Ultrasound Assessment
of Cerebral Blood Flow
during Extra-Corporeal Life Support
following Cardiac Arrest




Background

‘Post-cardiac arrest brain injury’ is the leading cause of death in individuals who achieve stable ROSC following CA. It is common for patients who
suffer cardiac arrest and receive ECLS, to die following failure of recovery of neurological function. In the ARREST trial (Yannopoulos et al., Lancet,
2020) 12 patients received V-A ECMO, 6 of whom (50%) had WLST following unsurvivable hypoxic brain injury In the Prague OHCA trial (Belohlavelk et
al., JAMA, 2022) 115 of 124 patients randomised to receive V-A ECMO received this therapy, with the majority of non-survivors in this treatment arm
dying of either refractory arrest, cardiogenic shock or MOF (58/124, 47%), but with 21 (of 124, 17%) dying of ‘brain death’. In the INCEPTION trial
(Suverein et al., NEJM, 2023) 70 patients were randomised to the ECLS treatment arm, cannulation was attempted in 52 (when cannulation was not
attempted, this was usually due to the patient developing stable ROSC after randomisation and prior to cannulation), ECMO flow was achieved in 46,
of these 39 (of 46, 85%) died within the ICU, in this treatment arm (randomised to ECLS) 56/70 (80%) had WLST, with the most commonly cited
reason being ‘neurologically unfavourable’ (24/56, 43%).

The treating team have a number of roles to perform when caring for a patient who is receiving ECLS having suffered a CA, andthese include taking
measures to maximise the chance of survival with a favourable neurological outcome, and neuroprognostication (determining whether ongoing
treatment is likely or unlikely to result in a good outcome). This talk looks at the current literature, to see if there is any evidence that ultrasound
assessment of cerebral blood flow (via Trans-Cranial Doppler, TCD) can assist with either of these roles.
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Brain injury following cardiac arrest

The brain is exquisitely sensitive to interruption of cerebral blood flow, with consciousness being lost after 4-10s, and an isoelectric EEG developing
after just 10-30s of asystole. Cerebral oedema develops early in cardiac arrest, with failure of the energy dependent Na*/K* ion exchange pump
leading to influx of Na* and water into the cells and to K* efflux, depolarisation and Ca?* influx. In an animal study (Fischer et al., Magnetic Resonance
Imaging, 1995) including 10 cats in whom CA was induced for 15 minutes (followed by attempted resuscitation), MRI evidence of cerebral oedema
was evident during CA (i.e. within 15 minutes of arrest onset).

Secondary brain injury begins once CBF is restored. Injury occurs through multiple mechanisms, including molecular shifts, release of
neurotransmitters, activation of the innate immune system (including the release of cytokines which increase blood-brain barrier permeability,
leading to vasogenic oedema). Restoration of flow is heterogenous and there is a correlation between sites that are most likely to suffer from a
perfusion deficit and the areas of the brain that are most frequently injured (striatum, hippocampus, amygdala, thalamus). The combination of
cytotoxic and vasogenic cerebral oedema may lead to intracranial hypertension and a fall in cerebral perfusion pressure. There is some early study
data suggesting that invasively measuring and targeting ICP in post-CA patients may improve neurological outcomes, however Sandroni et al.
consider this to be an area that requires ‘considerable’ further study, prior to making any management recommendations.

In the hours following ROSC there appears to be a hypoperfusion phase with CBF dropping by ~50%. This is associated with a commensurate
decrease in cerebral oxygen demand. Patients in whom brain tissue hypoxia is detected via an intra-parenchymal micro-catheter (typical cut-off is
PbtO, <20mmHg) exhibited greater levels of neuronal injury biomarkers.

This figure (taken from Sandroni et al., ICM, 2021) shows outcomes following ROSC in 939 patients included in the TTM trial.
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* Changesin local conditions can resultin
local changes in arterial tone (principally
in the pial arteries in the subarachnoid
space), allowing for regional modulation
of flow.

e Systemic hypertensionis countered with
vasoconstriction, to protect the brain by
preventing a sharp rise in ICP.

* Systemic hypotension is countered with
vasodilatation, in order to maintain CBF
and oxygen delivery.

* Exactly which vessels contribute (and to
what extent) is debated.

Integrative regulation of human brain blood flow
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Factors influencing cerebral blood flow

PaCQO, exerts influence throughout the cerebrovasculature, from the large extra-cranial neck vessels to the small parenchymal vessels. Arise in
PaCO, (and fall in extracellular pH) results in a rise in CBF (through vascular smooth muscle relaxation), and a fall in PaCO, (and a rise in extracellular
pH) results in a fall in CBF. Afallin PaO, (below 50mmHg/6.7kPa) is associated with in an increase in CBF, however the effect is blunted in there is
coexisting hypocapnia (and is exacerbated if PaCO, rises as PaO, falls). The effect may be due to low DO, as opposed to low partial pressure of
oxygen, as there is data that suggests a reduction in haematocrit can also result in arise in CBF, perhaps via this mechanism. Whilst all (or if not all
then at least a great many) cerebrovascular arteries are affected by changes in the arterial blood gases, the vessels with appear to exert the greatest
impact on manipulation of CBF are the pial arteries (a network of arteries branching from the ‘main’ cerebral arteries, sitting within the sub-arachnoid
space). These vessels are exposed to local conditions and therefore can modulate regional blood flow.

