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ABSTRAa.  Autoregulation of cerebral blood flow is im- 
paired in the postictal state. This loss of autoregulation 
may in part be mediated by a rise in perivascular hydrogen 
ion and carbon dioxide concentration. We hypothesized 
that hypocarbia with a concomitant reduction in perivas- 
cular hydrogen ion and carbon dioxide concentration would 
restore autoregulation during the postictal state. We stud- 
ied autoregulation of cerebral blood flow in 13 ventilated, 
awake 3- to 4-d-old piglets during the postictal state under 
normocarbic and hypocarbic conditions. During the postic- 
tal state, cerebral blood flow was pressure-passive in nor- 
mocarbic piglets, whereas the relationship between cere- 
bral blood flow and cerebral perfusion pressure was de- 
scribed by a polynomial curve in hypocarbic piglets. 
Because hypocarbia restores cerebral blood flow autoreg- 
ulation in postictal newborn piglets, we speculate that the 
perivascular hydrogen ion and carbon dioxide concentration 
contribute significantly to the state of cerebral autoregu- 
lation in the postictal subject. (Pediatr Res 30: 294-298, 
1991) 

Autoregulation of cerebral blood flow is important in the 
maintenance of cerebral hemodynamic balance. The relationship 
between systemic blood pressure and brain blood flow is well 
established in man and adult and newborn animals (1-5). Many 
pathologic conditions known to impair autoregulation render 
cerebral blood flow pressure-passive, increasing the risk of CNS 
pathology resulting from hemodynamic abnormalities (6-1 1). In 
newborn piglets, we have previously shown that a pressure- 
passive relationship exists between mean arterial blood pressure 
and cerebral blood flow during seizures and the subsequent 
postictal state (12, 13). Several factors may mediate this loss of 
autoregulation, including changes in perivascular potassium and 
hydrogen ion concentrations, intracranial pressure, systemic 
blood pressure, cerebral oxygenation, and carbon dioxide pro- 
duction (14-18). Because hydrogen ion and carbon dioxide 
production have previously been observed to increase after sei- 
zures, the concomitant rise in cerebral blood flow has been 
attributed to an increase in the perivascular concentrations of 
these two elements (19). Because perivascular hydrogen ion and 
carbon dioxide concentrations are potent vasodilators of the CNS 
vasculature (20, 21), we hypothesized that arterial hypocarbia 
with a concomitant reduction in perivascular carbon dioxide and 
hydrogen ion concentrations would correct the impaired cerebral 
autoregulation previously reported (1 3). We tested this hypoth- 
esis by examining the autoregulation of cerebral blood flow 
during the postictal state in normocarbic and hypocarbic piglets, 

Received April 24, 1990; accepted May 13, 199 1. 
Reprint requests: Barbara S. Stonestreet, M.D., Department of Pediatrics, 

Women & Infant's Hospital of RI, 101 Dudley Street, Providence, RI 02905-2499. 
I Present address: Maternite Universitaire-Service de Medecine Neonatale, 

54042 Nancy, France. 

29 

thereby manipulating the arterial carbon dioxide concentration, 
potentially modifying perivascular carbon dioxide and hydrogen 
ion concentrations by a washout phenomenon. In addition, we 
also examined cerebral metabolic rate for oxygen to rule out 
tissue hypoxia, inasmuch as a reduction in oxygen availability 
may serve as a factor mediating the loss of autoregulation (6). 

MATERIALS AND METHODS 

Animals. The study was approved by our institutional review 
board. Thirteen 3- to 4-d-old, farm-bred piglets obtained from a 
local hog breeder were studied. The weight of the piglets was 
1.55 f 0.26 kg in the normocarbic (mean f SEM, n = 7) and 
1.77 * 0.2 1 kg in the hypocarbic group (n = 6). 

