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Targeted Therapeutic Mild 
Hypercapnia After Cardiac 
Arrest

Out-of-hospital cardiac arrest (OHCA) 
is a common, catastrophic event that 
represents a major public health 

problem around the world. In Australia, 
estimates of the incidence of OHCA are 
approximately 1 per 1,000 persons per year 
(approximately 25,000 individuals in Australia 
each year), with Australian mortality rates vary-
ing between 87 to 94% (Berdowski et al. 2010; 
Victorian Ambulance Cardiac Arrest Registry 
2014). For resuscitated CA patients admitted 
to the Intensive Care Unit (ICU), devastating 
neurological injury leading to withdrawal of 
life support or clinically important neurological 
impairment are the most common outcomes 
following CA (Lemiale et al. 2013). Accord-
ingly, while the initial problem is cardiac in 
nature, after ICU admission the main reason 
for such dismal outcomes is neurological 
injury. Thus a better neurological outcome 
is the logical and dominant therapeutic goal 
in this population (Schneider et al. 2013). 
Previously, from a large, multicentre, retro-
spective observational study we reported the 

association of early PaCO
2
 values (first 24 hours) 

with clinical outcomes in 16,542 CA patients 
admitted to 125 Australia and New Zealand 
ICUs between 2000 and 2011 (Schneider et 
al. 2013). Our findings demonstrated that the 
occurrence of hypocapnia (PaCO

2
 <35 mmHg) 

carried a higher mortality rate and a lower 
likelihood of discharge home for survivors 
compared with normocapnia (PaCO

2
 35-45 

mmHg). In contrast, hypercapnia (PaCO
2
 >45 

mmHg) was independently associated with a 
16% increase in the likelihood that a CA survivor 
would be discharged home, thus suggesting 
both safety and potential neurological benefit. 
Other subsequent observational studies involv-
ing adult resuscitated CA patients admitted to 
ICU indicate that hypercapnia is independently 
associated with improved neurological outcomes 
among survivors, while hypocapnia is associ-
ated with worse neurological outcomes, thus 
providing further evidence of the likely safety 
and possible benefit of hypercapnia (Eastwood 
et al. 2014; Vaahersalo et al. 2014). 

Cerebral Perfusion and Arterial Carbon 
Dioxide Following Cardiac Arrest
It is well understood that CA leads to imme-
diate brain ischaemia and that resuscita-

tion leads to reperfusion injury with acute 
neuronal damage (Wiklund et al. 2012). 
What is underappreciated is that a state of 
sustained cerebral hypoperfusion develops 
and persists even after successful immediate 
resuscitation, return of spontaneous circula-
tion (ROSC), and admission to the ICU (Ahn 
et al. 2014; Buunk et al. 2000; Koch et al. 
1984). In this regard, several investigations 
using technologies like positron emission 
tomography (Edgren et al. 2003), middle 
cerebral artery blood flow assessment via 
Doppler ultrasound (Sundgreen et al. 2001), 
jugular bulb oxygen saturation (Buunk et 
al. 1999) and cerebral oximetry (Storm et 
al. 2014), all consistently show sustained 
hypoperfusion and cerebral hypoxia. For 
example, observational studies measuring 
cerebral tissue oxygen saturation (SctO

2
) by 

near-infrared spectroscopy in patients receiv-
ing post-resuscitation care have demonstrated 
persistent cerebral under-oxygenation and a 
statistically significant association between 
such lower SctO

