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Impact of Hemodynamics on Brain Function

1. Hyperacute setting: flow thresholds for cognition
2. Acute stroke management: “pressure dependent exam”
3. Chronic hypoperfusion: Cognitive impairment… recovery?



Cerebral ischemic thresholds
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Cerebral Hemodynamics -
Autoregulation
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Hypoperfusion affects Brain Function 
in hyperacute ischemia



Hemodynamic effects in acute setting: ICA 
Balloon Test Occlusion



CBF and clinical monitoring during BTO



Pt RG: failed balloon test occlusion

Lazar RM, Marshall RS et al , JNNP 1996;60(5):559-63



Pt RC: Pressure –dependent BTO

Lazar RM, Marshall RS et al , JNNP 1996;60(5):559-63



Hypoperfusion Effects in Acute Stroke



Induced hypertension supports cognitive function 
in acute stroke

Fig. 2. Illustrations of the temporal 
relationship between MAP and 
performance on daily tests of cognitive 
function. ✦ = MAP; ■ = function. Note 
decrease in fxn when phenylephrine 
discontinued. A & b: picture naming, c & d: 
line cancellation.

Hillis AE et al Cerebrovasc Dis 2003;16:236-246



Figure 2 A-C

Dynamic Cerebral Autoregulation in Acute Stroke
LOW phase shift:

poor autoregulation

HIGH phase shift:
good autoregulation

DCA: 
continuous 
monitoring 
of TCD and 
BP



DCA normalization 1 week after Acute Stroke
32 patients (mean NIHSS=10±7.3; age=62.9±16.9; 17F) with acute, (embolic, large) ischemic stroke in the middle cerebral 
artery territory. DCA was assessed on days 0-2, 3-7 and >7 after stroke. Transfer function analysis was applied to calculate 
average phase shift (PS) in the low frequency range (0.06-0.12 Hz). At mean 1.1±0.6 days after stroke the average PS in 
the affected hemisphere was 32.5±10.4 degrees versus 48.8±16.9 degrees in the unaffected hemisphere (p=0.026). At 
4.6±1.3 days, the PS in affected and unaffected hemisphere was 21.6±18.9 vs. 36.5±14.3 degrees, respectively (p=0.029). 
At mean 10.3±2.1 days stroke there was no difference between affected and unaffected hemisphere (54.8±19.1 versus 
54.7±40.28 degrees, p=0.99). 

* *

Petersen et al Cerebrovasc Dis 2015;39(2):144-50



Does Hypoperfusion Affect Function in the 
Chronic Setting?



Carotid Hypoperfusion and Cortical thinning 

• Background: Cortical thinning is a biomarker 
for cognitive impairment. 

• Hypothesis: cerebral hypoperfusion in the 
distal field of an asymptomatic ICA stenosis 
may play a role in the thinning process.

• Method: Co-registration of CBF and rCT in 
motor cortex (M1 -directly supplied by 
carotid arteries) and visual cortex (V1 - not 
supplied by carotid arteries directly)



Results 1: Comparing Means
• GM CBF was significantly lower on the occluded side in M1 (115.2 

ml*100g-1*min1 vs. 105.5 ml*100g-1*min-1, P<0.0001) and V1 (112.8 
vs. 106.4 P=0.018).

• As reported previously, cortical thickness was significantly lower on 
the occluded side in M1 (2.07mm vs. 2.15mm P<0.001) but not in 
V1(1.78mm vs. 1.80mm, paired t-test P>0.2) ), suggesting the ICA 
stenosis contributes to cortical thinning..

M1 
unoccl

M1 
occluded

P-value V1 unoccl V1 
occluded

P-value

GM-CBF (100gm*ml-1* 
min-1)

115.2 105.5 0.0001 112.8 106.4 0.018

Cortical Thickness 
(mm)

2.15 2.01 0.0008 1.80 1.78 0.6

Marshall RS et al PLoS ONE 2017 12(12):e0189727



Results 2: rCBF vs Cortical thickness in M1 and V1 

Figure 2. Scatterplot of rCBF vs cortical thickness for M1 and V1.  There is a linear 
correlation between rCBF and rCT in M1 (both sides), but not in V1 (GEE: p=.0002 
for rCBF, p=.0020 for age).

