTP acquisitions. These studies were
performed at admission on a Somatom Definition
Flash 128-section dual-source CT system (Siemens,
Erlangen, Germany) with a 98-mm z-coverage and 26
time points acquired each 1.5 s (total acquisition time,
39 s); 50mL of nonionic iodinated contrast was admin-
istered intravenously at 5mL/s by using a power injec-
tor. CTP imaging parameters were 80 kV (peak), 250
mAs, 1.5 s rotation, and 2mm thickness. CTP maps
were calculated with Syngo CT Neuro Perfusion
VA20 (Siemens), which uses singular-value decompos-
ition without delay correction and automatically per-
forms motion correction and selects an arterial input
function (AIF) from an unaffected artery and venous
output function from a large draining vein. We gener-
ated the following perfusion maps: cerebral blood flow
(CBF), cerebral blood volume (CBV), time to peak
(TTP) and time to drain (TTD).

MRI was performed on a 1.5T scanner and included
a diffusion-weighted imaging (DWI) sequence, obtained
with b-values of 0 and 1000, 5-mm section thickness,
and 128� 128 matrix. FLAIR images were obtained
with TR¼ 9000ms, TE¼ 114ms, FoV¼ 240mm and
slice thickness 5mm.

Image postprocessing

NCCT and CT angiography. A neurologist (SR) identified
on the admission NCCT scans the areas of acute
low attenuation in brain tissue corresponding to
hyperintense signals on the DWI-MRI performed at
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follow-up. The same reader (SR) also graded the presence
of atheromatosis defined as stenosis >50% of the arteries
supplying the ischemic areas on CT angiography.

MRI. We defined RSSIs according to the STRIVE
classification2 as a symptomatic hyperintensity in the
territory of one perforating arteriole measuring less
than 20mm in its maximum diameter in the axial
plane on DWI. Small subcortical strokes due to large
vessel occlusions of the main cerebral arteries were
excluded from the analysis. We described the localiza-
tion of RSSIs and calculated the ischemic volume with
a semi-automatic segmentation of the ischemic lesion
using Amira� software.

An investigator (MM) quantified the burden of
chronic white matter hyperintensities using both a
visual rating score (age-related white matter changes,
ARWMC)18 and a semi-automatic volumetric analysis.
White matter hyperintensities on fluid attenuation
inverse recovery (FLAIR) were segmented using the
Amira� software. The white matter hyperintensities
volume was calculated after manually excluding other
hyperintensities not deemed representative of chronic
white matter lesions, such as acute infarcts (confirmed
on DWI), cortical hyperintensities and imaging artifacts.

CTP. The localization of the RSSIs was first identified on
DWI. Whenever the TTD maps showed a well-defined
area of delayed perfusion, an ROI was drawn on the
TTD maps. Alternatively, an ROI was drawn on the
DWI sequence and it was then shifted into the perfusion
maps after co-registration. An investigator trained in
CTP analysis (SR) visually evaluated the CTP maps:
CBF and CBV were classified as reduced, normal or
increased, whereas time maps (TTD) were classified as
normal or delayed in the ROI compared with the cor-
responding area in the opposite hemisphere. Then, we
classified a global perfusion pattern as follows: hypoper-
fusion (reduced CBF and delayed TTD), normoperfu-
sion (not altered CBF and TTD) and hyperperfusion
(increased CBF with normal TTD). Then we measured
the absolute value of CBF, CBV and TTD inside the
ROI. Global venous drainage (GVD) was defined on
CTP as the time difference (seconds) between the TTP
of the AIF and the TTP of the transverse venous sinus.

Dynamic 4D CT angiograms. Two technicians (CL, NMP)
processed all imaging data using MATLAB (R2015b,
Mathworks, Natick, MA). Before processing CTP raw
images, motion correction was applied by registering
the source CTP images with a rigid co-registration algo-
rithm implemented with Statistical Parametric
Mapping (SPM12, Functional Imaging Laboratory,
University College London, London, UK). BAT was
assessed to generate the prebolus mean image (PMI).

