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Abstract: Very preterm and extremely preterm infants have immature physiological function, and cerebral blood-
flow regulation is particularly fragile. Fluctuations in arterial carbon dioxide tension (PaCO2) or blood pressure can 
therefore produce abnormal cerebral perfusion and increase the risk of brain injury. Both act on cerebral blood flow 
through cerebrovascular tone and hemodynamic status, and thereby on cerebral oxygenation and metabolism. Clinical 
and laboratory work has clarified part of this picture, but bedside cerebral blood-flow monitoring and individualized 
management strategies remain difficult. Here, we review the physiological basis of cerebral blood-flow regulation in 
this population, examine how fluctuations in PaCO2 and blood pressure disturb cerebral perfusion, appraise current 
monitoring and neuroprotective methods, and outline an integrated approach to optimizing cerebral blood-flow control. 
Our aim is to help clinicians reduce brain injury and improve neurodevelopmental outcome in this population.
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1. Introduction
Very preterm infants (gestational age < 32 weeks) and extremely preterm infants (< 28 weeks) are born with 
immature organ systems, cerebrovascular autoregulation among the least developed of them, so cerebral 
hemorrhage and ischemic injury occur readily and neurodevelopmental impairment may follow. Arterial 
carbon dioxide tension (PaCO2) and blood pressure are the principal determinants of cerebral perfusion: when 
either fluctuates, cerebrovascular tone and cerebral blood flow change directly [1]. Because autoregulation 
is underdeveloped, flow remains tied to systemic pressure, and pressure swings can drive the brain into 
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hypoperfusion or hyperperfusion.
Within tolerable limits, a rise in PaCO2 dilates the cerebral vessels and increases flow, whereas a fall 

constricts them; repeated excursions increase the probability of intraventricular hemorrhage (IVH). Perfusion 
is destabilized further by the myocardial dysfunction and shunting common in the first postnatal days, since 
flow velocity also depends on cardiac output.

Assessment at the bedside remains indirect. Doppler ultrasonography infers perfusion from flow velocity 
in the middle cerebral or common carotid artery but is operator-dependent and not readily continuous; near-
infrared spectroscopy (NIRS) is noninvasive and continuous and, with concurrent blood-pressure recording, 
evaluates cerebral oxygenation and autoregulation [2]. Neither measures cerebral blood flow directly, so 
models built from variables already collected at the cot side estimate perfusion instead.

The pathway from flow variability to hemorrhage is multifactorial, involving germinal matrix fragility, 
hemodynamic instability, inflammation, and genetic susceptibility. This review examines the physiological 
basis of cerebral blood-flow regulation in this population, how fluctuations in PaCO2 and blood pressure 
disturb perfusion, and what current monitoring and neuroprotective strategies can deliver.

2. Physiological basis of cerebral blood-flow regulation in very and extremely 
preterm infants
2.1. Developmental characteristics of cerebral autoregulation
In adults, myogenic, neurogenic, and metabolic adjustment of cerebrovascular resistance holds cerebral 
blood flow constant across a mean arterial pressure (MAP) range of roughly 50 to 150 mm Hg. Infants born 
before 32 weeks have not completed this development: cerebrovascular smooth muscle is sparse, autonomic 
innervation is limited, and the effective autoregulatory range is narrow, beyond which the circulation becomes 
pressure passive [1]. Changes in blood pressure, PaCO2, or oxygenation then go uncompensated, exposing 
the brain to ischemia at one extreme and hyperperfusion at the other, and impaired autoregulation has been 
linked to IVH and periventricular leukomalacia (PVL). It can be assessed by pairing NIRS measurement of 
regional cerebral tissue oxygen saturation (rStO2) with continuous blood-pressure monitoring [2]. Capacity is 
tied to gestational and postnatal age, so the same pressure may suit one infant and not another.

2.2. Mechanisms by which arterial carbon dioxide tension affects cerebrovascular tone
PaCO2 governs cerebrovascular tone through the acid-base environment immediately surrounding 
cerebrovascular smooth muscle. Carbon dioxide crosses the blood-brain barrier rapidly, whereas bicarbonate 
and hydrogen ions do not; a rise in PaCO2 therefore hydrates to carbonic acid in the perivascular space, pH 
falls, smooth muscle relaxes, and cerebral blood flow rises. A fall produces the converse, the perivascular 
compartment becoming relatively alkaline and the vessels constricting [3]. Because the stimulus is local rather 
than systemic pH, flow tracks PaCO2 even when metabolic disturbance moves arterial pH in the opposite 
direction. Reactivity is not uniform: it differs between brain regions, varies with gestational and postnatal 
age, and may dissociate from peripheral vascular reactivity in the same infant.