Interpretation: In addition to the hemispheral effect… greater athero burden in carotid 
system than VB system  greater arterial stiffness  greater transmission of 
damaging pulsatile flow into tissue bed

Marshall RS et al PLoS ONE 2017 12(12):e0189727



TCD Mean Flow Velocity vs Cognitive Z-score

For MFV < 45cm/sec, the Z score 
increases 0.05SD per unit increase in 
MFV (95% CI: 0.01 to 0.10).

For MFV > 45cm/sec, the Z score 
showed no significant change per 
unit increase in MFV (95% CI: -
0.07 to 0.05).
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Figure 1: TCD mean flow velocity vs cognitive Z-score 

The Davies test for non-zero 
difference-in-slope of a segmented 
relationship showed a single 
breakpoint at 45cm/sec

R=.294, p=0.059

Marshall et al, 2018 CARNET mtg, Leuven, Belgium



What does all this mean?



If:
Chronic hypoperfusion causes cognitive impairment 
and that impairment is reversible…

Then:
We have an alternative reason to treat patients with 
“asymptomatic” carotid artery stenosis.

(because they aren’t really asymptomatic)

Holy Grail of Cognitive Impairment



Carotid Revascularization 
Endarterectomy and Stent Trial

- Hemodynamics
(an ancillary study to CREST-2)



Study Question

• Can revascularization (CEA or CAS) 
improve cognitive impairment 
among high-grade asymptomatic 
carotid stenosis patients with 
cerebral hemodynamic 
impairment?

MRP / CTP



CREST-H Cumulative Enrollment through Sep 2019

114 subjects enrolled as of October 18, 2019
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51 Green-lighted Sites, 113 pts as of Oct 9, 2019
 Columbia (8)
 UPMC (6)
 Iowa (7) 
 Maine Medical (7)
 Mayo Clinic Rochester (6)
 U Florida Shands (4)
 Michigan Vascular (4)
 USC/Keck (3)
 Mercy Medical St Louis (3)
 Kaiser Perm Los Angeles (3)
 Weill Cornell (2)
 Vancouver General (2)
 Yale (4)
 Gundersen (2)
 SUNY Buffalo (3)
 North Central Heart (1)
 U Washington Harborview (1)
 Ohio State (2)
 Mayo Clinic Florida (2)
 Overlake Hospital (1)
 University of Utah (2)
 St. Boniface(1)
 Ocshner(1)
 St.Josephs Barrow(1)
 Stanford(2)
 OhioHealth

 Huntsville Heart (2)
 U Wisconsin (1)
 U Minnesota (1)
 Univ Hosp Cleveland (5)
 Washington Adventist (1)
 Wake Forest (3)
 Novant Health (5)
 U Penn
 Houston Methodist
 MUSC(2)
 Northwestern
 Tennova Turkey Creek
 UCLA
 U Miami
 U Maryland
 Univ Alabama Birmingham
 VA Puget Sound(1)
 Intermountain Health
 Morton Plant(1)
 University of Chicago(1)
 University of Virginia
 Central Arkansas VA 
 Inova (1)
 Louis Stokes(1)
 Kaiser San Diego

Thank you!



end



Hemodynamics Projects
• Dysautoregulation in pre-ecclampsia (Miller K23)
• Arterial Stiffness and remodeling in brain aging 

(Gutierrez R01)
• White Matter Hyperintensities, PET amyloid and 

autoregulation (Brickman: R21, R01)
• Autoregulation in hypoparathyroidism (Walker R01)
• Altered hemodynamics in Cardiac Failure (Kodali, Lazar)
• Altered hemodynamics in LVAD (Willey R01 pending)
• Development of new autoregulation measures 

(Engineering Columbia, Petersen – Yale)
• CREST-H: flow failure subgroup in CREST-2 (Marshall, 

Connolly, Lazar, Liebeskind)



Orthostatic Hypotenstion and Dementia

Fig. 1. Cognitive function in patients with and 
without OH (orthostatic hypotension) estimated by 
CEP (cognitive efficiency profile − mean 
scores ± SE). P ≤ 0.05, adjusted for age, education 
level, seated systolic blood pressure (SBP), seated 
diastolic blood pressure (DBP), weight and 
antihypertensive drugs.