The site of modulation of arterial tone to buffer against systemic blood pressure changes appears to be debated. In this review article Willie et al.
argue that large arteries proximal to the pial arteries (including the neck vessels) play an important role. The authors argue that it is possible that neck
vessels may increase resistance by narrowing at tortuous segments, as this will induce a greater degree of turbulence (narrowing a tortuous vessel
with turbulent flow will create a greater change in resistance than a comparable narrowing of a straight vessel with laminar flow).

It is possible that where changes in SBP and changes in PaCO, demand compensation in the same direction, a gross abnormality in one would
prevent against buffering against the other. For example, if SBP is already very low, then cerebral vessels may already be maximally dilated, such that
arise in PaCO, does not result in any further vasodilatation.

There is also direct autonomic innervation (both adrenergic and cholinergic) of the cerebral vasculature. Excision of sympathetic ganglions results in
increased CBF. There is evidence that sympathetic control of large arteries plays a role in buffering against rises in SBP. Experiments using drugs to
block the sympathetic ganglia or CNS adrenoceptors (for example with the alpha-blocker phentolamine) reduces the body’s ability to prevent a rise in
CBF in the face of a rise in MAP (for example, as induced with an infusion of noradrenaline). Interpretation of these experiments is challenging due to
the difficulty in untangling any given drugs cerebral and systemic effects. There are also extensive parasympatheitc nerve fibres that connect to the
proximal large arteries, however, at the time of this review (2014) their role had not been investigated exhaustively.
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Cerebral autoregulation

The concept of autoregulation of CBF (that the healthy brain can maintain a fixed CBF over a wide range of MAPs) came out of work in the late 1950s
by Lassen. In this paper he reviewed data from 7 previous studies, and derived 11 cohorts of patients, and for each cohort compared the cohorts
mean CBF (indexed for brain weight) with the cohorts mean MAP. All of the cohorts had broadly similar (and ‘normal’) means for CBF despite having
wildly different means for MAP, with the exception of cohorts 1 and 2, which had the lowest mean values for both. Cohorts 1 and 2 are both taken
from one paper (Finnerty, Journal of Clinical Investigation, 1954), from the mid-1950s, and is common for papers published at this time the methods
section is less unambiguous than would be required to pass peer review now. It appears that in a subset of their patients they gave an infusion of
hexamethonium (neuronal nACh receptor antagonist) whilst they were laying on a tilting table, until inducing neurological signs such as ‘staring’ and
‘confusion’, then adjusted the angle of the table (and hence the postural component of blood flow) to maintain this altered neurological state
(avoiding both ‘alertness’ and unconsciousness). MAP was measured via cannulation of the femoral artery. CBF appears to have been estimated by
a technique that involved sampling arterial and jugular venous blood and looking at differences in O, and CO, (similar to the Fick method for
estimating cardiac output). They found that clinical neurological signs began when CBF fell below ~35ml/100g/min, and that this occurred at
different levels of MAP (at higher MAPs in patients with a history of ‘malignant hypertension’) and different levels of AMAP.

One criticism of this graph is that points 3 and 4 (or perhaps only point 3, from reading the original reference — McCall, American Journal of
Obstetrics and Gynaecology, 1956 — | am not immediately certain) represent measurements made in pregnant women treated with a potent
vasodilator (veratrum viride), such that whilst MAP fell, there was likely to have been simultaneous marked cerebral vasodilatation, a drop in
cerebrovascular resistance and this would have augmented CBF. Therefore, an insult that reduced MAP to levels ~60-65mmHg might result in
reduced CBF if that insult did not simultaneously reduce cerebrovascular resistance.

Importantly therefore this is not demonstrating that individuals exhibited a fixed CBF across different blood pressures, but rather many different
individuals with different blood pressures, in different clinical contexts, exhibited similar CBF (with only one study reporting a reduction in CBF
below ‘normal’).
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In this paper by Harper from 1966, 117 measurements were made from 12 anaesthetised dogs. Subjects underwent surgical trephine and a Geiger
counter was placed such that it could measure the parietal cortex, and then Krypton saturated Dextran was infused into the cerebral circulation.
CBF was estimated by measuring the drop in radioactivity over time as assessed by the Geiger counter. In 8 dogs normocapnia (PaCO, 30-40mmHg,
4-5.3kPa) was achieved through adjustments in ventilation, and following this sequential venesection was performed with measurements of CBF
and MAP made at intervals (figure 1). In 4 dogs the arterial CO2 was elevated to 68-86mmHg (9.1-11.5kPa) and the same technique used to assess

the relationship between MAP and CBF under conditions of hypercapnia (figure 2).
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Data points for individual subjects are provided within tables. If we look at each estimate of CBF and index it for the greatest CBF for each subject (the
graph on the left), then we can see that there is a trend for CBF to start to drop off for MAPs below 80mmHg. We can produce 3™ order polynomial
trendlines for each individual subject and then overlay these to see the graph on the right.
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In this study by Strandgaard et al. 13 patients were studied, 10 of whom had chronic hypertension (baseline systolic BP 160-250mmHg, baseline
diastolic BP 110-145mmHg) with hypertensive complications (all had hypertensive eye disease and abnormal ECGs, whilst SCr ranged from ~90-
180micromol/L with many having proteinuria). The three remaining patients (patients 11-13) had normal or mildly elevated baseline BP (130/90,
120/80 and 170/105 respectively). CBF was estimated by measuring the arteriovenous oxygen difference and blood pressure was manipulated by
infusion of angiotensin amide (to raise BP) and/or trimethaphan camsylate (neuronal nACh receptor antagonist). Scatter plots were created for
individual patients and lines of best fit drawn by visual assessment (as opposed to having been calculated).