Surgical procedures. Two h before the study, catheters were 
placed under 0.30 nitrous oxide and 0.70 oxygen and local 
lidocaine (0.01) anesthesia. Polyvinyl catheters were placed into 
the left ventricle via the left common carotid artery for radio- 
nuclide-labeled microsphere injections, into the thoracic aorta 
for reference blood sample withdrawal and arterial blood gas and 
oxygen content samples, into the abdominal aorta for blood 
pressure and heart rate monitoring, into the inferior vena cava 
for administration of bicuculline and central venous pressure 
monitoring, and into the sagittal sinus for pressure monitoring 
and study sampling. Previous work in newborn piglets has shown 
that the use of a carotid artery for catheterization of the left 
ventricle does not alter brain blood flow when the radionuclide- 
labeled microsphere method is used (22). A tracheotomy was 
also performed to facilitate ventilatory support. After surgery, 
the animals received 5 mL of 0.10 dextrose, and all catheters 
were filled with a heparin solution (10 U.mL-'). The piglets 
were then placed in a sling in a darkened chamber and permitted 
a 2-h period of recovery from surgery. 

Experimental protocol. Two h after the completion of surgery, 
the ventilated (Biomedical Devices, Inc., Stamford, CT) animals 
remained awake or sleeping in the sling during all measurement 
periods. The ventilator gas mixture was 0.05 carbon dioxide, 
0.2 1 oxygen, and 0.74 nitrogen. The deep rectal temperature was 
maintained between 38 and 39°C throughout the study. Six series 
of determinations were performed in each animal, including the 
following measurements: systemic arterial, venous, and superior 
sagittal sinus pressure; heart rate; arterial blood gases; hematocrit; 
and arterial and superior sagittal sinus oxygen content values, 
along with total and regional brain blood flow determinations. 
The first determination was obtained before the i.v. administra- 
tion of 1 m g  kg-' of bicuculline (Sigma Chemical Co., St. Louis, 
MO) to induce seizures. The second determination was obtained 
at a time when the seizures had completely stopped by clinical 
assessment (mean of 31 min into the experiment). This period 
was considered the postictal state, and this initial postictal deter- 
mination was used to assess the effect of the postictal state on 
cerebral blood flow. Although changes in ventilator settings were 
not made during bicuculline-induced seizures, additional oxygen 
was provided to maintain normoxia during the seizures. After 
this second determination, while the piglets were in the postictal 
state, the ventilator rate was adjusted in seven piglets to maintain 
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normocarbia and in six to induce hypocarbia (arterial COz Do2 = cao2.Q 
tension = 2.67-3.20 kPa). Both groups had normal arterial Poz. 
A third measurement was obtained after the adjustment of Pcoz vo2 = (Cao2 - Cvo2) . Q 
.values (mean time 55 min); thereafter, hypotension was induced O2 Ex = [(Cao2-Cvoz). (Caoz-I)] . l o0  
in both groups by phlebotomy to produce graded reductions in 
systemic arterial blood pressure to test the state of the cerebral where Cao2 is arterial oxygen content, Cvoz is the superior sagittal 
autoregulation at the lower end of the curve. The last three sets sinus oxygen content, and Q is blood flow to the cerebrum. 
of postictal determinations were obtained in each group during Because the sagittal sinus drains the cerebral cortex, cerebral 
sustained hypocarbia or normocarbia and graded reductions in white matter, and some deep gray structures, blood flow meas- 
systemic arterial blood pressure. During the first three study ured to the cerebrum included these structures. Thus, oxygen 
measurement periods, blood losses due to study sampling were metabolism to the total cerebrum is reported. Blood flow was 
replaced with blood of a similar hematocrit from a young donor expressed as L. min-I .kg-', Doz and Vo2 as mmol 02. min-' . 
piglet. After the final determination, the piglets were killed with kg-'. 
a solution of sodium thiamylal(200 m g  kg-'). Changes within each group over time were analyzed separately 

An autopsy was performed to ascertain catheter placement using two-way analysis of variance for repeated measures. If a 
and to procure tissues. The brain was weighed and fixed in 0.10 significant difference was found, the Dunnett's t test was used to 
formalin for 6 d. The kidneys and lungs were harvested, weighed, compare the means to the baseline and postictal values (25). The 
and fixed in formalin until subsequent carbonization. unpaired t test was used to compare differences between the 