2
 values and higher mortality 

rates (Ahn et al. 2014). 
A likely pathophysiological mechanism 

responsible for such sustained early hypo-
perfusion relates to impaired cerebrovascular 
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Cardiac arrest (CA) causes ischaemic brain injury and persistent cerebral 
hypoperfusion and cerebral hypoxia during the early post-resuscitation 
period. PaCO2 is the major physiological regulator of cerebral blood flow, 
is a modifiable component of care and mild hypercapnia may lead to 
improved neurological outcomes for resuscitated CA survivors.  In order 
to evaluate the potential therapeutic role of PaCO2, we will conduct the 
TAME Cardiac Arrest trial.  If TTMH therapy, which is cost free, is shown 
to be effective, the lives of countless CA survivors will be improved, clin-
ical practice will be transformed, and major financial and human cost 
savings will be realised.
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PaCO2 is a potential 
therapeutic target for the 
maintenance of cerebral 

perfusion and oxygenation in 
resuscitated CA patients

auto-regulation (Kock et al 1984; Sundgreen 
et al. 2001). Such impaired auto-regulation 
may, in turn, make even a normal arterial 
carbon dioxide tension (PaCO

2
) insufficient to 

achieve and maintain adequate cerebral perfu-
sion and, consequently, cerebral oxygenation. 
However, PaCO

2
 is the major determinant 

of cerebral blood flow in humans (Curley 
et al. 2010; O’Croinin et al. 2005), and an 
increase in PaCO

2
 (hypercapnia) markedly 

increases cerebral blood flow under normal 
physiological conditions (Curley et al. 2010). 
The rapid vasodilatory effect of hypercapnia 
appears related to changes in arterial pH 
and cerebral vascular resistance (Koch et 
al. 1984; Meng & Gelb 2015). Addition-
ally, elevated PaCO

2
 levels are known to 

have anti-convulsive, anti-inflammatory and 
antioxidant properties, which may attenuate 
the inflammatory component of reperfusion 
injury (Kavanagh and Laffey, 2006; Tolner et 
al. 2011). Conversely, hypocapnia is known 
to increase neuronal excitability, increase 
cerebral oxygen consumption, reduce cerebral 
blood flow and, thereby, potentially worsen 
reperfusion injury.

Crucially, PaCO
2
 is an easily modifiable 

variable and therefore a potential therapeu-
tic target for the maintenance of cerebral 
perfusion and oxygenation in resuscitated 
CA patients (Schneider et al. 2013). 

Cerebral Oxygenation and the Poten-
tial Role of Targeted Mild Hypercapnia
Until recently, there was no direct evidence 
on the effect of targeted hypercapnia on 
cerebral oxygenation in resuscitated CA 
patients to provide the additional biologi-
cal rationale for its therapeutic application. 
To address this, we investigated the impact 
of targeted mild hypercapnia on cerebral 
oxygenation by performing a prospective 
double crossover physiological clinical study 
(Eastwood et al. 2016a). We enrolled seven 
adult resuscitated CA patients within 36 
hours of their CA and compared the effect 
of targeting mild hypercapnia (PaCO

2
 50-55 

mmHg) to standard care (TN) (PaCO
2
 35-45 

mmHg) on regional SctO
2
. With a median 

time from CA to ROSC of 28 minutes, at a 
median of 26 hours 30 minutes after CA, 
during TN (a median PaCO

2
 of 37 mmHg), 

the median right and left frontal lobe SctO
2
 

was low with a significant proportion of 
values clearly below normal. However, during 
targeted mild hypercapnia (a median PaCO

2
 of 

52 mmHg), the median SctO
2
 had increased 

to normal or above normal. Such increases 
were substantial in magnitude and reliably 
occurred in every patient every time and were 
not associated with any adverse events. Such 
findings provide further evidence for the 
potential role of targeting mild hypercapnia 
to safely improve cerebral oxygenation.

