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ABSTRACT

BACKGROUND AND PURPOSE: The incidence and significance of perfusion abnormalities on brain imaging in patients with lacunar infarct
are controversial. We studied the diagnostic yield of CTP and the type of perfusion abnormalities in patients presenting with a lacunar
syndrome and in those with MR imaging– confirmed lacunar infarcts.

MATERIALS AND METHODS: A cohort of 33 patients with lacunar syndrome underwent whole-brain CTP on admission. Twenty-eight
patients had an acute ischemic lesion at follow-up MR imaging; 16 were classified as lacunar infarcts. Two independent readers evaluated
NCCT and CTP to compare their diagnostic yield. In patients with DWI-confirmed lacunar infarcts and visible deficits on CTP, the presence
of mismatch tissue was measured by using different perfusion thresholds.

RESULTS: The symptomatic acute lesion was seen on CTP in 50% of patients presenting with a lacunar syndrome compared with only 17%
on NCCT, and in 62% on CTP compared with 19% on NCCT, respectively, in patients with DWI-confirmed lacunar infarcts. CTP was more
sensitive in supratentorial than in infratentorial lesions. In the nonblinded analysis, a perfusion deficit was observed in 12/16 patients with
DWI-confirmed lacunar infarcts. The proportion of mismatch tissue was similar in patients with lacunar infarcts or nonlacunar strokes (32%
versus 36%, P � .734).

CONCLUSIONS: Whole-brain CTP is superior to NCCT in identifying small ischemic lesions, including lacunar infarcts, in patients pre-
senting with a lacunar syndrome. Perfusion deficits and mismatch are frequent in lacunar infarcts, but larger studies are warranted to
elucidate the clinical significance of these CTP findings.

ABBREVIATIONS: LI � lacunar infarct; TOAST � Trial of Org 10172 in Acute Stroke Treatment; TTD � time to drain

Small-vessel disease is common and causes cognitive, psychiatric,

and physical disability.1 Lacunar infarcts (LIs) are one of the

main manifestations of small-vessel disease, accounting for 10%–

20% of all ischemic strokes, and they often present with the charac-

teristic classic lacunar syndromes: pure motor hemiparesis, pure

sensory stroke, sensorimotor stroke, ataxic hemiparesis, and dysar-

thria–clumsy hand syndrome. LIs are usually �1.5 cm wide and are

often located in the territory of deep perforating arteries such as len-

ticulostriate, thalamoperforant, or paramedian territories. However,

LIs can also result from in situ occlusion of single superficial perfo-

rators from pial arteries. LIs are thought to be related to arteriopathy

of small blood vessels in the brain, either because of lipohyalinosis or

microatheroma.2 Less frequent causes are stenosis of a large vessel or

microembolization.

The sensitivity of neuroimaging techniques in acute LI is variable,

ranging from 40% for NCCT scans,3,4 80% for MR imaging,5 and up

to 94% for DWI.6 Conflicting results have been reported regarding

the presence of perfusion deficits in patients with LI,7-11 with sensi-

tivities varying from 0% to 68% in studies using MR imaging12-14

and from 17% to 47% with CTP.15,16 In fact, LI is considered one of

the causes of false-negative CTP findings.10,11 Some reports suggest

that the presence of a perfusion deficit is associated with worse out-

come in patients with LIs.8,13 Regarding the presence of mismatch, a

study using perfusion MR imaging did not find a mismatch between

perfusion and diffusion sequences in strokes involving perforating

arteries, but these results could be explained by the low resolution of

their imaging methods.12

In this study, we first assessed the clinical utility of CTP in the
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real-life scenario of patients presenting to the emergency depart-

ment with a lacunar syndrome. Then, we studied the details of the

perfusion abnormalities in a subgroup of patients with MR imag-

ing– confirmed LIs and compared them with those of patients

with nonlacunar infarcts.

MATERIALS AND METHODS
Patients
Because CTP is routinely used in our institution in the work-up of

patients arriving in the first hours after stroke, we studied all pa-

tients in the Stroke Unit registry of the Hospital Clínic, Barcelona,

admitted from January 2009 to December 2012, in whom the

Stroke Code was activated (patients within 8 hours of stroke onset

and wake-up strokes). The description of the study population is

summarized in Fig 1.