Methodology. Using previously established techniques (3, 7, groups. When repeated measurements were compared between 
10, 22, 23), blood flow was determined with microspheres 15 rt the groups, the Bonferroni adjustment was used (25). Correla- 
5 pm in diameter labeled with one of the following six radio- tions between cerebral perfusion pressure and total and regional 
nuclides: 46S~ ,  51Cr, 5 7 C ~ ,  95Nb, Io3Ru, or 'I3Sn (New England brain blood flow and cerebral oxygen uptake (VOZ) were calcu- 
Nuclear Inc., Boston, MA). Approximately 6 x lo5 microspheres, lated for the last four postictal blood flow determinations in both 
suspended in a 0.10 dextran solution with 0.000 1 Tween 80, groups using a least-squared computerized curve-fitting program. 
were continuously agitated and were injected over 30 s via the The fit of the data points to the generated curves of the normo- 
left ventricular catheter, which was then flushed with 2 mL of carbic postictal and hypocarbic postictal groups were verified 
0.9 NaCl. A reference blood sample was continuously withdrawn statistically by a general linear model to test whether the points 
from the thoracic aorta, beginning 10 s before the microsphere of each curve were more adequately described by a polynomial 
injection and lasting for 120 s at a constant rate of 1.03 m L  curve or a straight line (26). A value of p < 0.05 was considered 
min-I (22, 24). Heart rate and systemic arterial, central venous, significant unless otherwise indicated. All values were expressed 
and superior sagittal sinus pressures were continuously measured as mean rt SEM. 
using a Hewlett-Packard transducer (model 12800; Lexington, 
MA) and recorded on a Hewlett-Packard polygraph (7754 A 
series). RESULTS 

After 6 d of fixation, the brain was dissected into the following ~ ~ b l ~  summarizes the arterial blood gas, hematocrit, and 
regions: cerebrum, cerebellum, and brain stem. In each animal, oxygen content values. ~ l t h o ~ g h  arterial blood gases were not 
the entire cerebrum was divided into frontal, parieto-temporal, measured during seizures, both groups showed a similar degree 
and occipital cortex and caudate nucleus, including the white of metabolic acidosis 3 1 min after the induction of seizures. After 
matter.   he total cerebrum was the sum of each of these regions. hyperventilation was begun in the hypocarbic group, arterial pH similarly, the entire cerebellum was sampled. The brain Stem increased, pco2 decreased, and Po2 remained unchanged. There- 
included midbrain, pons, and medulla. Total brain blood flow after, during graded hemorrhagic hypotension, the normocarbic represented the sum of all regions sampled. In all animals, an group became acidotic, whereas the hypocarbic group had nor- identical dissection was done by one investigator. Brain samples mal arterial p~ values because of the lower pcoz values in this 
were then ~ a c k e d  to a I-cm height in glass counting vials. group. During the final determination, the piglets in both groups Carbonized and lungs were packed to a l-cm height developed a metabolic acidosis. Changes in arterial hematocrit, 
in glass vials (24). ~ 1 0 o d  and tissue specimens were counted in a oxygen content values, and the volume of blood withdrawn (data w e l l - t ~ ~ e  gamma-scintillation spectrometer [Tracer not shown) were similar in both groups during each study period, 
sample changer (model g5, Elkgrove IL) interfaced to After bicuculline administration, all animals developed typical 
a multichannel analyzer, 8 192 channel series processor (Canberra tonic-clonic seizures within 1 min that lasted for 5 to 6 min. ~h~ 
~ndustries, ~ e r i d e n ,  CT)]. B ~ O O ~  flow data were generated with severity and duration of the seizures appeared to be similar in 
a ~ i g i t a l  PDP 11/34 computer (Digital Equipment, Maynard, both groups of piglets, as evidenced by equivalent changes in MA) that corrected for isotope spillover and decay. Blood flow cerebral perfusion and superior sagittal sinus and central venous was determined using the following equation: blood pressures during the clinically apparent seizure activity 

(Table 2). Cerebral perfusion pressure increased during bicucul- 
Tissue cpm 

Blood flow = line-induced seizures, decreased during the postictal phase, and 
cpm of reference blood was equivalently reduced during graded hemorrhagic hypoten- 

sion in both groups. Central venous and superior sagittal sinus 
x rate of withdrawal of reference blood pressures increased during the seizures and decreased during 

hemorrhagic hypotension in both groups. During the first two 
All tissues and reference blood samples had sufficient micro- measurements (time 0 and 31 rnin), significant differences in 
spheres to assure blood flow accuracy to within rt0.05 (23). total brain blood flow were not observed between the groups. 
Paired samples of lungs and kidneys (data not shown) docu- During the postictal phase, after the onset of hyperventilation, 
mented the absence of shunting through a ductus arteriosus and total brain blood flow decreased significantly in the hypocarbic 
errors due to streaming. piglets. In both groups, total brain blood flow decreased signifi- 

