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Positron Emission Tomographic (PET) imaging of the local interrelationship 

of CBF and metabolism in completed ischemic stroke has attracted considerable inte

rest because of its potential to differentiate irreversibly damaged from viable 
1 ? tissue on the basis of the CBF-metabolism patterns. Several qualitative ' o r 

semi-quantitative ' ' pioneering studies provided a limited insight into this 
«g on 

question, while the single truly quantitative study was only briefly reported ' . 
We report here a detailed study of the local CBF-CMRO- quantitative patterns in 
irreversibly infarcted brain regions. 

Patients and Methods 
1 - Thirty-five quantitative studies of 1CBF and 1CMR0 2 were performed in 

25 patients, 10 of whom were studied twice. All s.'udies were performed between 
the 2nd and 38th day after clinical onset of completed ischemic stroke in the 
internal carotid artery territory. They were 13 female and 12 male patients, of 
age ranging from 38 to 80 years (mean 63). 

2 - We used the 0 continuous inhalation technique coupled inth PET • . 
Three adjacent brain levels were scanned with the ECAT II device (slice thickness 
19 mm, lateral resolution *v 16 mm). At equilibrium, a femoral arterial puncture 

15 allowed measurement of arterial blood 0 concentrations, Pa C0 2, Pa 0 2, pH and 
arterial oxygen content (Ca). For each brain level studied, the C 0 2 and ratio 
( 1 50 2/C 1 50 2) images were transformed pixel by pixel into CBF and oxygen 

25 extraction fraction (OEF) images, respectively . A CMR0 2 image was then generated 
(CMR02 « CBF.OEF.Ca). 

3 - The location of irreversible infarction was assessed in each case by 

means of repeated CT scans (24 patients) or post-mortem (3 patients). On the C.T. 

scans persistent hypodensity and/or marked contrast-enhancement were taken as 

evidence of irreversible necrosis. Then, circular regions of interest (ROI) were 

located in approximately the same brain areas on the CMR02 images, and the mean 

. / . 
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ROI values for CBF, OEF and CMRO- were automftically calculated, as well as the 

corresponding values from the contralateral homologous ROI. To aPow comparison with 
2 

control data, 4 cm ROI were used ; however, in 10 patients (12 studies) with C.T. 
2 

lesions less than ^ 3-4 cm, 1 cm ROI were used to minimize the partial volume 
24 effects . 

4 - Depending on the size of the actual necrosis, from 1 to 12 ROI were avai

lable for a given patient. I f the values for neighbouring ROI on th*» same brain level 

were similar, they were averaged. Eighty-nine infarct data (up to 6 per patient) 

were finally* obtained. Each infarct value was also expressed as percent of i ts con

tralateral homologous value. Both the absolute and the percent values were plotted 

against time from onset for a l l patients. They were further subdivided according 

to the pattern of CBF-CMRO2 relationship, as determined by the percent 10EF value, 
18 taking 12 % difference as significant (p < .05 from 19 control studies) . Local 

17 7 8 

"luxury-perfusion syndrome* or "misery-perfusion syndrome" * , were defined 

i f infarct 10EF was significantly low or high, respectively, and "matched" CBF-CMRO-

otherwise. Comparison of means were performed between the above 3 subgroups, as 

well as between "early" (s4daysafter clinical onset, 11 studies) and "late" U 5 days, 

24 studies) infarcts. 

Resul ts 

1) The individual values of 1CBF, 10EF and ICMRO- in the areas of irrever
sible infarction and their evolution with time appear clearly in Fig. 1 (absolute 
data) and 2 (percent). "Early" 1CBF was extremely variable, ranging from 5 % to 
125 % of contralateral values, but its trend to increase during the 2nd week and 
to remain somewhat elevated until the 40th day was apparent, and highly significant 
(Table 1). "Early" 10EF ranged from low to high values (43 to 184 % ) , but was almost 
universally decreased later on, again a highly significant trend (Table 1). The 
1CMR0,, however, was consistently depressed - except for a few data points -, 
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showing only a barely significant (absolute and relative) increase with time 

(table 1) ; i t ranged from 7 % to 84 % of contralateral CMR02. 

2) CBF-CMR02 relationships : a mismatch between local demand and supply 

of ixygen within the area of irreversible infarction was seen in 91 % of the studies. 