PMI was subtracted from each time point of the source
CTP data to eliminate signal intensity from anatomical
structures and to visualize only the effect of contrast
filling.19,20 Data were merged across two consecutive
time points to obtain the best spatial and temporal
resolution to better assess contrast agent perfusion.20

Finally, dynamic 4D CT angiograms (D4DCTA) were
computed placing merged images in a loop-movie that
sequentially showed the different time points of the per-
fusion from the BAT to the venous contrast phase. Two
trained readers (SR, YZ) not blinded to CTP maps and
MRI evaluated the D4DCTA individually. Three main
time frames were defined: (1) from BATþ 0 s to
BATþ 6 s; (2) from BATþ 7 s to BATþ 16 s; and (3)
from BATþ 17 s to BATþ 25 s, and the presence or
absence of contrast filling was determined for each
time frame. We considered ‘‘contrast filling’’ as an
increased contrast signal in the ROI that was visually
greater than the background noisy signal, especially in
the late perfusion phases due to the contrast diffusion.
We assessed the interrater reliability for the evaluation
of each time frame of the perfusion and in case of dis-
crepancies a third reader (XU) assessed the case to
reach a consensus. We established three D4DCTA pat-
terns according to the hypothesis that perfusion in
RSSIs is impaired by occluded independent perforating
arteries (sustained hypoperfusion pattern), but also that
collateral blood flow (delayed compensation pattern),
and even reperfusion due to recanalization of perforat-
ing arteries (reperfusion pattern) may occur in these
infarcts (Figure 1). Consequently, D4DCTA patterns
were defined depending on the contrast filling the
ROI in each time frame as shown in Figure 2.

Statistics

The normal distribution of all variables was assessed
and quantitative variables were described as mean
(SD) or median (IQR). Continuous variables were com-
pared with Student t, Mann–Whitney, or Kruskal–
Wallis tests as appropriate. Correlations were assessed
with Spearman coefficients, and categorical variables
were compared with the Fisher exact test. Interrater
agreement was assessed with the kappa statistic and
was interpreted following the Altman methodology.21

The level of significance was established at a two-tailed
value of P 0.05. We performed all analyses using SPSS
Version 20.0 (IBM, Armonk, New York).

Results

Clinical and radiological baseline characteristics

The baseline characteristics of the 67 patients that com-
pleted the study are shown in Table 1, including
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57 patients (85%) classified as lacunar strokes and 10
patients (15%) with coexistent atrial fibrillation or
extracranial arterial stenosis. Mean systolic and dia-
stolic blood pressure in the emergency room were
157� 28mmHg and 86� 17mmHg, respectively. The
median time from symptom onset to CTP was
231min (IQR, 142–325) and the median time from
symptom onset to MRI was 34.2 h (IQR, 25.7–53.7).
The brain structures affected by the ischemic lesion
on DWI were internal capsule (37%), brainstem
(25%), lenticular nucleus (19%), thalamus (17%), and
centrum semiovale (2%). The median infarct volume on
DWI was 0.9 cc (0.4–1.6). An acute low attenuation on
the NCCT scans was observed in 14 patients (21%).
Only three patients (4.5%) had focal intracranial ather-
omatosis in large vessels supplying the RSSIs. Patients
had a median ARWMC score of 5 (2–8) and a median
white matter hyperintensities on FLAIR of 44 cc
(22–97), which indicate a mild burden of leukoaraiosis.22

Figure 1. Hypothetic mechanisms of perfusion in RSSIs. An RSSI is shown as a smooth dark area in each figure, supplied by its own

perforating artery (i.e. lenticulostriate artery) emerging from a large artery (i.e. middle cerebral artery), with a parallel perforator

artery on the left and arteries from other vascular territories (i.e. large medullar arteries) above on the right. (a) Permanent occlusion

in the perforator artery and no collateral blood supply by any other vascular territories, leading to a sustained hypoperfusion.

(b) There is also no antegrade blood flow from the occluded artery but there are anastomoses between branches of parallel

perforating arteries and arteries from other vascular territories that can enable a delayed collateral compensation. The detail shows

a capillary network between branches that may vehiculate the collateral flow. (c) Reperfusion pattern in which the antegrade blood

flow is restored through a patent perforating artery after recanalization of a thrombus.