Arterial blood gases were determined on a Corning 175 blood cantly during hemorrhagic hypotension. Total brain blood flow 
gas analyzer (Corning Scientific, Medford, MA) and oxygen was significantly lower in the normocarbic group during the last 
contents were determined in duplicate on a Lex-O2 Con (Lexing- hypotensive measurement (108 min) compared with the postictal 
ton Instruments, Waltham, MA). normocarbic period (55 min), whereas brain blood flow was not 

Computations and statistical analysis. Cerebral oxygen deliv- significantly lower at this time (108 min) in the hypocarbic piglets 
ery (Do2), uptake (Vo2) and oxygen extraction ( 0 2  EX) were compared with the postictal hypocarbic measurement (55 rnin). 
calculated from measured values according to the following Blood flow to the cerebrum (during the last four measurement 
equations: periods) plotted against cerebral perfusion pressure demonstrated 
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Table 1. Arterial blood gas, hematocrit, and oxygen content values during study periods in normocarbic (n = 6) 
and hv~ocarbic fn = 7) oiplets* 

i Postictal * , Normocarbia or hypocarbia- 
Group Baseline t------ Hemorrhagic hypotension -> 

Time (min) 
PH NC 

HC 
Pco2 (kPa) NC 

HC 
Poz (kPa) NC 

HC 
Hct NC 

HC 
Caoz (mmol . L-') NC 

HC 

* NC, normocarbic; HC, hypocarbic; Hct, hematocrit; Caoz, arterial oxygen content. 
7 p < 0.05 vs baseline. 
$ p < 0.05 vs postictal normocarbia study period (time = 3 1 rnin). 
5 p < 0.01 vs normocarbic group. 

\ 
11 p < 0.05 vs postictal normocarbia or hypocarbia study period (time = 55 rnin). 

Table 2. Hemodynamic variables in normocarbic (n = 6) and hypocarbic (n = 7) piglets* 

Time (min) 
Cerebral perfusion 

pressure (k?a) 
Heart rate 

(beats. min-I) 
Central venous 

pressure (kPa) 
Sagittal sinus 

pressure (kPa) 
Total brain 

blood flow 
(L. min-' .kg-') 

Group Baseline Seizure 

i Postictal > - Normocarbia or hypocarbia - 
Hemorrhagic hypotension -) 

5 5 74 92 108 
9.97 + 0.75 7.42 + 0.29$ 6.01 + 0.20t$ 4.65 + 0.97t$ 
8.71 + 0.565 6.87 + 0.09t$ 5.80 + 0.23t$ 4.33 + 0.28t$ 
197+13  2 6 1 + 1 3 t  243+21t  2 3 2 + 1 6 t  
256+11§ 243+18  214 + 16 191 + 19$ 

-0.07 + 0.19 -0.40 + 0.17t$ -0.43 + 0.17t$ -0.56 + 0.15 
0.21+0.10 -0.16+0.0111 -0.01+0.17$ -0.08+0.11t$ll 
0.00 + 0.15 -0.33 + 0.127$ -0.25 + 0.15t$ -0.31 + 0.127$ 
0.25 a 0.13 0.20 + 0.0911 0.05 + 0.127~ -0.04 + 0.157$ 
0.82 + 0.1 1 0.69 + 0.08 0.63 + 0.06 0.51 + 0.12t$ 
0.63 + 0.077 0.70 + 0.1 1 0.60 + 0.077 0.43 + 0.1 17 

* NC, normocarbic; HC, hypocarbic; ND, not determined. 
7 p < 0.05 vs baseline. 
$ p < 0.05 vs postictal normocarbia or hypocarbia study period (time = 

5 p < 0.05 vs postictal normocarbia study period (time = 3 1 min). 
11 p ( 0.01 vs normocarbic group. 