The authors found that for patients with hypertension there was a lower inflection point at ~120mmHg. In the patients without hypertension this
inflection point was ~70mmHg. In addition the authors assessed the point at which patients exhibited neurological symptoms/signs attributed to
brain hypoxia (discomfort, dizziness, sleepiness, nausea). On average these symptoms/signs appeared at 68mmHg (when CBF dropped to 73% of
resting level). In the 3 control patients these symptoms/signs arose at an average of 40mmHg.
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The graph on the left is widely taught as representing autoregulation of CBF in health. However, Willie et al. argue that this representation is
misleading, and that studies performed since this model was first proposed suggest: the plateau is narrower than traditionally represented, with a
lower inflection point that is far higher; CBF below the lower inflection point is more pressure dependent than flow above the upper inflection point
(i.e. CBF is more sensitive to low BP than to high BP).

Willie et al. go on to provide a number of reasons why our current model is likely to remain imperfect: it is difficult to safely produce a wide range of
different blood pressures within a single subject; when TCD is used to estimate CBF there is an assumption that vessel diameter is unchanged
between assessments, whilst there is evidence that this is not always the case (large vessels — those assessed with TCD - also alter their calibre in
the face of large changes in MAP); when blood pressure is manipulated by drugs, then the changes in systemic vascular tone exploited to bring
about the change in MAP are likely to also effect the cerebral vasculature (i.e. both sides of the equation are being manipulated and the observed
buffering cannot solely be attributed to autoregulation); most studies do not allow for the fact that PaCO, may change across the course of the
experiment.

With respect to cerebral autoregulation (CA), this paper goes on to discuss two terms that appear in the relevant literature, namely static CA and
dynamic CA. In their opinion there is no reason to believe that these two terms are describing different physiological phenomena but rather reflect a
difference in measurement techniques. Static CA refers to the relationship described by comparing a number of measurements made at distinct
time points. The availability of TCD allows for changes in flow to be detected beat-to-beat, with concurrent MAP measurements via invasive arterial
lines. This allows for a far higher sampling rate and when experiments are performed in this way, it is referred to as dynamic CA. These later studies
employing TCD suggest that there is a short lag between changes in MAP and recovery of CBF, but that earlier studies lacked the temporal resolution
to detect this lag.
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Trans-Cranial Doppler assessment of cerebral blood velocities

We know that CBF can vary, that brain injury can cause disordered regulation CBF and extremes of CBF can lead to secondary injury. How can we
use ultrasound to best understand our patients CBF?

First, we need to revise the (‘normal’) anatomy of the major intra-cranial arteries. The internal carotid arteries arise from the common carotid
arteries. The cervical segment (C1) is extra-cranial. The petrous segment (C2) enters the skull through the foramen lacerum (bordered by the
sphenoid, temporal and occipital bones). Segments C3-C6 pass within the skull, and the origin of the posterior communicating artery marks the end
of segment C6 and the start of the terminal (or communicating) segment (C7) which bifurcates into the middle cerebral artery and the anterior
cerebral artery). The most proximal segment of the middle cerebral artery is the sphenoidal segment (M1) which runs laterally along the sphenoid
bone. The M1 segment is orientated towards the US probe (when imaging from the temporal window). The MCA has 3 further segments beyond M1
(the insular segment, M2, the opercular segment, M3, and the terminal or cortical segment, M4). The A1 segment of the anterior cerebral artery
extends until the origin of the anterior communicating artery, beyond which is the A2 segment. In the posterior circulation, the vertebral arteries
typically arise from the subclavian arteries and travel superiorly passing through the transverse foramen of each cervical vertebra from C6 up,
entering the skull through the foramen magnum. The vertebral arteries join to form the basilar artery which terminates when it bifurcates into the two
posterior cerebral arteries. The posterior communicating arteries arise from the posterior cerebral arteries, and the point at which they arise marks
the boundary between the P1 and P2 segments of the posterior cerebral arteries.

The still on the left is taken from a 2D with colour clip from a healthy volunteer. The probe is held over the right temporal window, in a transverse
orientation and with the orientation marker pointing anteriorly. The clip has been rotated to match the orientation of the diagram to the right. In the
far field the left temporal bone is visible. Red colour flow is seen within the proximal M1 segment of the right MCA, whilst blue colour flow is seen
within the proximal A1 segment of the right ACA.
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This PW Doppler graph is from the same healthy volunteer. We can see that a small amount of angle correction has been applied (14 degrees). The
sample volume itself has a length of 7.5mm. The centre of the sample volume is 5.4cm from the probe. Sample volume depth is displayed as flow

assessmentis performed multiple times along the length of the vessel when assessing for vasospasm in patients who have suffered a
subarachnoid haemorrhage.

Itis important to remember that velocity does not equal flow, as we have not measured the calibre of the vessel (in order to ascertain its cross-
sectional area).




