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a b s t r a c t

Background: Compare the increase in partial pressure of carbon dioxide (PCO2) from venous blood
samples with that of arterial blood samples during apnea challenge test in determination of death by
neurological criteria.
Methods: Prospective nonrandomized cohort study in tertiary care pediatric intensive care unit. Patients
older than 37 week’s gestation admitted to PICU with irreversible brain injury at the time when
attending physician will perform apnea challenge test as part of brain death examination from October
2015 till September 2017.
Interventions: None.
Results: The primary outcome was to measure and compare the increase in PCO2 from venous blood
samples with that from arterial blood samples during apnea challenge test. A total of nine apnea chal-
lenge tests from seven patients (ages five months to 17 years) were included in the study. PCO2 in venous
blood sample increased less than that in arterial blood samples (venous, 26.1 mm Hg; S.D., 10.1; 95%
confidence interval, 18 to 34 mm Hg; arterial, 33.9 mm Hg; S.D., 12.0; 95% confidence interval, 24 to
43 mm Hg) (P ¼ 0.02).
Conclusion: Postapnea challenge test PCO2 of 60 mm Hg along with increase of 20 mm Hg in venous blood
sample correlated to PCO2 greater than 60 mm Hg along with increase of greater than 20 mm Hg in
arterial blood sample. Further studies are warranted to assess if current recommendations for deter-
mination of death by neurological criteria in children can be modified to allow for use of venous blood
samples as an alternate to arterial blood samples.

© 2018 Elsevier Inc. All rights reserved.
In 1981, The President's Commission report on guidelines for
brain death (death by neurological criteria) examination resulted in
the Uniform Determination of Death Act.1 This act stated “An in-
dividual who has sustained either (1) irreversible cessation of cir-
culatory and respiratory functions, or (2) irreversible cessation of
all functions of the entire brain, including the brainstem, is dead. A
determination must be made with accepted medical standards.”

Since the first published guidelines, there has beenmuch debate
about the “accepted medical standard,” and as such there remain
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considerable practice variations both in adult2 and pediatric
practitioners.3

One required examination for brain death examination is the
apnea challenge test. Apnea challenge test evaluates the medulla
brainstem respiratory center response to a rise in carbon dioxide
partial pressure (PCO2). The current guideline requires arterial
sampling of PCO2 and therefore either arterial puncture or arterial
catheter placement for the examination.

An arterial catheter is an invasive monitoring device and its
insertion is not without complications.4 Placement of the arterial
catheter in pediatric patients is also more difficult because of the
smaller diameter of their radial and femoral arteries.5

It has been demonstrated that there is a direct correlation be-
tween peripheral venous and arterial blood gas measures and that
venous PCO2 measures may be used as alternatives to arterial PCO2
measures.6 The primary objective of our study was to examine if
venous blood sampling during the apnea challenge test can
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TABLE 1.
Patient Characteristics

Patient Age Gender Underlying Condition

01 <1 year Male Enterovirus pneumonia, respiratory arrest
02 16 years Male Intracranial hemorrhage
03 <1 year Male Asphyxia, cardiac arrest
04 12 years Female Arteriovenous malformation, intracranial bleed
05 1 year Male Abusive head injury, cerebral edema
06 3 years Male Asphyxia, cardiac arrest
07 <1 year Male Subdural hematoma, cerebral edema
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substitute arterial blood sampling. To achieve this theory, we
postulated that the increase in venous blood PCO2 is less than
arterial blood PCO2. This would suggest that when venous PCO2 is
60 mm Hg and has increased by 20 mm Hg after apnea challenge
test, the arterial PCO2 is greater than 60mmHg and has increased by
more than 20 mm Hg.

Methods

This study was reviewed and approved by the Institutional Re-
view Board of Memorial Health System. Informed consent was
obtained before enrollment in the study.

Children admitted to pediatric intensive care unit (PICU) from
October 2015 till September 2017 with irreversible brain injury
and with the intent of the attending physician to perform brain
death examination were screened for eligibility. Inclusion criteria
included age greater than 37 weeks' gestation, irreversible brain
injury with the intent of the attending intensivist to perform ap-
nea challenge test, presence of arterial catheter or arterial blood
sampling during apnea challenge test, and presence of central
venous catheter. Our exclusion criteria included age less than or
equal to 37 weeks' gestation at the time of examination, inability
to perform apnea challenge test as determined by attending
physicians, and family request for organ donation after cardiac
death.