Misery-perfusion (6 studies) was almost confined to the f i r s t 4 days (5 /6) , but in 4 

"early" instances was associated with areas displaying "matched" or luxury-perfusion 

syndromes. Areas displaying luxury-perfusion (more often relative than absolute in 

terms of ÎCÔF) were seen in 7/11 "early studies" and in 20/23 "late" studies. Each 

of the 7 "early" misery-perfusion areas restjdied were seen to progress to luxury-

perfusion at the 2nd week after onset (Fig. 1 and 2) . The absolute and relative 

1CBF, 10EF and 1CMR02 values according to the misery-perfusion, matched, or luxury-

perfusion subgroups can be seen on Fig. 1 and 2, and their means are shown on 

Table 2. Highly significant differences between groups were found for mean 1CBF 

and 10EF, but not for lCMROg. Thus, 1CBF increased steadily from m'sery-perfusion 

to matched to luxury-perfusion subgroups (while 10EF decreased in a mirror fashion) 

with a value of 14.3 ml/100 g/min (49 %) matching the local metabolic demand. 

Comments 

This detailed study provides estimates of 1CMRCL and its relationship with 

1CBF within the area spontaneously evolving to ischemic necrosis in man. 

Several potential limitations to the present study deserve mention. The 

topographical assessment of the irreversibly infarcteu area was relatively gross ; 

although care was taken not to include the borders of Infarction, ultimately pre

served tissue may have been present in the ROI chosen as a result of the partial 

volume effect and the irregular, patchy infarction in some patients. Motion arti-
15 facts, irregular respirations, and inherent sensitivity of the C O - model at high 

15 flows may have affected the measurement accuracy. In addition, the 0 model tends 

./. 
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9 16 to underestimate CBF and overestimate OEF in normal situations ' , but alterations 

in local water content (e.g. edema) and blood volume likely to occur in stroke may 
have introduced an added uncertainty. Capillary dilatation, be it in low or high 

flow situations, is particularly apt to induce further overestimation of OEF, 

perhaps an explanation to some relatively high lCMWL values found here. However, 

this factor alone could not explain most of the exceedingly high 10EF values in this 

study, i.e. the observation of misery-perfusion is net artifactual. Although real, 
the above limitations do not appear serious enough to question the overall validity 

9 

of the present f indings. 

The most s t r ik ing feature is the inconsistency of both 1CBF and 10EF in 

"early" in fa rc ts , both ranging from extremely low to extremely high values, whereas 

1CMRCL essential ly remains at low ranges. Thus neither 1CBF nor 10EF separately 

can be taken as good indicators of spontaneously evolving i r revers ib le infarct ion 

when studied 2 or more days af ter onset. In contrast, a clearly depressed 1CMRCL 
2 7 19 20 appears re l iable in th is respect, as suggested previously » » ' . Given the 

above mentioned methodological uncertaint ies, a tentative 1CMR02 threshold of about 

70 % of contralateral value would seem to indicate evolving necrosis (Fig. 2 ) . A 

theoretical CMROp threshold for infarct ion of about 55-65 % of normal can be calcu

lated from the experimental infarct ion CBF threshold (permanent ar te r ia l occlusion) 
14 of 18 ml/100 g/min and the increased OEF to about 0.70 found experimentally at 

11 similar levels of ischemia . Our overall infarct 1CMR02 was 1.35 ml/100 g/min 1 

0.65 (1SD), which was 49 % of contralateral CMR02. 

The spontaneous evolution was remarkable by the general trend of increasing 

1CBF and decreasing 10EF values, so that the vast majority of " la te " infarcts d is- -

played a clear-cut late luxury-perfusion, confirming ear l ier semi-quantitative obser

vations ' ' ' . This increase of 1CBF which occurs in the face of an unchanged 
6 7 19 metabolic demand is a t ransi tory phenomenon ' ' , probably d i rec t ly related to 

the phagocytic phase of ischemic necrosis per se. 
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In contrast, there was no consistent pattern of CBF-CMRO- relationship in 

"early" infarcts. Early luxury-perfusion was frequently observed, indicating spon-
22 tancous partial reperfusion in irreversibly damaged tissue as a result of either 

post-embolic recanalization or efficient perfusion pressure from collateral channels. 