Transcranial Color-Coded Sonography of the

Basal Cerebral Circulation

Reference Data From 115 Volunteers

P.J. Martin, MA, MRCP; D.H. Evans, PhD, FlnstP; A.R. Naylor, MD, FRCS

—
P
Mean Velocity, cm/s (95% CI) 20-39 40-59 20-39
7 Vs vs
Artery Velocity 20-39 y 40-59 y >60y 40-59 y >80y >60y
MCA Peak 113 (109-118) 106 (101-111) 92 (88-96) <.05 <0001  <.0001
Mean 74 (71-78) 72 (69-76) 58 (55-61) NS <.0001 <.0001
ED 51 (49-53) 47 (45-50) 35 (33-37) <.05 <.0001 <.0001
Peak, cm/s (85% Cl) Mean, cm/s (85% Cl)
Artery Age, y Men Women P Men Women P
MCA 20-39 108 (103-113) 115 (110-120) <.05 70 (66-74) 77 (73-80) <.05
40-59 99 (84-104) 112 (105-120) <.005 66 (62-69) 78 (73-83) <.0005
>60 84 (89-100) 88 (82-94) NS 58 (55-62) 57 (53-62) NS
P
Pulsatlie Index (95% ClI) 20-39 40-59 20-39
vs vs vs
Artery 20-39 y 40-59 y >80y 40-59 y >80y >80y
MCA 0.84 (0.82-0.87) 0.81 (0.79-0.83) 0.97 (0.83-1.02) <.05 <.0001 <.0001



Reference intervals were derived from 115 healthy volunteers by Martin et al. (Stroke, 1994). They found that (with respect to CBFV in the MCA): all
velocities fall with age; pulsatility index is higher in older individuals (age >60 years); that for younger women (age <60 years) peak and mean
velocities are higher than for men of a similar age (with no significant difference for older individuals).

These values have subsequently been simplified and repeated in subsequent review articles. For example, Blanco and Blaivas (Journal of
Ultrasound Medicine, 2017) report the following reference intervals (not age of sex specific): PSV, 90-110cm/s; EDV, 35-55cm/s; mean, 55-80cm/s;

Pl, 0.81-0.97.
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This technique of assessing the ratio of mean velocities was first described by Lindegaard et al. (Acta Neurochirurgica, 1989).




Brain Blood Flow and Velocity

Correlations Between Magnetic Resonance
Imaging and Transcranial Doppler Sonography

Transcranial Doppler Measurement of Middle Cerebral Artery
Blood Flow Velocity: A Validation Study
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Trans-Cranial Doppler for the estimation of cerebral blood flow

Cerebral blood flow velocity (CBFV) does not equate to cerebral blood flow (CBF, volume/time). This is important because many relevant studies use
CBFV as a surrogate for CBF. The correlation between CBFV and CBF (as assessed by a variety of techniques) has been studied by numerous
authors. As might be expected the findings of each study are not always perfectly consistent, but it appears that whilst a correlation is present, it is
far too weak for any point estimate of CBFV to be used as a point estimate of CBF.

Bishop et al. (Stroke, 1986) studied 17 patients with cerebrovascular disease. TCD MCA PSV was compared with estimated CBF (patients received
an intravenous injection of xenon, and then xenon clearance from the brain was measured, in a technique that is probably similar to thermodilution
estimation of cardiac output). At rest estimated CBF ranged from 24-50mUl/100g/min, whilst PSV ranged from 36-140cm/s. The correlation
(demonstrated in the left-hand figure) was poor, with an r-value of 0.424. They then induced hypercapnia by asking patients to breathe a mixture of
95% air/5% CO,, breathing this mixture until reaching a new steady state of etCO, (the resting and hypercapnia levels of etCO, are not reported).
They then correlated the %A in PSV against the %A in estimated CBF and found that this correlation was much stronger (r=0.849, central figure). Of
note, the %A in PSV ranged from 0-21, whilst %A in estimated CBF ranged from 0.3-6.6, i.e. the magnitude of the PSV %A was ~4-5x that of estimated
CBF %A.

Sorond et al. (Journal of Ultrasound Medicine, 2010) studied 20 healthy elderly individuals (all non-smokers without diabetes), to assess the change
in mean velocity (of right MCA) against change in estimated CBF (as assessed using two different MRl techniques, 2 patients excluded due to
technical failures, 12 patients assessed using a gadolinium technique, 6 patients assessed using an Arterial Spin Labelling technique), before and
after drinking 2 cocoa rich drinks every day for 7-14 days (imaging performed 2-4 hours after last drink). In this small dataset there was a moderate
correlation between %A in mean velocity and %A in CBF (r=0.63 for gadolinium technique, right upper figure, r= 0.80 for ASL technique, right lower
figure).

The small selection of papers | have studied on this topic suggest that it is unadvisable to use CBFV as an estimate of CBF between different
patients, whilst using a change in CBFV to estimate change in CBF within a single individual is more reliable (although remaining far from perfect).
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Changes in cerebral blood flow following cardiac arrest

This is a single-centre observational study from Paris, with patients recruited in 2005. Consistent with international consensus practice at the
time, survivors of CA were actively cooled to 32-34 degrees for 24hrs after ICU admission, followed by a period of passive rewarming. Mean arterial
pressure was targeted between 75mmHg and 85mmHg. CBF was estimated using TCD, and cerebral oxygen extraction estimated using a
retrograde jugular vein cannula. They measured PSV, DPV, time-averaged mean and PIl. 18 patients were recruited — of whom 6 were still alive at
day 28 (of the 12 patients who died, 9 or 10 died secondary to neurological injury — it is variously reported within the paper) — however TCD
windows were not achievable in 2 of the 18 patients.

The authors found that mean and diastolic velocities were below the usual cut-offs at admission and for the first 24hrs, subsequently rising to
normal levels (suggesting initial hypoperfusion followed by restoration of flow after the first day). Cerebral oxygen extraction was initially ‘normal’
despite inferred decreased CBF, with a subsequent fall in OER once CBF increased.