Study design

This was a prospective nonrandomized cohort study. Before
brain death examination, the family was approached for obtaining
consent. If the attending physician believed that the family was
having an extremely difficult time coping with their child's death,
they were not approached for the study.

The attending physician performed apnea challenge test in
accordance with our hospital policy. All the blood gases were
measured using the Abbott i-STAT blood gas analyzer. Patients
TABLE 2.
Changes in Arterial and Venous From Baseline

Patient Pre-PaCO2 Post-PaCO2 Rise in PaCO2 P

1 38 69 31 3
2a 44 61 17 4
2b 49 98 49 5
3a 36 71 37 3
3b 46 86 40 5
4 43 85 42 3
5 49 73 24 4
6 50 68 18 5
7 38 85 47 3
Mean (S.D.) 43.7 (5.3) 77.6 (11.6) 33.9 (12.0) 4
% Rise > 20 77.8%

Pre-PaCO2: partial pressure of arterial CO2 prior to apnea challenge test. Post-PaCO2: partial
of venous CO2 prior to apnea challenge test. Post-PvCO2: partial pressure of venous CO2 at
were preoxygenated for 10 minutes with 100% fraction of
inspired oxygen. Baseline arterial and venous blood gas were
obtained simultaneously. Active mechanical ventilation was
stopped while a catheter inserted in the oral cavity provided
100% fraction of inspired oxygen. During the apnea challenge
period, patients were monitored for any spontaneous respiratory
effort. Vital signs and oxygen saturations were monitored
continuously. After eight to 10 minutes if no spontaneous res-
piratory effort was seen, arterial and venous blood gas samples
were drawn simultaneously and patient was placed back on
mechanical ventilation.

A positive apnea challenge test required no respiratory effort
during the apnea challenge test and an arterial PCO2 of greater than
or equal to 60 mm Hg with a minimal increase of 20 mm Hg from
the preapnea level. If the required value for arterial PCO2 was not
reached after eight to 10 minutes, the attending physician could do
another apnea period for additional fiveminutes or perform further
testing, such as electroencephalography.

Statistical analyses

Our alternative hypothesis stated that PCO2 in venous blood
samples increased more than arterial blood samples. To reject the
null hypothesis of similar rise in average PCO2 using the two
methods a paired t test was performed, which required a two-sided
P value of <0.05. Consistency of results using the two methods in
measuring PCO2 on a continuous scalewas assessed by calculation of
the intra-class correlation coefficient (ICC). As the two methods
currently represent the only methods (raters) of interest, the ICC
was computed by fitting a two-waymixed model wherein measure
effects were fixed and patient effects were random (i.e., considered
from a larger population). Furthermore, agreement between the
two methods in terms of threshold value rise in PCO2 � 20 versus
< 20 mm Hg was also assessed by evaluation of the percent
agreement and kappa statistic. IBM SPSS V18.0 was used to calcu-
late mean values and the ICC statistic, whereas percent agreement
and the kappa statistic were produced using Microsoft Excel
AgreeStat2015.6.

Results

A total of 15 patients were eligible and screened for the study.
Informed consent was obtained for seven patients (Table 1).

Blood gas values are shown in Table 2. Patient 2 did not have the
required 20 mmHg rise in arterial PCO2 after eight minutes of apnea
challenge (2a). Apnea challenge was repeated for 15 minutes, and
arterial PCO2 increased above the required 20 mmHg (2b). Patient 3
re-PvCO2 Post-PvCO2 Rise in PvCO2 Apnea Time (min)

3 63 30 7
7 61 14 8
4 85 31 15
6 69 33 8
4 85 31 5
6 64 28 8
8 64 16 8
1 62 11 4
9 80 41 8
4.2 (8.3) 70.3 (10.1) 26.1 (10.1) 7.9 (3.1)

66.7%

pressure of arterial CO2 at the end of apnea challenge test. Pre-PvCO2: partial pressure
the end of apnea challenge test.



TABLE 3.
Consistency of Results Using Arterial Compared With Venous Measurement

Dichotomous Scale Rise in PCO2 > 20 vs � 20 mm Hg Continuous Scale PCO2

% Agreement (95% CI), P value Kappa (95% CI), P value ICC* (95% CI), P value
0.89 (0.65, 1.00), P < .001 0.73 (0.16, 1.00) P ¼ .019 0.88 (0.57, 0.97) P < .001

Abbreviations:
CI ¼ Confidence interval
ICC ¼ Intraclass correlation coefficient

* The ICC determined consistency between the two methods of measuring PCO2 on continuous scale.
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became hypoxic after five minutes (3b); after patient was preoxy-
genated for additional 30 minutes the test was repeated (3a). Pa-
tient 6 became significantly hypoxic and hypotensive after
four minutes of apnea challenge and did not meet the required
20 mm Hg increase in arterial PCO2.