Twenty-four patients (73%) received treatment with tPA

within 4.5 hours after a head NCCT ruled out intracranial hem-

orrhage, and CTP was performed just before (n � 4) or during

tPA perfusion (n � 20). Stroke etiology was assigned by using the

Trial of Org 10172 in Acute Stroke Treatment (TOAST) criteria17

after a complete diagnostic work-up. All patients were admitted to

an intermediate care Stroke Unit and were treated by stroke neu-

rologists certified in the use of the NIHSS. The demographics, risk

factors, clinical course, imaging data, concomitant therapies, and

functional outcome were prospectively collected and stored in the

Hospital Clínic Stroke Unit data base. The neurologic course was

assessed at arrival, at day 1 after admis-

sion, at day 7 or discharge, and at day 90.

Functional outcome was assessed by us-

ing the mRS at a follow-up visit at 3

months. Because many of the patients

were expected to have mild strokes, fa-

vorable recovery was defined as an mRS

score of �1.

The study protocol was approved by

the institutional review board of the cen-

ter, and the patients or their legal repre-

sentatives signed a written informed

consent if they were treated with tPA

and were older than 80 years of age.

Neuroimaging
NCCT and CTP were performed at

admission at a median (interquartile

range) delay of 245 minutes (range, 175–

344 minutes) after stroke onset on a So-

matom Definition Flash 128-section

dual-source CT system (Siemens, Erlan-

gen, Germany) with a 98-mm z-cover-

age and 26 time points acquired at each

1.5 seconds (total acquisition time, 39

seconds). Fifty milliliters of nonionic io-

dinated contrast was administered in-

travenously at 5 mL/s by using a power

injector. CT perfusion imaging parame-

ters were 80 kV(peak), 250 mAs, 1.5-sec-

ond rotation, and 2-mm thickness, and

color maps were reformatted at 4-mm

thickness. CTP maps were calculated with syngo CT Neuro Per-

fusion VA20 (Siemens), which uses singular-value decomposition

without delay correction and automatically performs motion cor-

rection and selects an arterial input function from an unaffected

artery and venous output function from a large draining vein. The

perfusion maps generated were the following: CBF, CBV, MTT,

time to maximum of residue function maps, TTP, time to drain

(TTD), and MIP. Ischemic lesions usually show decreased CBV

and CBF and prolonged measures of time maps (Fig 2A).

Two experienced physicians (a neurologist and a neuroradi-

ologist) evaluated the NCCT and the CTP maps and were only

aware of the side of the clinical symptoms but were blinded to the

follow-up MR imaging data and clinical outcome. They described

the presence of perfusion deficits (with lacunar or nonlacunar

appearance) and their location. A consensus reading was achieved

in cases of differences in the individual readings.

MR imaging was performed on a 1.5T scanner at a median

delay of 26 hours (interquartile range, 18 – 43 hours) after stroke

onset. The stroke MR imaging protocol included a DWI sequence,

obtained with b-values of 1000, 5-mm section thickness, and

128 � 128 matrix. DWI hyperintensities were analyzed in isotro-

pic images. A vascular neurologist (X.U.) confirmed the final di-

agnosis by reviewing the patient’s clinical course and DWI find-

ings and by using Amira software (www.amira.com) segmented

the infarct in DWI by a semiautomatic procedure, selecting DWI

FIG 1. Flow chart describing the patients in the study.
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ROIs with a signal intensity exceeding by �3 SDs the intensity of

the contralateral hemisphere. The volume of the DWI lesion was

calculated, and the lesion shape was categorized as previously de-

scribed.18 To be categorized as LI on DWI, the infarcts had to be

located within the territories of the lenticulostriate, thalamoper-

forant, paramedian, or white matter long medullary arteries, and

they had to be �1.767 cm3 (the volume of a sphere with a diam-

eter of 1.5 cm).19 This strict definition was chosen to describe the

perfusion characteristics of a homogeneous group of patients

with typical LIs.

For the analysis of the perfusion abnormalities, an image-pro-

cessing pipeline was developed by using in-house fully automated

software running in Matlab (Version 2013a; MathWorks, Natick,

Massachusetts) to implement a comprehensive analysis of the

perfusion maps. A neurologist (X.U.) evaluated time maps (MTT,

time to maximum of residue function maps) and semiautomati-

cally delineated the regions defining perfusion abnormalities.