Whilst this study showed an initial hypoperfusion phase (which has also been described in other human and animal studies), in this small studies
there was no difference in early flow velocities in between survivors and non-survivors.
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This prospective observational study is from the Netherlands. Their standard of care was for 72 hours of ‘prolonged’ mild hypothermia following
ICU admission for CA survivors. They recruited 10 patients and followed them for 4.5 days. This graph shows temperature in white bars (showing
maintenance of temperature <34 degrees for the first 72 hours). The light grey boxes represent mean MCA velocity, and as with other studies,
there is an initial phase where mean velocities are low, followed by a ‘normalisation’ after the first day. This rise in velocity occurs before the mild

hypothermia treatment is discontinued. The graph also shows jugular oxygen saturations (dark grey boxes), and shows that this is low at
presentation, and then normalises in concert with normalisation of CBF. 6 of 10 patients died in the ICU.
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This is a Norwegian study and looks at a subset of patients recruited into a larger study called NORCAST (which looked at factors that predicted
poor neurological outcome after CA). 139 patients in that study had regular TCD assessment (they had hoped to perform this test on the total
cohort - 259 patients - but data was missing from roughly half, principally due to technical reasons such as ‘early death’ and ‘early transfer to
other hospitals’), of whom 81 (56%) were alive and CP 1-2 at 6 months. As in previous studies mean velocities rose from initial measurements
over the first few days, although it is worth noting that not all patients were measured at all time points, indeed only 52 patients (37%) contributed
a PSV and meanV value on day 1, only 44 patients (32%) contributed on day 2-3 and only 109 patients (78%) contributed on day 5-7. They found
no difference between survivors and non-survivors initially, but found significant separation after 7 days (with non-survivors having both higher
peak and mean velocities). If this finding is genuine and reproducible it would need to be ascertained if the elevated CBF observed at day 5-7
contributed to the poor outcome, or rather was a consequence of a greater degree of injury.

Each of these studies found that in patients resuscitated following CA, there is a global decrease in CBF (as implied by decreased flow velocities
in the MCA, as assessed by Doppler US). Whilst the numbers are small there does not appear to be a signal to suggest that lower blood velocity is
associated with worse neurological outcome. Therefore, based on the data provided here, it is difficult to conclude that early restoration of
‘normal’ CBF should be a therapeutic goal.
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Automated software can track the
relationship between MAP and brain
StO2 (assessed with NIRS) in real time.

This is an example graph plotting MAP
(x-axis) against TOx (the coefficient of
MAP and StO2, y-axis).

The ‘optimal’ MAP is defined as the
nadir of the 2" order polynomial
trendline, here ~75mmHg.

The target range is defined by where the
trendline intersects with a TOx value of
0.3, here ~65-86mmHg (range
2TmmHg).
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The COMACARE study (Jakkula, ICM, 2018) was a multi-centre RCT (6 ICUs in Finland and 1 in Denmark) which simultaneously randomised
patients to one of two therapies in each of three arms: low-normal or high-normal pCO,; normoxia or mild hyperoxia; MAP 65-75mmHg or MAP
80-100mmHg. When analysing the 120 patients based on MAP target, there was no difference in the primary outcome, NSE concentration at
48hrs post-CA. In addition, there was no significant difference in the secondary outcome of good neurological outcome (alive and CPC 1-2) at 6
months (seen in 62% vs. 68% of patients, p=0.44).

The study involved continuous monitoring of cerebral StO, with NIRS (Near Infra-Red Spectroscopy). The authors assessed (protocol published
prior to study commencement) how fluctuations in MAP translated into changes in NIRS readings (which they refer to as Tissue Oximetry index,
or TOx). The mechanism to estimate TOx takes a little explaining. Firstly, automated software records multiple 10-second averages of the
(average right and left) NIRS value and MAP value. Secondly, these are correlated over moving 10-minute windows and the correlation
coefficient is calculated. A coefficient >0 suggests that arise in MAP results in a rise in NIRS, suggesting impaired cerebrovascular reactivity (of
which autoregulation is one component). The closer the coefficientis to +1, the more NIRS is dependent upon MAP. The closer to 0 the more
unrelated the values are, and a value of -1 means that any fall in NIRS can be entirely explained by a rise in MAP. This correlation coefficient is
termed TOx. Thirdly the MAP and TOx values associated with that MAP are plotted on a scatter graph and a 2" order polynomial trendline is
fitted. The nadir of this U-shaped trendline is considered the ‘optimal’ MAP, as it is the MAP at which a rise in NIRS can be least attributed to a
rise in MAP. The U-shaped trendline will cross the TOx value of 0.3 twice (once on either side of the nadir), and where the trendline crosses this
value, the associated MAP values are considered the lower and upper bounds of the target MAP range.
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76 0of 108 patients (70%) had an average TOx value >0, described as having ‘impaired cerebrovascular reactivity’.
* Patients with impaired CVR were older and more likely to have a diagnosis of hypertension.

* Patients with a poor outcome at 6-months had significantly higher average TOx values.

 There was a non-significant trend towards worse outcomes in patients with impaired CVR (34% vs. 28%)).

* ‘Optimal’ MAP varied highly in patients with good and bad outcomes.

* There was no significant difference in time spent within, below or above the optimal MAP range.




The authors state that impaired cerebrovascular reactivity was seen in 76 of 108 analysed patients (70%). These were patients who exhibited an
average TOx value >0 (in the example graph provided on the previous slide, the average TOx was 0.28). The remaining 32 patients were described
as having intact CVR (average TOx <0).

Impaired CVR was seen more commonly in older patients (median age 61-years vs. 55-years) and patients with a history of systemic
hypertension (58% vs. 31%). Amongst patients labelled as having impaired CVR, there was a non-significant trend towards worse outcomes at 6-
months (34% vs. 28%). The average TOx value (over the 48-hour period of assessment) was higher in patients with a poor outcome (p=0.004). The
data provided (including that in the supplement) does not allow for an assessment of whether a cut-off of value of TOx could be proposed that
might predict a poor outcome (the impression is that it couldn’t).