Figure 2. Schematic representation of the three pre-estab-

lished perfusion patterns on dynamic 4D CT angiograms. Circles

represent the ROI where the contrast filling is evaluated along

the three time frames from bolus arrival time (BAT).
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CTP maps

On visual inspection, hypoperfusion on CTP was iden-
tified in 51 patients (76%), perfusion was normal in
12 patients (18%) and hyperperfusion was observed
in the remaining 4 patients (6%) (Figure 3). CBF and
CBV values in the ROI were higher in patients with
hyperperfusion, while TTD was longer in patients
with hypoperfusion. The infarct volume on DWI and
time from stroke onset to CTP acquisition did not differ
between CTP groups. Patients with hyperperfusion or
without perfusion abnormalities were more likely to
show an acute low attenuation at the baseline NCCT
(Table 2). A single patient with two CTP acquisitions
showed at first exam hypoperfusion in the right puta-
men without signs of acute ischemia on NCCT, while a
second CTP performed 48 h later showed no abnorm-
alities and an established putaminal infarct on NCCT
(Suppl. Figure).

Dynamic 4D computed tomography angiograms

The most frequent D4DCTA pattern was sustained
hypoperfusion, occurring in 32 patients (48%), fol-
lowed by delayed perfusion in 18 patients (27%) and
reperfusion in 11 patients (16%) (Figure 4). The
remaining six patients (9%) were not classifiable for
poor quality of the images on D4DCTA and were
excluded from the analysis. Inter-rater agreement

between the two observers was good for the three time
frames evaluated (from BATþ 0 s to BATþ 6 s, kappa
0.80; from BATþ 7 s to BATþ 16 s, kappa 0.70; from
BATþ 17 s to BATþ 25 s, kappa 0.64). Unlike any of
the 11 patients with reperfusion on D4DCTA, 31 of 32
patients with sustained hypoperfusion on D4DCTA
(97%) and 16 of 18 patients with delayed compensation
on D4DCTA (89%) had hypoperfusion pattern on CTP
maps (Suppl. Table). Expectedly, as shown in Table 3,
CBF was similar in patients with sustained hypoperfu-
sion and delayed compensation patterns, and higher
in patients with reperfusion pattern. TTD was shorter
in patients with reperfusion compared to the others
patients. The sequential images on D4DCTA showed
that contrast filling was centripetal in patients with
delayed perfusion pattern and antegrade in patients
with reperfusion pattern, and how contrast filling and
washout presented earlier in patients with reperfusion
pattern (Suppl. Video).

Systolic blood pressure was highest in patients with
sustained hypoperfusion and there were no differences
in diastolic blood pressure between the D4DCTA pat-
tern groups. Time from stroke onset to CTP acquisition
was higher in patients with reperfusion pattern (median
212min, IQR 120–308) compared to the other patterns
(median 274min, IQR 216–535), but the difference was

Figure 3. Three representative examples of the perfusion

patterns on CTP maps. (a) Hypoperfusion: delayed TTD and low

CBF. (b) Normoperfusion (normal TTD and CBF). (c)

Hyperperfusion (normal TTD and high CBF). Notice that the

lesion in the second row is not identifiable in the CTP maps,

despite the good quality of the image and the absence of bone

artifacts.

Table 1. Demographic and clinical data of the study population.

Age, years, mean (SD) 66.3 (12.1)

Female gender, n (%) 27 (40)

Baseline NIHSS, median (IQR) 4 (3–7)

Pre-stroke mRS, median (IQR) 0 (0–0)

Clinical syndrome, n (%)

Pure motor 25 (37)

Pure sensitive 1 (2)

Sensorimotor 20 (30)

Ataxia-hemiparesis 11 (16)

Others 10 (15)

Smoking habit, n (%) 20 (30)

Hypertension, n (%) 39 (58)

Diabetes mellitus, n (%) 15 (22)

Hyperlipidemia, n (%) 27 (40)

Atrial fibrillation, n (%) 4 (6)

Myocardial infarction, n (%) 3 (5)

Previous ischemic stroke, n (%) 7 (10)

Intravenous thrombolysis, n (%) 36 (53)

TOAST not lacunar, n (%) 10 (15)

NIHSS: National Institutes of Health Stroke Scale; mRS: modified Rankin

Scale; TOAST: Trial of Org 10172 in Acute Stroke Treatment; IQR: inter-

quartile range.
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marginally significant ( p¼ 0.064). The presence of low
attenuation on NCCT was highest in patients with
reperfusion pattern and lowest in patients with sus-
tained hypoperfusion. The DWI volume of infarction,
the grade of leukoaraiosis and the GBV did not differ
between the D4DCTA groups (Table 3).