This ROI was then registered to perfusion maps generated by

using MIStar (Apollo Medical Imaging Technology, Melbourne,

Australia), a software that uses singular-value decomposition

with a delay correction.20 Within this ROI, we used a range of

relative and absolute thresholds in the CBF and time maps to

define infarct core or nonviable tissue and critically hypoperfused

or tissue at risk, respectively (Fig 2B). “Mismatch” was defined as

a greater extent of tissue at risk than nonviable tissue.21 In an

effort not to underestimate the size of the lesion defined in time

maps, we applied a dilation filter to the ROI. Nonviable tissue or

infarct core was segmented on the basis of a relative CBF threshold

of 30% of the value in the contralateral hemisphere, and tissue at

risk, on the basis of a delay time of 2 seconds.22 Additionally, we

explored the presence of mismatch by using various combina-

tions of CBF (relative CBF of �20%– 40%) and delay time thresh-

olds (�2 or 3 seconds).

For the coregistration of the infarct, each perfusion CT map

was coregistered to the corresponding 24- to 48-hour DWI. Using

Statistical Parametric Mapping (SPM8; http://www.fil.ion.

ucl.ac.uk/spm/software/spm8), we automatically subjected the

DWI to a sequence of two 3D registration procedures to match the

CTP map by using TOF as an intermediary. The first step was a

6-df coregistration of the DWI to the TOF. Following this step, we

performed another rigid coregistration of the TOF to the CTP,

and we finally applied the obtained transformation matrix to the

DWI, placing CTP maps, DWI, and TOF in the register. Once

CTP and DWI were in the register, we checked that the lesions

defined in DWI and CTP were at the same anatomic and spatial

locations.

Statistics
Normal distribution of all studied variables was assessed. Contin-

uous variables were compared with Student t, Mann-Whitney, or

Kruskal-Wallis tests as appropriate. Correlations were assessed

with Spearman coefficients, and categoric variables were com-

pared with the Fisher exact test. Interrater agreement was assessed

with the � statistic. The level of significance was established at a

2-tailed value of P � .05. All tests were performed by using SPSS,

Version 20.0 (IBM, Armonk, New York).

RESULTS
Clinical and MR Imaging Characteristics of Patients
Presenting with Lacunar Syndrome
The main clinical characteristics of the study patients are summa-

rized in the Table. Most patients presented with a sensory motor

syndrome (34%) or a pure motor syndrome (30%). According to

FIG 2. Neuroimaging methods. A, CTP maps and DWI lesions in a patient with a supratentorial lacunar infarct (upper row) and in a patient with
a brain stem paramedian infarct (lower row). B, Representative examples of the quantification of NVT and TAR and the final DWI lesion in a
patient with mismatch (left) and a patient with no mismatch (right). NVT indicates nonviable tissue; TAR, tissue at risk.
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the TOAST criteria, most of the strokes were related to small-

artery occlusions; only 3 patients had brain MR imaging find-

ings consistent with LI but diagnosed as infarcts of undeter-

mined origin due to the coexistence of ipsilateral carotid

stenosis of �50% (n � 2) or atrial fibrillation (n � 1). Only 5

patients (2 with MR imaging– confirmed LIs) experienced

neurologic deterioration.

On MR imaging, 29 of 33 patients (88%) had an ischemic

lesion on DWI and 4 patients had negative findings on MRI, de-

spite the presence of focal symptoms or signs for �24 hours (1

pure sensory, 1 pure motor, 1 ataxic hemiparesis, and 1 sensori-

motor syndrome). Thirteen patients had non-LIs, and 16 had LIs

(additional information can be found in On-line Fig 1 and On-

line Table 1). These involved the thalamoperforator arteries in 7

patients, the territory of paramedian arteries in 6, the lenticulos-

triate territory in 2, and the white matter long medullary arteries

in 1 patient. The median volume of LIs was 0.62 cm3, and most

had a tubular (56%) or nodular (37.5%) shape.