The ‘optimal’ MAP as estimated by this method was highly variable (both in those with a good and bad outcome) and ranged from being within
the 55-65mmHg window to within the 105-115mmHg window. The authors looked to see if patients with different outcomes were more or less
likely to have spent more time within their indivualised target MAP range (or below the lower bound, or above the upper bound) and did not find a
significant difference.
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172 patients admitted to ICU following CA were screened, during a ~3-year window.
TCDs were attempted in 28 patients, and views achieved in 20 patients (72%).
3 patients had an ‘abnormal’ Doppler pattern (elevated Pl and low dFV or mFV).

MAP challenge was attempted in 2 of these. Noradrenaline was used to raise MAP to >100mmHg resulting in a
rise in estimated ICP without a normalisation of the Doppler pattern.

In this study TCDs were rarely performed, frequently non-diagnostic and interventions may have resulted in harm,
without any signal for benefit.



This is a single-centre study from Le Mans (France). Patients had jugular vein lines inserted for measuring cerebral OER, and TCD was performed as
soon as possible after stabalisation (T,), and then at 6, 12 and 24 hours. Patients were labelled as having ‘abnormal cerebral Doppler ultrasound’ if
they had Pl >1.4 and at least one of mean velocity (mFV) <0.3m/s or diastolic velocity (dFV) <0.2m/s (the patients was labelled as abnormal if
measurements made on either side of the head met these criteria). Doppler was used to estimate CPP and ICP, using the following formula... eCPP
= MAP x dFV/mFV +14 ... elCP = MAP — eCPP. Cerebrovascular resistance was estimated as MAP/mFV, with mFV used as a surrogate for blood flow
(interestingly MAP and not eCPP was used as the pressure component of the resistance equation).

In patients in whom an abnormal pattern was identified at baseline (T,), a noradrenaline intravenous infusion was up-titrated to raise the MAP by
10mmHg, and then the TCD was repeated 20 minutes after reaching the new MAP. If the Doppler profile had ‘normalized’ no further MAP rise was
performed, but if it remained abnormal there was a further rise in the MAP by 10mmHg and another reassessment was made. This cycle continued
until the MAP of 110-120mmHg was reached. The lowest MAP at which the Doppler profile normalized was the target MAP for the first 24hrs.
Patients who never responded (i.e. a ‘normal’ profile was never achieved) were managed with a MAP >65mmHg (in line with guidelines). Whilst TCDs
were performed at later time-points, there was no associated MAP challenge.

Initial (at T,) static autoregulation was calculated by dividing the change in CVR (from initial to final TCD measurement) by the change in MAP. As no
MAP challenge was performed in patients with an initial normal Doppler pattern, static autoregulation could not be assessed in these patients.

Over a 3-year period 172 patients were screened, but 52 were ineligible due to haemodynamic instability. After other exclusion criteria were
considered this left 101 patients. However, TCD was only attempted in 28, and views were inadequate in 8 of these (28%). In the 20 patients
assessed, initial TCD was performed at a median of 8.4 hours after ROSC (IQR 5.5-18.8 hours). Only 3 patients (15%) had an abnormal profile. Of
the 3 patients with an abnormal profile a MAP challenge was only performed in 2 (as the third was haemodynamically unstable). In the first of these
two patients MAP was raised from 75mmHg to 117mmHg, with an associated rise in elCP of +24mmHg, and in the second MAP rose from 73mmHg
to 101mmHg, with an associated rise in elCP of +9mmHg. When MAP was raised this failed to result in a normalisation of Doppler profile.
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Trans-Cranial Doppler for the estimation of Intra-Cranial Pressure

This is a single centre study from Addenbrooke’s (Cambridge). The study included 96 patients who had suffered severe TBI (not decompressed)
who were sedated and muscle-relaxed on ICU, with invasive ICP monitoring. TCDs were performed daily (total of 421 measurements). They
compared the ratio of EDV to mean velocity (or perhaps TAPV, cannot be certain from the text). This ratio is inversely proportional to pulsatility
index, indeed if the calculated mean is used (rather than TAPV), then Pl can be calculated from FVd/FVm using the formula: Pl = 3 x (1 - FVd/FVm).
So FVd/FVm >0.6 equates to P1<1.2 and FVd/FVm <0.33 equates to PI >2.0. If TAPV is used (as opposed to a calculated mean) then the formula is
approximate (rather than absolute).

The correlation was reasonable (r=0.65). They then used this relationship to propose a formula that could be used to estimate CPP (eCPP) from
MAP and FVd/FVm: eCPP =7.72 + 1.14 x MAP x FVd/FVm. When this equation was applied to their cohort, there was a 94% PPV of the true CPP
being below <60mmHg when eCPP was <60mmHg. However, the NPV was only 38% (i.e. an eCPP <60mmHg means true CPP is very likely to be
<60mmHg, however when eCPP was >60mmHg, most patients still had a CPP <60mmHg), so charitably this could be considered a rule in test and
certainly not a rule out test. They then proposed that the equation could be simplified: simplified eCPP = MAP x FVd/FVm + 14. When this
simplified equation the measured CPP was within 10mmHg (+/-) of the eCPP on 71% of occasions. Given CPP is a function of ICP and MAP, this
equation can then be rearranged to produce the equation: elCP = MAP * (1 - FVd/FVm) - 14.