a direct linear relationship ( y  = 0 . 0 8 ~  + 0.05, r = 0.67, n = 28, 
p < 0.001) in the normocarbic group after seizures, whereas in 
the hypocarbic piglets it showed a polynomial relationship ( y  = 
0 . 3 4 ~  - 0.02x2 - 0.71, r =  0.60, n = 24,p < 0.001, Fig. 1). The 
general linear model (26) used to statistically verify that the 
points of each curve were more adequately described by a poly- 
nomial curve or a straight line demonstrated that the points in 
the hypocarbic group were best described by a polynomial curve 
fit, F = 4.63, p < 0.05. Inspection of Figure 1 suggests that one 
point in the normocarbic group had a value for cerebral perfusion 
pressure and blood flow that exceeded the other values for this 
group. Regression analysis repeated without this outlying value 
demonstrated that the linear function remained appropriate ( y 
= 0 . 0 7 ~  + 0.13, r = 0.53, n = 27, p < 0.01). Similar patterns of 
change were also observed for total brain blood flow ( y = 0 . 0 8 ~  
+ 0.12, r = 0.68, n = 28, p < 0.001, and y = 0 . 3 3 ~  - 0.03x2 - 
0.62, r = 0.55, n = 24, p < 0.001 in the normocarbic and 
hypocarbic piglets, respectively). Similarly, the curve for the total 
brain blood flow and cerebral perfusion pressure in the hypocar- 
bic group was best described by a polynomial curve fit, F = 4.39, 
p < 0.05. In the normocarbic postictal piglets, the relationship 
between cerebellar blood flow and cerebral perfusion pressure 
was described by a polynomial curve fit ( y  = 0 . 3 3 ~  - 0.02x2 - 
0.52, r = 0.064, n = 28, p < 0.001; polynomial curve fit: F = 

55 min). 

Blood Flow 
(b . min-' . kg") 

Cerebrum 

1.2 I 
POStictaI 
+ Hypocarbia 

Cerebral Perfusion Pressure (kPa) 

Fig. 1. A scattergram of cerebral blood flow plotted against perfusion 
pressure. The postictal normocarbic group is shown by open circles and 
the hypocarbic group by closed circles. 
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5.7 1, p < 0.05) and in the postictal hypocarbic piglets no signif- state (1 3). Furthermore, we have shown that a reduction in the 
icant correlation was found between these variables (r = 0.35, n carbon dioxide and hydrogen ion concentrations of the arterial 
= 24, p = NS, Fig. 2). The relationship between blood flow to blood via hyperventilation does restore autoregulation of cerebral 
the brainstem and cerebral perfusion pressure was not significant blood flow during the postictal state. 
in either the normocarbic (r = 0.34, n = 28, p = NS) or Our speculations regarding these findings are as follow. Bicu- 
hypocarbic ( r  = 0.21, n = 24, p = NS) group. culline-induced seizures result in cerebral vasodilation in re- 

Table 3 summarizes the changes in cerebral oxygen metabo- sponse to increased perivascular carbon dioxide production and 
lism during the studies in the normocarbic and hypocarbic hydrogen ion concentrations (1 5, 19). In response to a seizure- 
piglets. Cerebral oxygen delivery decreased during the postictal related elevation in brain metabolism, increased perivascular 
period in the hypocarbic piglets and in both groups during hydrogen ion and carbon dioxide concentrations may persist, 
hemorrhagic hypotension. Cerebral oxygen extraction increased resulting in continued vasodilation, potentially accounting for 
during the postictal period (time = 31 min) in both groups, in the loss of cerebral blood flow autoregulation in the postictal 
the hypocarbic group during the postictal hypocarbic period normocarbic piglets. However, after seizures (time 31 min), 
(time = 55 min), and in both groups during hemorrhagic hypo- cerebral blood flow was not increased, suggesting that vasodila- 
tension. Cerebral oxygen uptake was unchanged in both groups tion was not present at this time and thus cannot account for 
after seizures and reduced during the final hemorrhagic hypoten- the loss of autoregulation in the postictal period. On the other 
sive determination. The Pattern of cerebral oxygen uptake (dur- hand, our findings are consistent with previous reports of a 
ing the last four measurement periods) plotted against perfusion relatively rapid brain pH buffering process after ischemia (27, 
pressure demonstrated a direct linear relationship in the nor- 28). Therefore, although postictal vasodilation was not evident 
mocarbic group ( Y  = 0 . 2 3 ~  - 0.02, r = 0.72, n = 28, P < 0.00 (time 3 1 min), the seizures rendered the cerebral vasculature 
 herea as in the h ~ o c a r b i c  group it showed a ~ o l ~ n o m i a l  rela- sensitive to the loss of autoregulation during the postictal state, 
tionship ( Y  = 1 . 1 9 ~  - 0.07x2 - 2.84, r = 0.68, n = 24, P < when hypotension was induced. Thus, it remains possible that 
0.001; polynomial curve fit: F = 8.38, p < 0.01, Fig. 3). perivascular carbon dioxide and hydrogen ion are produced more 