2.3. Regulation of cerebral perfusion by blood pressure
Cerebral perfusion pressure (CPP), defined as MAP minus intracranial pressure (ICP), is the gradient that 
drives cerebral blood flow. Within an intact autoregulatory range, the vessels constrict or dilate against 
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pressure changes and hold perfusion approximately constant; where that capacity is immature or lost, 
fluctuations pass through largely unbuffered and the pressure-perfusion relationship becomes close 
to linear [1]. Below the lower autoregulatory limit, flow declines steeply, and ischemia and neuronal 
injury follow, whereas excessive pressure mechanically loads vessel walls that are structurally incomplete, 
particularly in the germinal matrix. Sympathetic and parasympathetic control of vascular tone and 
baroreceptor feedback are all immature in very preterm infants.

3. Effects of fluctuations in arterial carbon dioxide tension on cerebral blood flow
3.1. Effects of hypercapnia on cerebral blood flow and brain injury
Hypercapnia dilates the cerebral vasculature and can improve oxygen delivery, the rationale for permissive 
hypercapnia in neonatal respiratory care. The same mechanism becomes injurious when carried too far: marked 
vasodilation expands cerebral blood volume and impedes cerebrospinal fluid circulation, so ICP climbs, CPP 
falls despite the rise in flow, and cerebral edema may follow. The PaCO2-flow relationship is moreover sigmoid 
rather than linear, so the same absolute rise carries different consequences at different starting values [3]. In preterm 
infants, elevated PaCO2 has repeatedly been associated with IVH; modest elevation may be harmless or 
even protective, whereas higher values, and above all rapid rises, re-associate with adverse outcomes. Safe 
thresholds for the immature brain, and the tolerable rate of change, remain to be established.

3.2. Effects of hypocapnia on cerebral blood flow and neurodevelopment
Hypocapnia is common, arising from overventilation during resuscitation, vigorous spontaneous breathing 
on noninvasive support, and settings not adjusted as lung compliance improves. Within the physiological 
range, the PaCO2-flow relationship is approximately linear, so a fall in PaCO2 constricts the cerebral vessels 
and reduces perfusion.3 Because preterm white matter is incompletely developed and the periventricular 
region lies at a vascular watershed, even moderate reductions readily tip that territory into ischemia, the 
principal pathological basis of PVL, and hypocapnia has accordingly been linked to white matter injury and 
adverse neurodevelopmental outcome. Experimental work confirms that hypocapnia lowers cerebral tissue 
oxygenation, so oxygen delivery may fall below requirement without any overt fall in arterial saturation [4].

3.3. Clinical monitoring and management of PaCO2 variability
Arterial blood-gas analysis remains the gold standard for PaCO2 but is invasive and intermittent, so a 
rapid change may go undetected until the next sample. Transcutaneous monitoring, in which local heating 
accelerates carbon dioxide diffusion to a skin electrode, provides a continuous trend that correlates acceptably 
with arterial values [5]. Management aims to hold PaCO2 within an appropriate range and to avoid rapid 
excursions, since its dynamic behavior appears to matter as much as its absolute value. Ventilator strategy 
should take that stability as an explicit objective: minimizing instrumental dead space, using volume-targeted 
modes where feasible, and adjusting settings in small increments.

4. Effects of blood-pressure changes on cerebral blood flow
4.1. Physiological and pathological mechanisms of blood-pressure variability
Blood-pressure variability (BPV) is conspicuous in very preterm infants, in whom myocardial function is 
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immature, the circulation tolerates swings in blood volume poorly, and autonomic regulation of vascular 
tone is delayed or overshoots. Transitional circulatory changes after birth, ductal and atrial shunting, sepsis, 
and vasoactive and sedative drugs all add to it. Excessive variability can overwhelm autoregulation, leaving 
perfusion unstable and the risk of injury higher. Variability indices derived from continuous recordings, 
particularly when combined with cerebral blood-flow parameters, carry information beyond the mean 
pressure and have been used to predict IVH [6].

4.2. Effects of hypotension on cerebral perfusion and brain injury
Hypotension lowers CPP, and where autoregulation has failed, any fall in systemic pressure translates 
directly into reduced perfusion and neuronal injury. Its definition remains contested. Treating whenever MAP 
in millimeters of mercury falls below the gestational age in weeks is convenient but poorly supported, takes 
no account of cardiac output or tissue perfusion, and ignores that a transient early nadir may be physiological 
[7]. Assessment should therefore incorporate capillary refill, lactate, urine output, echocardiographic estimates 
of output and shunting, and, where available, cerebral oxygenation, and inotropic or vasopressor support 
should follow the hemodynamic phenotype rather than the pressure number. Titration deserves care when 
autoregulation is impaired, since a rapid rise may be transmitted as readily as a fall.