Discussion

The results of this study confirmed that different perfu-
sion patterns are identifiable by D4DCTA in patients
with RSSIs. Notably, more than one-third of the
patients did harbor delayed perfusion or reperfusion

Figure 4. Representative examples of each of the three commonest perfusion patterns on dynamic 4D CT angiograms (D4DCTA).

The first and second columns show the CBF map and DWI, with white rectangles marking the areas enlarged in the next three

columns that show frames of the D4DCTA with different times from the bolus arrival time (BAT). The red circle indicates the ROI of

the ischemic lesion. (a) There is no contrast filling the ROI in any frame, which is consistent with a sustained hypoperfusion. The signal

in the ROI in the third frame is not higher than in the surrounding parenchyma. (b)There is a late contrast filling visible in the third

frame, indicating a delayed compensation. (c)An early antegrade contrast filling is visible in the first frame, consistent with reperfusion.

For a better understanding of these patterns, see the Supplemental video online.

Table 2. Radiological results in the three CTP map groups.

Hypoperfusion

(N¼ 51)

Normoperfusion

(N¼ 12)

Hyperperfusion

(N¼ 4) p

CBF, mL/100 g/min, mean (SD) 26.8 (10.0) 42.2 (15.3) 85.9 (21.2) <0.005

CBV, mL/100 g, mean (SD) 3.0 (0.8) 3.1 (0.6) 4.7 (1.0) 0.017

TTD, s, mean (SD) 9.0 (3.4) 5.4 (2.0) 2.9 (0.5) 0.001

Time to CTP, min, median (IQR) 225 (142–313) 253 (108–489) 264 (109–541) 0.367

Low attenuation on NCCT, n (%) 6 (11.8) 5 (41.7) 3 (75) 0.002

Infarct volume on DWI,

cc, median (IQR)

0.9 (0.5–1.6) 0.6 (0.3–1.6) 0.9 (0.8–1.0) 0.915

GVD, s, median (IQR) 6 (6–7) 7 (6–7) 6 (6–6.5) 0.881

CBF: cerebral blood flow; CBV: cerebral blood volume; TTD: time to drain; CTP: computed tomography perfusion; NCCT: non-

contrast computed tomography; DWI: diffusion-weighted imaging; GVD: global venous drainage; IQR: interquartile range: SD:

standard deviation.
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patterns strongly supportive of the existence of com-
pensatory hemodynamic mechanisms.

Hypoperfusion on CTP maps was confirmed to be
the most frequent finding in patients with RSSIs, but
perfusion could also appear normal or even increased.
Hyperperfusion is a phenomenon that may occur in
large vessel stroke after recanalization,23 but was anec-
dotally described in small cortical strokes24 and in lacu-
nar infarcts.17 The presence of an established brain
infarction on NCCT at the time of CTP acquisition
was paradoxically less frequent in patients with hypo-
perfusion on CTP maps compared to those with
normo-hyperperfusion. Thus, it is possible that changes
in perfusion in RSSIs are time-dependent, and hypo-
perfusion may represent the first mechanism occurring
after a perforating artery occlusion that could be fol-
lowed by increased CBF associated with irreversible
ischemia. Although time from symptom onset to CTP
did not significantly differ between the CTP map
groups in this cohort, it is possible that patients with
normal or increased perfusion on CTP maps could have
shown hypoperfusion had the imaging been acquired

earlier. In fact, the only patient who had two perfusion
studies over time showed that this course of events
did not prevent the appearance of a full ischemic infarc-
tion on later imaging. However, longitudinal studies
with repeated imaging are warranted to confirm that
perfusion pattern may change over time in patients
with RSSIs.

In almost half part of the patients of this cohort,
the perfusion in the ischemic area was absent during
the entire acquisition of the perfusion study on
D4DCTA. This pattern of sustained hypoperfusion is
consistent with the permanent occlusion of one arteri-
ole in a terminal vascular territory that does not receive
any other vascular supply and loses its self-regulation
capacity.16 Systolic blood pressure at admission was
higher in these patients compared to patients with
other perfusion patterns. Hypertension is common in
acute stroke, especially in lacunar infarcts,25 and
in large vessel stroke, blood pressure remains elevated
in patients that do not achieve recanalization compared
to those who receive intra-arterial thrombolysis.26

Therefore, the sustained hypoperfusion pattern in

Table 3. Main clinical and radiological results in the three D4DCTA pattern groups.