Given, even when using the best possible equations, eCPP point estimates are out by > +/- 1T0mmHg in 29% of cases (and therefore elCP will also

be out by > +/- 1T0mmHg in 29% of cases) | would personally be vary wary of using TCD (essentially PI) to produce a point estimate of ICP using this
technique.
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This is a prospective single centre study from Lund (Sweden). The study recruited 81 patients with a variety of different pathologies (57%
aneurysmal SAH, 26% severe TBI, 9% spontaneous ICH, 9% other), in whom 658 Pl measurement were made. There was a modest correlation
between Pl and CPP (r=-0.493) and an excellent correlation with ICP (r=0.938). The correlation remained strong when considering only patients
with low flow velocities (mean <50cm/s) or only patients with high velocities (>120cm/s). When looking at figure 2 from this study, we can see
that all patients with Pl <1.2 had a simultaneous ICP measurement <20mmHg, patients with a Pl of (approximately) 1.2-2.25 had ICPs within the
range 0-80mmHg and patients with a P1 >2.25 had an ICP 220mmHg. The authors used the regression line to allow TCD estimated ICP (elCP) to
be extrapolated from the PI, using the formula: elCP =11.5 x PI - 2.23. Using this formula a Pl of 1.93 would yield an elCP of 20mmHg.

Note: The B-ICONIC paper was a consensus statement produced via a Delphi process, which made recommendations on the use of non-
invasive techniques to estimate ICP. Early in their results section they state, ‘Clear evidence is available regarding the fact that none of the
available nICP tools is, at present, accurate enough to substitute invasive tools.... With respect to the use of TCD they state ‘For TCCD use, we
suggest considering a threshold of Pl of 1.3 in conjunction with a FVd < 20cm/sec as a threshold for considering low CBF potentially associated
to high ICP, or for excluding it’ (strong recommendation based on low level of evidence). They continue, ‘We recommend that to raise/exclude the
suspect of intracranial hypertension, a change from basal level of Pl of at least 0.5 should be considered as a sign of CBF modification
potentially related to ICP shift’ (strong recommendation based on expert opinion, no evidence available).
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Trans-Cranial Doppler as a sign of circulatory arrest

When ICP becomes very elevated CPP can fall to the point of cerebral circulatory arrest. Hassler et al. (Journal of Neurosurgery, 1989)
published a series of 65 patients who died due to intracranial hypertension (of various causes). All patients were confirmed to have died by
neurological criteria, and all underwent EEG demonstrating an isoelectric pattern for 30 minutes. Following conformation of death trans-
femoral four-vessel cerebral angiography was performed, and the findings were compared with immediately pre-angiography TCD pattern
(patients were divided between those showing ‘biphasic flow’, those with ‘systolic spikes’ and those with ‘zero flow’). Patients were only
labelled as having zero flow if there had been confirmed flow demonstrated on TCD previously (i.e. flow had been seen to cease, as thereis a
risk of erroneously labelling a patient with poor windows as having zero flow).

The different patterns correlated with anatomical level of circulatory arrest. More advanced TCD patterns correlated with more proximal flow
cessation. In patients with biphasic flow the most frequently observed patterns (on 81% of occasions) were termination of flow at the anterior
clinoid process (posterior projection of the sphenoid bone) or stasis filling (with contrast terminating in the subarachnoid arteries, and no
subsequent venous enhancement), with the remaining patients exhibiting more proximal flow cessation. In patients with zero flow on TCD, flow
always ceased prior to the anterior clinoid process, and usually (on 89% of occasions) in the extra-cranial C1 segment of the ICA.
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Figure 2.

Transcranial Doppler tracing for patient 4. Return of pulsatile tracings after TAH placement for patient 4.




Trans-Cranial Doppler patterns in patients receiving V-A ECMO

So far, we have only considered TCD patterns in patients whose circulation is entirely driven by the heart. As V-A ECMO will result in either
exclusively non-pulsatile flow (when the heart is not ejecting), or a mix of pulsatile and non-pulsatile flow (when the heart is ejecting, which is
expected to be the case on the vast majority of occasions), then it should be expected that Pl will be influenced not only by cerebral resistance,
but also cardiac function and ECMO settings.

This study (Kavi, Journal of Stroke and Cardiovascular Diseases, 2016) looked at 8 patients receiving V-A ECMO. When looking at the first set of
TCDs for each of the 8 patients, the mean (of left and right) Pls ranged from Ocm/s (non-pulsatile) to 0.63, with an average (of the 8 patients) of
0.32. Pl was reported to correlate with EF. Whilst the paper does not quote the strength of the correlation, individual patient data is provided. If
we look at the first set of TCDs for each patient and substitute a point estimate of LVEF 5% when it is reported as <10%, then r? = 0.59.

The figure displayed above shows LMCA TCD from the same patient, whilst on V-A ECMO with LVEF 10% (reported to show a Pl of 0.31,
although the trace looks essentially flat to my eye) and following placement of a total artificial heart (with pulsatile flow).
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This study (Melmed, Journal of Neuroimaging, 2020) the authors performed TCDs in patients supported by a range of MCS devices. 86 patients
were studied, of whom 28 were receiving V-A ECMO (TCDs were performed on 11% of the 257 patients who received V-A ECMO).
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There is a trend to low mean velocities in
patients on V-A ECMO (~25% of patients
below the lower limit of the reference interval).

In just over half of patients, the TCD trace was
considered non-pulsatile.

Patients with a non-pulsatile trace had lower
pulse pressures (18mmHg v 46mmHg),
suggesting cardiac function and device
settings influence MCA pulsatility.

When Pl was measured, it was frequently high.