Targeted Therapeutic Mild 
Hypercapnia After Cardiac Arrest
In late 2015, we completed a randomised, 
controlled, parallel group, multicentre, phase 

II trial (Eastwood et al. 2016b). This phase 
II trial sought to determine the prelimi-
nary biological efficacy, feasibility, safety of 
delivering TTMH to resuscitated CA patients 
compared to standard care (TN) for the 
24 hours following ICU admission. This 
study allocated patients to either TTMH 
(PaCO

2 
50-55 mmHg) or standard care (TN) 

(PaCO
2 
35-45 mmHg). These targets were 

deliberately established to avoid episodes of 
hypocapnia in both arms. In order to achieve 
a target of 50 patients with full assessment 
of serum neuron-specific enolase (NSE) 
levels (baseline, 24 hour, 48 hour and 72 
hour), 86 patients were randomised from 
four ICUs in Australia and New Zealand. 
NSE is a biomarker of neuronal injury. NSE 
is released into the bloodstream after injury, 
with lower concentrations over the first 72 
hours following CA indicative of decreased 
neuronal injury. Thus, lower levels of NSE 
are associated with improved neurological 
outcome (Calderon et al. 2014). 

The study population had a median age 
of 61 years (79% male) and the majority were 

Table 1. Participant Eligibility Criteria for the TAME Cardiac Arrest Trial

Eligibility Specific items

Inclusion criteria 1. Adult (age ≥18 years or older)
2. Comatose non-traumatic out-of-hospital cardiac arrest
3. Presence of return of spontaneous circulation following cardiac 

arrest
4. Receiving invasive mechanical ventilation
5. Admitted to the ICU
6. Within six hours from the onset of the cardiac arrest
7. The treating clinician believes that the patient is at risk of 

hypoxic brain damage

Exclusion criteria 1. Female who is known or suspected to be pregnant
2. Not receiving invasive mechanical ventilation
3. Able to follow commands
4. Clinical or radiological suspicion of raised intracranial pressure
5. Clinical or radiological suspicion of an intracranial bleed
6. Severe chronic obstructive pulmonary disease
7. Known or suspected pulmonary hypertension
8. Severe metabolic acidosis (pH <7.1 and base excess <-6 mmol/L) 

uncorrected within the first six hours of ICU admission
9. Transferred from another healthcare facility
10. Participation declined by the treating clinician
11. Cardiac arrest secondary to asphyxia
12. Death considered imminent
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OHCA (78%). PaCO
2
 separation was achieved 

and sustained throughout the first 24 hours 
following randomisation (Figure 1). Overall, 
we found TTMH significantly attenuated NSE 
release compared with standard care (TN) over 

the first 72 hours (Figure 2), with an identical 
pattern for OHCA patients, thus providing a 
robust signal of biological efficacy for TTMH, 
without differences in ventilation, tempera-
ture, or sedation management. Importantly, 

patients allocated to either group both avoided 
episodes of hypocapnia or severe hypercap-
nia and no clinical adverse events, sudden 
neurological deterioration, or clinical signs 
of raised intracranial pressure were reported, 
supporting the safety of TTMH. Most impor-
tantly, at 6 months, overall 23 (59%) TTMH 
patients had improved neurological outcomes 
compared with 18 (46%) TN patients (Figure 
3). In addition, hospital mortality occurred 
in 11 (26%) TTMH patients compared with 
15 (37%) TN patients (p = 0.31)( Eastwood 
et al. 2016b).

When the OHCA patients (80% of the 
cohort) were assessed separately, this effect 
was even stronger, as hospital mortality 
occurred in 8 (29%) TTMH patients compared 
with 13 (61%) TN patients. In addition, 
20 (65%) TTMH patients had improved 
neurological outcomes compared with 16 
(50%) TN patients (p=0.16). Thus, TTMH 
was associated with a beneficial biological 
effect (attenuated NSE levels) and a pattern of 
improved neurological and clinical outcomes 
(Eastwood et al. 2016b). 