readily in response to hypotension in the postictal than in the 
DISCUSSION normal state, accounting for the lack of vasoconstriction when 

We have previously shown that, during the postictal state of 
bicuculline-induced seizures, cerebral blood flow autoregulation 
is impaired (13). In the current study, we tested the hypothesis 
that the loss of cerebral blood flow autoregulation is a result of 
increased perivascular carbon dioxide and hydrogen ion concen- 
tration and that normalization of these two elements by hyper- 
ventilation would restore autoregulation of cerebral blood flow. 
Our current results confirm the previous findings that cerebral 
blood flow autoregulation is indeed impaired in the postictal 

B l o o d  Flow 

(L.  mi('* kg' ) 

sion pressure. Group legends are as for Figure 1. 

2.0- 

Cerebel lum 3 . 6 -  

1.2- 

0.8- 

0.4- 

Table 3. Cerebral metabolic changes in normoc 

0 

0 

Postictal + 
Normocarbia 

0 

0 ,  I ' I ' I ' I ' I ' I  

hypotension was induced and the consequent pressure-passive 
relationship between cerebral blood flow and perfusion pressure. 
These contentions are supported by our findings in the hypocar- 
bic postictal group. Hyperventilation was associated with a re- 
duction in arterial carbon dioxide and an increase in pH. Al- 
though we did not measure cerebral perivascular carbon dioxide 
and hydrogen ion concentration directly, we speculke that the 
significant reduction in arterial carbon dioxide concentration 
might have resulted in a washout phenomenon, significantly 
lowering the perivascular carbon dioxide and hydrogen ion con- 
centrations (14, 15, 19) and restoring the ability of the cerebral 
vasculature to vasoconstrict to reductions in perfusion pressure 
in the postictal state. Thus, the presence of cerebral autoregula- 
tion in the hypocarbic group, despite the reduction in perfusion 
pressure, suggests that the loss of autoregulation in the postictal 
state in the normocarbic group depends in part upon the mag- 
nitude of the perivascular carbon dioxide-mediated cerebral vas- 
odilation. 

Several other metabolic (29) and vasoactive compounds (30, 
3 1) critical to cerebral blood flow autoregulation and seizure- 
related cerebral hyperperfusion may also participate in the loss 
of autoregulation in the postictal state, including potassium 
released during neural firing, prostanoids (30), and adenosine 
(31). However, we did not evaluate the importance of these 
components with respect to the postictal regulation of cerebral 
blood flow and cannot comment upon the relative contributions 
of each of these factors to the loss of cerebral autoregulation in 
the postictal state. 

0 2 4 6 8 1 0  1 2  1 8  

Perfusion Pressure (kPa) 

Fig. 2. A scattergram of cerebellar blood flow plotted against perfu- 

:arbic (n = 6) and hypocarbic (n = 7) piglets* 

- - - -A - --A 
<- Normocarbia or hypocarbia -+ 

Group Baseline - H e m o r r h a g i c  hypotension -h 
-- 

Time (min) 0 3 1 5 5 74 92 108 
DO* (mmol 02.min- '  .kg-') NC 4.42 + 0.45 4.28 + 1.03 3.57 f 0.67 2.50 + 0.40t$ 1.87 f 0.27t$ 1.34 f 0.36t$ 