Sustained

hypoperfusion

(N¼ 32)

Delayed

compensation

(N¼ 18)

Reperfusion

(N¼ 11) p

Smoking, n (%) 10 (31) 6 (33) 1 (9) 0.304

Hypertension, n (%) 18 (56) 9 (50) 7 (64) 0.770

Diabetes mellitus, n (%) 8 (25) 2 (11) 3 (27) 0.414

Hyperlipidemia, n (%) 11 (34) 6 (33) 7 (64) 0.190

Intravenous thrombolysis, n (%) 16 (50) 11 (61) 8 (73) 0.392

Baseline NIHSS, median (IQR) 4 (3–7) 4.5 (3–7) 4 (4–10) 0.434

SBP at admission, mmHg, mean (SD) 168 (27) 149 (20) 146 (28) 0.010

DBP at admission, mmHg, mean (SD) 89 (16) 84 (20) 81 (18) 0.365

Glucose, mg/dL, mean (SD) 141 (54) 129 (41) 133 (39) 0.713

Fluctuating symptoms, n (%) 21 (34) 24 (39) 33 (55) 0.497

Neurological worsening, n (%) 6 (9) 10 (17) 6 (9) 0.712

mRS score> 1 at 90 days, n (%) 32 (53) 17 (27) 22 (36) 0.198

Low attenuations on NCCT, n (%) 6 (9) 14 (22) 28 (45) 0.033

Infarct volume on DWI, cc, median (IQR) 0.9 (0.5–1.6) 0.8 (0.4–1.8) 0.9 (0.3–2.1) 0.963

Time to CTP, minutes, median (IQR) 225 (122–322) 166 (113–247) 274 (216–535) 0.101

WMH volume on FLAIR, cc, median (IQR) 3.2 (1.4–11.3) 5.0 (1.9–14.1) 5.1 (1.7–8.4) 0.494

CBF, mL/100 g/min, mean (SD) 29.5 (13.7) 26.1 (11.3) 57 (27.5) <0.001

CBV, mL/100 g, mean (SD) 3.2 (0.8) 2.8 (0.5) 3.7 (1.0) 0.17

TTD, s, mean (SD) 8.6 (3.7) 8.8 (2.7) 4.5 (2.3) 0.001

GVD, s, median (IQR) 6 (6–6.8) 6 (5–7) 6.5 (6–7) 0.645

NHISS: National institute of Health Stroke Scale; mRS: modified Rankin Scale; SBP: systolic blood pressure; DBP: diastolic blood pressure; NCCT: non-

contrast computed tomography; DWI: diffusion-weighted imaging; CTP: computed tomography perfusion; FLAIR: fluid attenuated inverse recovery;

WMH: white matter hyperintensities; CBF: cerebral blood flow; CBV: cerebral blood volume: TTD: time to drain; GVD: global venous drainage; IQR:

interquartile range: SD: standard deviation.
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RSSIs could represent a similar condition where ele-
vated blood pressure may help to increase perfusion
in presence of a persistent vessel occlusion without suf-
ficient collateral blood flow.

One-quarter of the patients showed a delayed con-
trast filling after the initial lack of perfusion. This pat-
tern of delayed perfusion could be the result of either
slow perfusion throughout a dilated vessel proximally
narrowed by a sub-occlusive thrombus, or blood flow
from collateral vessels. Animal models demonstrated
that vasodilatation of the perforating arteries is more
efficient than the flow provided by pial vessels and this
mechanism could play a compensatory role in terri-
tories with poor collateral supply.27,28 Nevertheless,
the late contrast enhancement reminds collateral
blood supply in large vessel stroke29 and in patients
with acute subcortical strokes in moyamoya disease,30

a condition characterized by capillary sprouting and
anastomosis formation among deep perforating
arteries. In healthy subjects, perforating arteries
have several degrees of ramifications and macroscopic
anastomoses are common in their extra-parenchymal
portions.31 Some microscopy studies showed few con-
nections between perforating branches and poor capil-
lary network in both basal ganglia and cerebral white
matter,32–35 while in vivo perfusion staining studies in
mice showed a wide capillary network in the deep grey
matter.36,37 Overall, perforating arteries are considered
as functionally independent vessels,38 but this hypoth-
esis should be reconsidered in light of new evidences
from radiological studies in humans and in animal
models.