Fig. 2. Relationship between OH and cognitive 
status (normal cognitive function, mild cognitive 
impairment (MCI), Alzheimer's disease (AD) and 
vascular dementia (VaD)), adjusted for age, 
education level, seated systolic blood pressure 
(SBP), seated diastolic blood pressure (DBP), 
weight and antihypertensive drugs, P ≤ 0.01 for 
overall test.

Mehrabian S et al J Neurol Sci 2010;299:45-8n=495 with AD or VAD



Risk of Hypotension in Dementia

Ruitenberg et al Dementia Geriatr Cog Dis. 2001



Functions of autoregulation
• Protection of brain from extremes of hypoperfusion and 

hyperperfusion

• Maintain homeostasis (dynamic): fluctuating perfusion 
pressures are continuously counter-regulated by 
changes in flow within normal range

• Neurovascular coupling to ensure adequate blood flow 
for neural activity



Two-factor conceptual model

Figure 3. Two-factor model for the effect of altered hemodynamics on cortical 
thinning. We hypothesize a general susceptibility to thinning from 
atherosclerosis in the anterior circulation plus a hemispheral effect of cortical 
thinning due to restricted flow from the high grade carotid stenosis.

Marshall RS et al PLoS ONE 2017 12(12):e0189727



Mechanisms of autoregulation
• Vasodilation and vasoconstriction

– Arterioles
• “myogenic”: Resting tone – Ca++ mediated
• “neurogenic”: Neurotransmitters – adrenergic (Zhang et al Circ 2002, 

Hammer et al Stroke 2010), and cholinergic (Hammer et al J Phys 2012)
• NO to cause smooth muscle relaxation in response to acetylcholine 

and other stimuli
– Capillaries

• Pericytes constrict capillaries in response to noradrenaline

• Neurovascular coupling
– Local effects on small vessels

• NO: accumulates with neuronal activity, short-lived, potent 
vasodilator

• Adenosine, arachidonic acid, and PGE2 may modulate vasodilation 
through astrocyte endfeet

– Upstream regional effects to avoid passive reduction in flow elsewhere



EM of pericyte constricting a capillary



Cellular communication at the neurovascular interface

The neurovascular unit consists of 
neurons (N), endothelial cells (EC) 
astrocytes (AC), pericytes (PC), 
vascular smooth muscle cells 
(vSMC), microglia (MG) and 
perivascular macrophages (PM). 
Endothelial cells form a blood–brain 
barrier characterized by tight, 
adherence and gap junctions, as well 
as a specialized transporter system. 
Pericytes share basement 
membranes with blood vessels and 
directly contact endothelial cells via 
peg–socket junction complexes. 
Astrocytes stretch their endfeet 
toward blood vessels and neuronal 
synapses to integrate neuronal 
activity with the vascular response. 
A single astrocyte contacts >105

neurons.

Lee et al. FEBS J. 2009 Sep;276(17):4622-35 



Cerebral autoregulatory pathways involving 
the astrocyte

Koehler RC et al. Trends Neurosci. 2009 Mar;32(3):160-9 



Causes of Cerebral Hypoperfusion

RSM 2012



Blood flow and cognition in 
Asymptomatic Carotid Stenosis

NINDS 1R01NS076277



Extracranial 80-90% ICA stenosis

L MCA

L ACA

L PCA

L ICAL ICA

TR  9/2000



rCVR

rCPP
rCBF

Hemodynamics of Circle of Willis

 rCBF = rCPP / rCVR

BA

PCA

ICA

MCA

ACA

arterioles



RECON Baseline Cognitive Status OEF effect:
Multiple Regression on Composite Neurocognitive Scores, stratified by 

Event type (TIA shown here, n=32)

Marshall, et al. Neurology 2012; 78:250-5



Correlation of CBF with 
3 behavioral patterns during BTO

Marshall, Lazar, et al, Brain 2001

Behav. 
Gp.

CBF 
(cc/100g/
min)

U 47.5

D-R 37.3

D-NoR 25.5

p=.003



Study Design

CREST-2 enrolled patients

Flow asymmetry

(or CT)
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