4.3. Risks associated with hypertension and excessive blood-pressure variability
Hypertension and excessive BPV threaten stability from the other direction. Rising pressure mechanically loads 
the vessel wall, and the germinal matrix and periventricular vascular network are the sites most likely to rupture, 
producing IVH. Sudden surges are of particular concern: rapid volume expansion, painful procedures, endotracheal 
suctioning, agitation, and seizures can all produce them in a pressure-passive cerebral circulation. Repeated 
alternation between underperfusion and overperfusion may be more damaging than a stable value at either 
extreme, exposing immature vessels and developing white matter to cycles of ischemia and reperfusion [6]. 
Stability is therefore a more realistic bedside objective than any single numerical target.

5. Combined effects of arterial carbon dioxide tension and blood pressure
5.1. Coordinated regulation of cerebral blood flow
Cerebrovascular tone responds to PaCO2 and to arterial pressure through different routes, carbon dioxide 
acting directly on the vessel wall through perivascular pH and pressure through the perfusion gradient and 
the myogenic response, but the two are not independent. Hypercapnic vasodilation lowers cerebrovascular 
resistance and narrows the range over which autoregulation can buffer a change in pressure, so the same rise 
in MAP reaches the microcirculation more completely when PaCO2 is high; hypocapnia has the converse 
effect [3]. Where autoregulation is immature, modest shifts in either variable may combine to produce 
disproportionately large swings in flow, which is why ventilator settings and hemodynamic targets are better 
set as a pair.

5.2. Clinical and modeling evidence
Bedside data support this interaction. In a retrospective series of infants born between 23 and 30 weeks, 
those who sustained IVH had, around the time of hemorrhage, higher PaCO2, lower MAP, and a greater 
mean absolute deviation of calculated cerebral blood flow than those who did not, consistent with 
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largely unbuffered transmission of these changes to the vessel wall [7]. Because flow cannot be measured 
continuously at the cot side, such analyses depend on models that estimate perfusion and brain tissue oxygen 
tension from MAP, hemoglobin, PaCO2, and arterial oxygen tension [8].

5.3. Proposed integrated management strategy
Managing PaCO2 or blood pressure in isolation is insufficient; targets should be set jointly and individually, 
on continuous multiparameter monitoring, with model-derived estimates of cerebral blood flow and tissue 
oxygen tension as quantitative reference [8]. In practice, this means recording blood pressure continuously 
wherever arterial access exists, tracking PaCO2 transcutaneously between blood gases, following cerebral 
oxygenation by NIRS, and treating a coincidence of rising PaCO2 with falling MAP as a single alert rather 
than two separate problems. Antenatal corticosteroids, maternal transfer before delivery, minimal handling 
and midline positioning, and prompt but measured correction of hemodynamic abnormality all contribute.

6. Clinical monitoring technologies for assessing cerebral blood flow
6.1. Transcranial Doppler ultrasonography and near-infrared spectroscopy
Transcranial Doppler ultrasonography measures intracranial blood-flow velocity in real time, most often 
in the middle cerebral artery, where flow velocities and the resistance index serve as indirect indices 
of perfusion and downstream resistance. Early flow instability helps identify infants at higher risk of 
hemorrhage or ischemic injury, and pairing velocity with simultaneous blood pressure yields a bedside 
assessment of autoregulation [9]. Measurements are, however, operator-dependent, sample a large artery rather 
than the microcirculation at risk, and need an acoustic window, so continuous recording is impractical.

NIRS exploits the differing absorption of near-infrared light by oxyhemoglobin and deoxyhemoglobin to 
track tissue oxygenation continuously and noninvasively. The rStO2 reflects cerebral blood flow and oxygen 
metabolism together rather than either alone and, read alongside blood pressure, indexes autoregulation and 
the balance between oxygen supply and demand [2]. Scalp and skull contributions, motion artifact, and limited 
spatial resolution remain sources of error, so interpretation depends on trends within an infant rather than 
absolute values compared between infants.

6.2. Monitoring of carbon dioxide tension and blood pressure
Blood-gas sampling is technically demanding in the smallest infants and contributes to iatrogenic anemia, 
and transcutaneous monitoring supplies the continuous trend it cannot, at the cost of recalibration and 
attention to skin integrity, and is affected by skin temperature, hydration, edema, and local perfusion [5]. 
Where arterial access is unavailable, capillary and arterial PaCO2 agree reasonably well, whereas capillary 
oxygen tension runs substantially lower, so uncorrected values distort any calculation that depends on it.