Diagnostic Yield of CTP in Patients with Lacunar
Syndrome and MR Imaging–Confirmed LIs
CTP results matched those of the follow-up MR imaging in 17/33

cases, while NCCT did so in only 6/33 cases. Both the sensitivity

and positive predictive value for the symptomatic acute lesions

were higher for CTP compared with NCCT (50% versus 18%, P �

.023%, and 54% versus 20%, P � .05, respectively). The negative

predictive value was similar for CTP and CT (43% versus 37.5%,

P � 1.0), and specificity was the same (20%). Interrater agree-

ment was also equal for NCCT and CTP (� � 0.61). CTP was

more sensitive for supratentorial lesions compared with infraten-

torial lesions (65% versus 16%, P � .011). Among the 12 false-

positive cases, in 6 cases, the CTP actually showed small perfusion

deficits, but they were greater than the 1.767-cm3 limit defined for

LIs. In 5 cases, the perfusion maps showed a small hypoperfusion,

but the stroke was found to be in another territory on the DWI;

and in 1 case, a CTP hypoperfusion had negative findings on

follow-up DWI. In the subgroup of 16 cases with MR imaging–

confirmed LI, CTP also had superior sensitivity and positive pre-

dictive value to NCCT (62.5% versus 19%, P � .029%, and 83%

versus 43%, P � .129, respectively). The proportion of CTP stud-

ies with negative findings was not significantly different between

patients with lacunar syndrome treated and not treated with tPA

(39.4% and 12.1%, P � .59) or in the LI group (37.5% and 18.8%,

P � .55).

Although the evaluators assessed all perfusion maps together,

the infarcts were best seen on TTD maps, which often showed the

LIs as small red dots that were easy to distinguish from the back-

ground (On-line Fig 2). Among the 16 cases with MR imaging–

confirmed LI, CTP with negative findings was due to movement

artifacts in 2 patients and to lesions located in the brain stem in 4

patients. In 2 of them, small perfusion deficits could be seen after

reviewing the DWI, but the lesions were either too small or poorly

differentiated from the background.

Perfusion Deficits in Patients with MR Imaging–Confirmed
LIs and in Other Strokes
In the nonblinded analysis, a clear perfusion abnormality to be

segmented was identified in 12/16 of LIs and in 8/12 of nonlacu-

nar infarcts within the ROIs of lesions on DWI. Mismatch was

found in 5 (42%) of the patients with measurable perfusion defi-

cits by using the standard thresholds, and the mean percentage of

mismatch volume ranged from 20% by using the strictest thresh-

olds to 65% in both patients with MR imaging– confirmed LI and

those with nonlacunar strokes (Fig 3). The proportion of mis-

match patients ranged from 17% to 50% in patients with LIs and

from 11% to 56% in patients with nonlacunar strokes.

Although clinical progression was more frequent in patients

without mismatch (43% versus 0%, P � .205), the rate of im-

provement after thrombolysis and functional outcome at 3

months and the rest of the clinical features were similar between

patients with and without mismatch (data not shown).

DISCUSSION
Previous studies have reported conflicting results regarding per-

fusion abnormalities in patients with lacunar infarcts, probably

reflecting differences in available technology. The results of this

study by using whole-brain-coverage CTP are very similar to

those of a recent study by using perfusion MR imaging in patients

with LI that reported perfusion deficits in 10/16 patients.14 The

sensitivity of whole-brain CTP was much higher than that of

NCCT for acute stroke and in particular for LI, and the greater

sensitivity of CTP in this study may reflect both whole-brain cov-

erage of perfusion maps and the refinement of current parameters

to assess perfusion maps. Studies with negative findings were due

to very small lesions that were poorly differentiated from the

Clinical characteristics of the study population

Patients
Lacunar Syndrome

(n = 33)
MRI-Confirmed

LI (n = 16)
Age (yr) (mean) (SD) 65.5 (11) 62.6 (10)
Sex (%) (male/female) 70:30 62.5:37.5
tPA (%) 73 62.5
NIHSS score (median) (IQR)

Admission 4 (3–5.5) 3.5 (3–4.5)
24 Hours 3 (1–5) 3 (2–4.5)
Discharge 2 (1–4) 2.5 (1.5–4)
Day 90 1 (0–2) 1 (0–2)

Excellent outcome (%) 48 44
TOAST (%)

Lacunar 64 81
Large-artery atherosclerosis 12 0
Cardioembolic 3 0
Undetermined 21 19

Note:—IQR indicates interquartile range.

FIG 3. Rates of mismatch tissue according to different definitions of
nonviable tissue and tissue at risk in patients with LI and nonlacunar
infarcts. Values are mean and standard error of the mean. DT indicates
delay time.
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background, especially in the brain stem; and in a few cases, they

were due to poor image quality from movement artifacts. In stud-

ies with no movement artifacts and after reviewing the results of

the DWI, we could identify a clear perfusion deficit in most pa-

tients with LIs.