Patients with hyperperfusion and more than half of
those with normoperfusion on CTP maps showed a
reperfusion pattern in the D4DCTA analysis, charac-
terized by an early contrast filling and highest CBF
values. Although perforating arteries were not directly
visible with this technique, the contrast filled the ROI in
an antegrade way, which is consistent with recanaliza-
tion of the previously occluded arteriole and maximal
dilatation. The reperfusion pattern in D4DCTA sup-
ports the hypothesis that some RSSIs may have
an embolic source, as Fisher already described in
about 10% of patients with lacunes without occlusion in
the feeding perforating artery.39 In this cohort, reperfu-
sion was associated with low attenuation in the NCCT
scans compared to the other patterns in D4DCTA, but
final stroke volume was not different between groups.
Therefore, reperfusion may have occurred in an already
established ischemic parenchyma in a perforating
arteriole with impaired autoregulation, and reperfusion
may have been futile or even harmful for the ischemic
tissue.40

As perforating arteries are not directly visible with
D4DCTA, the findings observed on both patients with

delayed compensation and reperfusion may be also due
to an increased permeability of the blood–brain barrier
and contrast extravasation through the ischemic tissue.
In fact, pro-inflammatory cytokines41 and excitotoxic
GABA/glutamate imbalance are common in lacunar
infarcts,42 and blood–brain barrier may be damaged
in these infarcts.43 In case of leakage of the capillary
wall, enhancement is a late phenomenon due to a pro-
gressive accumulation of contrast into the interstitial
space.44 Contrarily, contrast washed out quickly in
patients with reperfusion pattern and also decreased
in the last sequences of the D4DCTA in patients with
delayed compensation. Thus, it seems unlikely that
blood–brain barrier permeability is the main respon-
sible for these perfusion patterns.

The venous compartment is related to collateral
blood flow and could be involved in the hemodynamics
of RSSIs.45 In this cohort, there were no differences in
the GVD between patients with different perfusion pat-
terns, but local flow abnormalities in veins supplying
RSSIs may be present and should be assessed in the
future by more detailed dynamic angiography studies.

Leukoaraiosis is related to brain hypoperfusion46

but its relationship with collateral blood flow is contro-
versial in stroke.47,48 In our study, we did not find
greater leukoaraiosis in patients with delayed compen-
sation compared to the rest of groups, but our analysis
included a relatively young group with a low prevalence
of leukoaraiosis.

Among the perfusion patterns in D4DCTA, we did
not find any significant correlations with functional
outcome, clinical fluctuations or neurological worsen-
ing. However, the hemodynamics in the perforating
arteries may change longitudinally during the ischemic
process and it cannot be ruled out that the images
acquired at admission anticipated a later hemodynamic
process that lead to the typical fluctuations of lacunar
infarcts described as ‘‘capsular warning.’’49

Our study has several limitations that caution the
interpretation of the results. Particularly, we included
a small cohort of patients that had perfusion studies
acquired because they were potential candidates for
acute revascularization therapies. As a result, patients
arriving late to medical attention or those presenting
with only mild o transient symptoms were not included
in the study. This may have underestimated the protect-
ive role of reperfusion and collateral blood flow in
patients with RSSIs, since only patients with permanent
infarcts on brain MRI were included in the study.
Unfortunately, repeating perfusion studies systematic-
ally would imply safety concerns due to excessive radi-
ation and contrast toxicity.50

In conclusion, this study confirmed that the
sequential analysis of the perfusion images on CT is
able to identify different perfusion patterns in RSSIs.
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Hypoperfusion was the most frequent finding, and was
associated with higher systolic blood pressure. We also
confirmed the presence of a delayed compensation in
some patients that may imply collateral blood flow,
vasodilatation or other still unknown mechanisms.
Finally, those patients with RSSIs that did not show
the typical hypoperfused pattern in CTP maps, could
represent those experiencing a reperfusion phenomenon
resulting from recanalization of perforating artery,
rather than a limitation of the technique. Future
research should investigate the clinical significance of
reperfusion and the function of micro-collateral net-
works in subcortical infarcts, and whether they may
represent a therapeutic target.
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