For blood pressure, invasive arterial catheters give accurate continuous waveforms at the cost of 
infection, thrombosis, and limb ischemia, whereas oscillometric measurement is simple but intermittent and 
least accurate precisely where accuracy matters most, during hypotension [9]. A division of labor follows: 
noninvasive measurement for screening and trends, invasive confirmation when hypotension is severe 
or vasoactive support is being titrated. Continuous noninvasive techniques under development remain 
inadequately validated at this size.
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6.3. Clinical value of multimodal monitoring
Multimodal monitoring brings cerebral blood flow, blood pressure, PaCO2, and cerebral oxygenation into 
one view, and correlated analysis identifies impaired autoregulation and vascular instability more reliably 
than any single measurement [7]. Models estimate cerebral blood flow and brain tissue oxygen tension from 
routine measurements, supplying a quantitative variable where none can be measured directly [8]. Tracking 
them together allows support to be adjusted promptly, and their combined trajectory may help predict 
neurodevelopmental outcome.

7. Future research directions and prospects for clinical application
7.1. Novel mechanisms of cerebral blood-flow regulation
Attention has turned to mechanisms below the level of pressure and gas tension. Hematocrit determines 
apparent viscosity and thus vascular resistance, so anemia and transfusion may alter cerebral perfusion 
independently of any change in pressure, an effect that current management largely ignores. Within the vessel 
wall, smooth-muscle contractility, endothelial function, and the renin-angiotensin, calcium, and nitric oxide 
pathways maintain cerebrovascular tone, but none has been characterized adequately in very preterm infants.

Inflammation and oxidative stress act on the same system. Antenatal and postnatal inflammatory 
responses may impair endothelial function, blunt autoregulation, and increase flow variability, while 
reactive oxygen and nitrogen species generated during ischemia and reperfusion damage endothelium and 
pre-oligodendrocytes and disrupt the blood-brain barrier. Combining continuous flow and oxygenation 
monitoring with inflammatory biomarkers may identify infants at particular risk [10].

7.2. Development of individualized neuroprotective strategies
Real-time monitoring and automated control make individualized management conceivable. Bedside 
values such as MAP, PaCO2, and estimated cerebral blood flow can be fed into numerical models to detect 
instability before it is clinically apparent; in the cohort described above, greater flow variability accompanied 
hemorrhage, suggesting that earlier recognition might allow treatment to be adjusted in time [7]. Closed-loop 
control of inspired oxygen is already in use, but whether comparable control of ventilation and vasoactive 
infusion improves neurodevelopmental outcome remains to be demonstrated.

7.3. Need for multicenter, large-sample clinical studies
Most published studies are single-center retrospective analyses with small samples; monitoring and 
interventions differ between units, and appropriate PaCO2 and blood-pressure targets remain undetermined. 
Multicenter prospective studies with standardized protocols are needed so that PaCO2, blood pressure, and 
cerebral oxygenation are captured comparably and can be pooled; standardization should extend to blood-gas 
practice, since sampling differences propagate into any model-derived estimate of cerebral blood flow and 
tissue oxygen tension [8]. Years of follow-up are also needed to link physiological variables with cognitive, 
motor, and behavioral outcomes.

7.4. Challenges and countermeasures in clinical practice
Two obstacles remain. First, direct measurement of cerebral blood flow is not routine in most neonatal 
intensive care units, so clinicians rely on indirect indices such as MAP, PaCO2, arterial oxygen tension, and 
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cerebral oxygen saturation supplemented by model-derived estimates; wider adoption will require suitable 
equipment, standardized sampling and correction, written protocols, and documented competency training 
[8]. Second, neuroprotection depends on collaboration among neonatologists, neurologists, nurses, respiratory 
therapists, sonographers, and data scientists, so that flow variability is damped rather than merely observed.

8. Conclusion
Cerebral blood-flow regulation is immature in very and extremely preterm infants, so fluctuations in PaCO2 
and blood pressure destabilize perfusion readily and raise the risk of brain injury. PaCO2 acts directly on 
cerebral blood flow by altering cerebrovascular tone, and hypercapnia and hypocapnia alike may impair 
vascular function and contribute to hemorrhagic or ischemic injury. Hypotension may leave perfusion 
inadequate, while hypertension and excessive variability raise the risk of vascular rupture, and the interaction 
between the two lies beyond the reach of any single measurement.

Published studies still give divergent thresholds, intervention time points, and treatment approaches; 
reconciling them calls for multiparameter, real-time monitoring by methods such as NIRS and Doppler 
ultrasonography. Because physiological state varies widely between infants, trends in PaCO2 and blood 
pressure, read alongside cerebral oxygenation and perfusion data, offer a better basis for support than any 
uniformly applied threshold. Progress now depends on clarifying neurovascular coupling at molecular 
and cellular levels, defining clinically relevant thresholds and rates of change, improving cerebral blood-
flow monitoring, and developing individualized hemodynamic management capable of measurable 
neuroprotection.
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