In many "early" instances, however, misery-perfusion was prominent, suggesting that, 

although very depressed, the oxygen demand was not quite matched by its supply. This 

continuing ischemia presumably results from persistent proximal occlusion with poor 
3 

collaterals, or alternatively from the "no-reflow" phenomenun . Delayed hypoperfusion 

with relatively maintained energy metabolism has been reported in experimental 
21 23 ischemia-reperfusion as a potentially damaging process ' - Despite maximally 

increased OEF values the levels of 1CBF observed in areas displaying misery-

perfusion were indeed so low (table 2) as to seem incompatible with tissue survival 

Although these ischemic areas did spontaneously evolve to luxury-perfusion and necro

sis, i t remains unknown whether induced recoupling could have partly salvaged the 

tissue. That mean lCMRCL was moderately (although just significantly) higher in areas 

where 1CBF matched exactly or exceeded 1CMRCL (Table 2) suggests that metabolism 

might benefit from increasing the tissue local oxygen tension when misery-perfusion 

is demonstrated. 

The data in Table 2 suggests that the CBF threshold for relative ischemia 

(below which CBF becomes inadequate to meet the lowered oxygen demand of severely 

ischemic tissue) stands at about 14 ml/100 g/min, perhaps not fortuitously similar 
4 14 to the infarction threshold found acutely in experimental ischemia * . 

Clearly, additional information will come from more acute studies, as well 

as *rom concomittant measurement of the local glucose utilization . In addition, 

i t will be important to analyse in detail the 1CBF-1CMR02 quantitative patterns in 

viable, dysfunctioning but ultimately preserved areas surrounding the ultimately 

infarcted focus. 
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Table 1 - Mean 1CBF, 10EF and 1CMR0 in "early" and "late" infarcts 

DAY 

S 4 
2 5 

N 
CBF 

ABSOLUTE 
ml/100g/min 

PERCENT 
OEF 

ABSOLUTE PERCENT 
CMRO-

ABSOLUTE ml/100g/min PERCENT DAY 

S 4 
2 5 

39 
50 

14.2 + 8.4*** 
23.4 + 9.5 

56 + 29*** 
82 + 24 

.— 

0.50 + 0.19*** 
0.35 + 0.16 

94 ± 36*** 
68 * 21 

1.20 i 0.54* 
1.48 i 0.71 

45 ± 18* 
52 ± 16 

* p < 0.05 * * * p > 0.001 

Table 2 Mean ICBF, lOEF and 1CMR02 in the three subgroups and on the 
contralateral side 

PATTERN 
CBF 

ABSOLUTE PERCENT 
ml/100g/min 

OEF 
ABSOLUTE PERCENT 

CMROo 
ABSOLUTE PERCENT 
ml/100g/min 

MISERY-PERFUSION 
MATCHED 
LUXURY-PERFUSION 
CONTROL SIDE 

15 
8 
66 
89 

7.7+5.2++ 
14.3i3.9xxx 
22.6*9.2*** 
27.8+9.0 

34±17+ 
49±15xxx 
81+25*** 

100 

0.72ÎO.14+++ 
0.51±O.08xxx 
0.34+0.12*** 
0.52+0.12 

135+20+++ 
100i 4xxx 
64*15*** 

100 

1.01+0.55 
1.30±0.51 
1.44+0.67* 
2.76+0.86 

45±22 
48*14 
50+16 

100 

+ Misery-perfusion vs matched - * Misery-perfusion vs luxury-perfusion 
x Matched vs luxury-perfusion - + p < 0.05 - ++ p < 0.01 - +++ p < 0.001 



F I G U R E C A P T I O N 

Absolute values of 1CBF, 10EF and 1CMRCL plotted against time. 

Each point represents a single area in one patient (see text) . 

The lines join data obtained from the same area at two separate 

occasions (10 patients studied twice). Squares, triangles and 

dots represent areas with misery-perfusion, matched CBF-CMRO-t 

and luxury-perfusion, respectively. The open dot on the lef t 

hand side of each graph represents the mean and standard devia

tion of the contralateral homologous areas. 

Relative percent values of 1CBF, 10EF and 1CMR02 plotted 

against time (same comments as for Fig. 1). 