The TAME Cardiac Arrest Trial
There is now compelling epidemiological, 
biological, physiological, and supportive 
clinical data suggesting that TTMH can deliver 
significant outcome improvements in resus-
citated CA patients admitted to ICU. In their 
aggregate, these findings strengthen the need 
to perform a larger phase III trial to address 
the question of whether TTMH improves 
patient-centred outcomes in resuscitated 
CA patients admitted to the ICU.  As such, 
on behalf of the Australian Resuscitation 
Outcomes Consortium (Aus-ROC) NHMRC 
Centre of Research Excellence, the Australian 
New Zealand Intensive Care Society (ANZICS) 
Clinical Trials Group, and the Australian and 
New Zealand Intensive Care Research Centre 
(ANZIC-RC), the Targeted Therapeutic Mild 
Hypercapnia After Resuscitated Cardiac 
Arrest: A Phase III Multi-Centre Randomised 
Controlled Trial (The TAME Cardiac Arrest 
Trial) was developed. The primary outcome 
measure for this study will be the proportion 
of patients with a favourable neurological 
outcome at 6 months as assessed using the 
Glasgow Outcomes Scale Extended (GOSE)
(defined as a score ≥5)(Wilson et al. 1998). 

Figure 2. Time course of mean arterial carbon dioxide tension (PaCO2) for patients allocated to targeted therapeutic mild hyper-
capnia (TTMH) and targeted normocapnia (TN) over the first 24 hours following admission to ICU for patients enrolled into the CCC 
trial

Figure 1. Mean neuron-specific enolase (NSE) concentrations at baseline, 24 hour, 48 hour, and 72 hour for patients allocated to 
targeted therapeutic mild hypercapnia (TTMH) and standard care (TN) who were enrolled into the CCC trial
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Figure 3. Glasgow outcome score extended (GOSE) assessment of patients allocated to targeted therapeutic mild hypercapnia 
(TTMH) and targeted normocapnia (TN) at 6 months following randomisation; with a score of ≥5 considered a favourable outcome for 
patients enrolled into the CCC trial

Five key secondary outcomes include mortal-
ity, functional recovery, cognitive functional 
recovery, quality of life and a health economic 
evaluation.

Briefly, the TAME Cardiac arrest trial 
will recruit 1,700 adult resuscitated OHCA 
patients from 30 ANZICS Clinical Trials 
Group member ICUs. All participating ICUs, 
stratified by site, will randomise patients via 
a website-enabled computer-generated code 
with permuted blocks. Eligibility criteria are 
shown in Table 1. Patients allocated to the 
TTMH protocol will be sedated to achieve 
moderate to deep sedation (a target Richmond 
Agitation Scale Score of –3 to –4). Arterial 

blood gases and end-tidal carbon dioxide 
levels will be measured at baseline and then 
used to guide respiratory rate adjustments 
of minute ventilation to remain within the 
target PaCO

2
 range of 50-55 mmHg. Arterial 

blood gases will be repeated every 4 hours 
for 24 hours following randomisation or 
if end-tidal carbon dioxide values change 
>5 mmHg. While patients allocated to the 
TN protocol will be managed according to 
current practice in Australia and New Zealand 
(Schneider et al. 2013) and in accordance 
with ILCOR guidelines, which recommend 
maintaining normocapnia in these patients 
(Neumar et al. 2010). For both groups, 

ventilation management for all patients will 
be guided by arterial blood gas data assessed 
after adjustment to 37oC (alpha-stat) (stan-
dard care) (Eastwood et al. 2015) and, to 
ensure safety, the treating ICU physician can 
modify patient management, including the 
use of sedative agents, muscle relaxants and 
paralysis, as clinically indicated throughout 
the 24-hour intervention period. Importantly, 
all pre-hospital and pre-ICU care will be 
performed in accordance with state/territory 
best practice guidelines and existing local 
protocols. In addition, all post-ICU patient 
management will be at the discretion of the 
patient’s ward-based treating physicians.  
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Abbreviations
CA cardiac arrest
ICU intensive care unit
ILCOR International Liaison Committee on Resuscitation
NSE neuron-specific enolase
OHCA out-of-hospital cardiac arrest
PaCO2 arterial carbon dioxide tension
ROSC return of spontaneous circulation
SctO2 cerebral tissue oxygen saturation 
TN targeted normocapnia
TTMH target therapeutic mild hypercapnia