The rate of clinical deterioration was rather low in patients

with LIs, and all patients with clinical deterioration had a no-

mismatch profile. However, the number of patients with MR im-

aging– confirmed LIs was too low to draw definite conclusions on

the clinical consequences of the perfusion deficits in these pa-

tients. Larger studies will be required to establish whether the

presence of mismatch in LIs represents a predictor of clinical re-

covery as it did for nonlacunar strokes,23 particularly after the

administration of thrombolytic therapy.24 The specificity of CTP

to show MR imaging– confirmed lacunar stroke was low because

some small hypoperfused lesions were not confirmed to be true

LIs by using a strict DWI volume limit, but sensitivity was higher

and a whole-brain-coverage CTP in the first hours after symptom

onset may be helpful in evaluating patients in whom the diagnosis

is not clear, even when the symptoms are mild.

TTD maps provided high-contrast images that were most use-

ful in identifying small perfusion deficits. TTD is a recently intro-

duced time-related perfusion parameter defined as the sum of the

time from arterial enhancement to tissue enhancement and

MTT.25 Condensing both pathologic changes in contrast bolus

delay time from arterial enhancement to tissue enhancement and

tissue transit time, TTD describes the time of contrast medium

washout and is very sensitive to all kinds of hemodynamic

disturbances.26

It has been argued that patients with true LIs should not have

detectable perfusion deficits and/or that they should have no mis-

match between infarcted tissue and hypoperfused tissue.12 This

study suggests that the hemodynamic abnormalities of LIs,

though small, are very similar to those described in infarcts result-

ing from occlusion of greater vessels (it has been claimed that

lacunes are just small strokes).27 The hypoperfusion in LIs may

reflect the fact that occlusions of small arterioles are not compen-

sated by dilation of neighboring arterioles.28 Although there are

contradictory statements in the literature regarding intraparen-

chymal arteriolar-to-arteriolar anastomoses,29 the capillary bed

of the brain comprises an attenuated network of intercommuni-

cating vessels, and dilation in capillaries after penetrating arteriole

occlusion in the rat brain allows some collateral flow from one

arteriolar territory to neighbor territories.28 This could result in

less severely hypoperfused areas with mismatch in CTP maps.

In addition to hypoperfusion, other mechanisms may contrib-

ute to the final infarct after occlusion of small vessels. In experi-

mental models, these lesions are accompanied by activation of

inflammatory cells,30 and extensive increases in vascular perme-

ability have been described in patients with small-vessel disease

and in particular LI.31 Although we have seen patients in whom

the final infarct was greater than the initial hypoperfused area, we

were not able to accurately measure the initial ischemic volume,

and therefore lesion expansion, because the segmentation of the

perfusion abnormalities was focused on delineating the hypoper-

fusion within the DWI lesion.

The main limitation of this study is its small sample size, de-

spite studying all consecutive patients arriving at our center for

the 3 years in which the Stroke Code was activated. The low per-

centage of patients with a lacunar syndrome among them is prob-

ably due to the lower clinical severity of these strokes. CTP was not

performed in 20 patients because acute revascularization thera-

pies were not considered in patients with milder symptoms.

Therefore, these findings cannot be extrapolated to patients with

other clinical presentations or to LIs assessed more protractedly

after the onset of symptoms, given the dynamic nature of perfu-

sion data after acute stroke. The small size of LIs is also challenging

for CTP-DWI coregistration, but its accuracy was manually con-

firmed. Thus, we do not think that the results are less accurate

than those in nonlacunar infarcts.

CONCLUSIONS
These results suggest that whole-brain CTP technology can iden-

tify abnormal perfusion maps in 62.5% of patients with DWI-

confirmed LI, mostly in supratentorial lesions. The rate of mis-

match in patients with perfusion deficits was similar to that in

patients with other strokes, suggesting that some collateral flow

exists in human microcirculation after the occlusion of small pen-

etrating vessels. However, further study is warranted to elucidate

whether the presence of mismatch in patients with LI predicts a

better clinical outcome and might even be used to select candi-

dates for new therapies, for example, to receive thrombolytic ther-

apy after the established 4.5-hour window.
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