ICH confirmed in 15% of patients without
pulsatility.



This is a large single-centre (Caturegli, Neurocritical Care, 2023) from John Hopkins University Hospital, Baltimore (USA). They introduced a
neuromonitoring protocol for patients receiving V-V and V-A ECMO in 2017, and used this protocol for all patients other than those who died early or
when logistical reasons prevented it be applied (mostly during the COVID-19 pandemic). The protocol was for all patients on ECMO to have TCDs
performed (using a ‘blind’ Doppler system) on D1, D3-5 and D7-10, performed by a specialist vascular sonographer, and involving bilateral ICAs (C1),
MCAs (M1), ACAs (A1), vertebral arteries and the basilar artery. Additional TCDs were allowed if clinically indicated. The authors compared mean
(from right and left M1 segments of the MCA) mean velocity (likely TAPV) and Pl in patients receiving ECMO against reference intervals derived from a
cohort of healthy volunteers (Tegeler, Journal of Neuroimaging, 2013).

Over a 4-year period 215 patients received ECMO, of whom 135 received at least one TCD study. 95 of these patients were receiving V-A ECMO
(roughly 50/50 split between cV-A and pV-A, with 30% having IABP in situ, and a small number having an LVAD, presumably a micro-axial flow
catheter), and 81 (85%) of these patients had windows which allowed assessment of mean velocity.

In patients receiving V-A ECMO, the average mean velocity was lower than in healthy controls. If we use 2 standard deviations to calculate a lower
reference intervalin healthy volunteers used in this study, then this comes out at 36cm/s, and from the IQRs quoted for patients on V-A ECMO, we can
see that ~25% of patients had ‘low’ mean velocity. Despite achieving windows from which mean MCA velocities could be measured in most patients,
the Pl is reported in less than half of patients receiving V-A ECMO (in most patients the trace was considered non-pulsatile). By contrast Pl could
almost always be measured in patients receiving V-V ECMO. Pulse pressure at time of TCD study was highly correlated with ability/inability to
measure the Pl (mean PP in patients with measurable Pl was 46mmHg (IQR 34-60mmHg), and only 18mmHg (IQR 6-44mmHg) in patients without a
measurable Pl). 14.7% of patients with a non-pulsatile TCD trace had confirmed intra-parenchymal hemorrhage.
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Cerebro-Cardiovascular Coupling During Extracorporeal
Membrane Oxygenation Using Cerebral Oxygenation, Doppler
Flow, and Echocardiography

Dina ZEiD RousHpy, NOURHAN AHMED MOHAMED, AKRAM ABDELBARY, RANDA ALY SOLIMAN, AND MOHAMED Y OSsRI
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This is a single-centre study (Roushdy, ASAIO, 2026) from Cairo University Hospital, Egypt. 25 patients receiving V-A ECMO were screened, and 17 had
temporal windows (68%) and were included in the study. The majority of patients (11, 65%) were suffering from aluminum phosphide poisoning
(pesticide). Serial assessments were made in these patients, with a total of 64 assessments made. MCA flow was usually pulsatile (55, 86%).
Regional cerebral oxygen saturations were measured with NIRS (near infra-red spectroscopy). Both left and right MCAs were assessed. Interestingly
there was a significant difference between right and left PSV and mean velocity, which were typically higher on the left (on average ~5¢cm/s and ~4cm/s
respectively). There was no trend towards either hemisphere having higher rSO, on NIRS.

The authors compared the MCA Pl with the rSO,. The correlation between Pl and rSO2 was poor (r=0.1 on the right, and r=-0.29 on the left). The
authors report that ‘nonlinear correlation analysis ... revealed a clear pattern’ (as shown in figure C) with optimal Pl in the range 0.6-1.2. | am dubious
about how informative this graph is, as the mean rSO, value when Pl was in the range 1.2-2.0 is far from the line of best fit, and the low mean rSO,
associated with P1>2.0 is the mean of just 3 values, one of which is an extreme outlier.




CBF falls during the first 24hrs following CA, in both survivors and non-survivors. There is a simultaneous fall in cerebral oxygen
consumption. Itis yet to be demonstrated if CBF is a therapeutic target.

CBFV via TCD can be measured in ~70-85% of patients.
CBFV correlates with CBF and ACBFV correlates with ACBF, but the relationship is far too poor for point estimates.
In patients not receiving ECMO, an elevated Pl (especially >2.0) suggests raised ICP and low CPP.

In patients not receiving ECMO, circulatory arrest is associated with abnormal flow patterns: biphasic flow; systolic spikes; no
flow (when flow had previously been demonstrated).

In case series, around half of patients receiving V-A ECMO have non=pulsatile MCA flow (due to cardiac failure, as evidenced by
low LVEF and low pulse pressure).

In the largest case series, when Pl was present, it was elevated (>1.2) in approximately half of patients receiving V-A ECMO.




Having reviewed this literature, how will | incorporate TCD into the management of a patient receiving V-A ECMO as part of ECLS?

I will not routinely perform this investigation (and it is not routinely performed at our centre). | suspectitis most useful when | have a patient who is
ejecting reasonably well (so should have pulsatile flow in their MCA) in whom | am concerned about the possibility of a significant intracranial event
and am weighing up the risk/benefit of a transfer to the CT scanner. In such a patient the absence of pulsatility (particularly if demonstrated
previously) or an elevated Pl (especially if 22.0) would raise my level of concern (especially if Pl remains elevated despite therapeutic interventions).
Conceivably this may play into the decision-making regarding CT transfer. | would not be reassured by any TCD trace and would not use TCDs in

place of CT.
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