HC 3.84 + 0.27 2.81 + 0.27 2.45 + 0.31tS 2.36 + 0.227 1.78 + 0.27t$ 1.16 + 0.40t$ 
0 2  Ext NC 0.55 + 0.02 0.67 + 0.037 0.60 + 0.05 0.74 + 0.027 0.76 + 0.03t$ 0.73 + 0.02t$ 

HC 0.56 + 0.02 0.72 + 0.037 0.78 + 0.02tll 0.79 + 0.027 0.80 + 0.027 0.81 + 0.027 
VO, (mmol O2.rnin-'.kg-') NC 2.41 0.18 2.94 + 0.71 2.05 + 0.22 1.83 a 0.22 1.38 + 0.18 1.03 k 0.22t$ 

HC 2.19 a 0.18 2.01 + 0.09 1.87 + 0.22 1.87 + 0.13 1.38 + 0.22 0.94 + 0.31t$ 

* NC, normocarbic; HC, hypocarbic; Do2, cerebral oxygen delivery; Oz Ext, cerebral oxygen extraction; VO~,  cerebral oxygen uptake. 
t p < 0.05 vs baseline. 
$ p < 0.05 vs postictal normocarbia or hypocarbia study period (time = 55 rnin). 
5 p < 0.0 1 vs normocarbic group. 
11 p < 0.05 vs postictal normocarbia study period (time = 31 min). 
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hydrogen ion are in part responsible for the loss of cerebral 
vascular autoregulation during the postictal state. 

(mmol rnin-'a kg-') 

Cerebral Petfusion Pressure (kPa) 

Fig. 3. Cerebral oxygen uptake ( v o ~ )  plotted against perfusion pres- 
sure. G r o u p  legends are as for  Figure 1. 

The loss of autoregulation of brain blood flow during the 
postictal period may also be explained by the seizure-mediated 
increase in perfusion pressure. The seizure-related increases in 
perfusion pressure and hypotension-induced decreases in pres- 
sure were of similar magnitudes in both groups. Brubakk et al. 
(7) demonstrated that cerebral vasodilation persists for 30 min 
after pharmacologically induced systemic hypertension. How- 
ever, the equivalent increase in cerebral perfusion pressure ob- 
served in both groups of piglets and loss of autoregulation only 
in the normocarbic piglets suggest that hypertension is not a 
likely mechanism for the loss of autoregulation in the normocar- 
bic postictal piglets. 

The relative resistance of the cerebellum and brainstem to 
reductions in blood flow during hemorrhagic hypotension in 
both groups confirms previous findings suggesting a greater 
resistance of the more caudal brain structures to a loss of auto- 
regulation (2, 3, 7). Our present results suggest that the cerebel- 
lum and brain stem are also more resistant to a loss of autoreg- 
ulation after seizures. Alternatively, it is possible that these 
subcortical structures were not affected by seizures. 

In our study, cerebral oxygen uptake was not increased during 
the first postictal determination (time 3 1 min), possibly because 
of the time lapse between the onset of seizures and the postictal 
measurements. The pattern of change in cerebral oxygen uptake 
with changes in perfusion pressure was similar to that of cerebral 
blood flow in the normocarbic and hypocarbic groups, such that 
at the lowest perfusion pressures (time 108 min) cerebral meta- 
bolic rate for oxygen was compromised. This 50% decrease in 
cerebral oxygen availability may have affected blood flow at the 
lowest perfusion pressures n both groups. Because cerebral oxy- 
gen uptake was maintained until cerebral perfusion pressure was 
4.4 k ~ a  in the hypocarbic group, the magnitude and duration of 
hypocarbia, per se, during the postictal period did not result in 
tissue hypoxia. Cerebral oxygen uptake was maintained because 
of increments in oxygen extraction after seizures, hyperventila- 
tion, and hemorrhagic hypotension, until the lowest cerebral 
perfusion pressures were reached. 

In summary, we have confirmed our previously reported im- 
pairment of cerebral blood flow autoregulation in newborn pig- 
lets after bicuculline-induced seizures during the postictal state. 
We also showed that hyperventilation with the concomitant 
reduction in arterial carbon dioxide and hydrogen ion concen- 
tration restores cerebral blood flow autoregulation, which 
strongly suggests that changes in perivascular carbon dioxide and 
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