On average, venous PCO2 increased by 26.1 mm Hg (S.D. ¼ 10.1,
95% confidence interval [CI], 18.4 to 33.9 mm Hg), whereas
arterial PCO2 increased by 33.9 mm Hg (S.D. ¼ 12.0; 95% CI, 24.6
to 43.1 mm Hg). The average increase of PCO2 in venous blood
sample was significantly less than that of the arterial blood
samples (t(df ¼ 8) ¼ 4.34, P ¼ .002). However, postapnea venous
PCO2 of 60 mm Hg and an increase of 20 mm Hg corresponded
with an arterial PCO2 of greater than 60 mm Hg and an increase
of greater than 20 mm Hg (percent agreement ¼ 0.89 [0.65,
1.00], P < .001). Furthermore, the increase in venous PCO2 during
apnea challenge test correlated with the increase in arterial PCO2,
showing consistency of results between the two methods
(ICC ¼ 0.88; 95% CI, 0.57, 0.97; P < .001) (Table 3). Removal of
repeat measurement within two patients did not significantly
alter the aforementioned findings (Tables 4 and 5).

Discussion

Since the first efforts to define a new diagnosis for death by the
Ad Hoc Committee of Harvard Medical School in 1968,7 there have
been multiple modifications by the American Academy of
Neurology and the American Academy of Pediatrics, including ef-
forts to enable the diagnosis of brain death (death by neurological
criteria) in children.8-10 Today, over 20% of all pediatric deaths are
diagnosed by neurological criteria.10

In the current guidelines, apnea challenge test is an integral part
of brain death examination.8-10,11 It is recommended that patients
be pre-oxygenated before examination. The rise of arterial PCO2
during the apnea challenge test is used to diagnose irreversible
medullary respiratory centers' loss of function. Although this
TABLE 4.
Changes in Arterial and Venous From Baseline (Seven Apnea Samples)

Patient Pre-PaCO2 Post-PaCO2 Rise in PaCO2 P

1 38 69 31 3
2b 49 98 49 5
3b 46 86 40 5
4 43 85 42 3
5 49 73 24 4
6 50 68 18 5
7 38 85 47 3
Mean (S.D.) 44.7 (5.2) 80.6 (11.0) 35.9 (11.8) 4
% Rise � 20 85.7%

Restricted to one observation per patient (selected measurement “b” for two patients
patient). Consistency measurements were similar after removal of repeat measurements
Pre-PaCO2: partial pressure of arterial CO2 prior to apnea challenge test. Post-PaCO2: partial
of venous CO2 prior to apnea challenge test. Post-PvCO2: partial pressure of venous CO2 at
theory has not been validated, in the United States the threshold for
respiratory center stimulation has been arbitrarily set at PCO2 of
60 mm Hg and a value that is 20 mm Hg higher than the normal
baseline.12,13 In the United Kingdom, this arbitrary value is set at
arterial PCO2 of 50 mm Hg.14

Based on these guidelines, only an increase in PCO2 from arterial
blood samples can be used for an apnea challenge test. Not all
children who have had brain hypoxia have hemodynamic insta-
bility and require arterial catheters. In fact, with the advances in
pulse oximeter and its use as the fifth vital sign, there has been a
decreased need for arterial catheter placements in the PICU.15 Even
pediatric acute lung injury and acute respiratory distress syndrome
can be diagnosed with pulse oxygen saturation index and without
the use of arterial blood samples.16 Yet, once the decision is made to
proceed with brain death examination, patients will require either
arterial catheter placement or timely arterial puncture for apnea
challenge test. Placement of arterial line catheter can be chal-
lenging in critically ill children. It is not uncommon to have more
than one attempt at more than one site before successfully can-
nulating the artery. In children, use of ultrasound has not demon-
strated any benefit for radial artery cannulation.17

This is the first study to evaluate the use of venous PCO2 for
apnea challenge test. In our study, we were able to show that the
increase in venous PCO2 was always less than the increase in arterial
PCO2 (26.1 mm Hg versus 33.9 mm Hg; P < 0.03). In addition, the
postapnea arterial PCO2 was always greater than the venous PCO2
(P < 0.03) (Fig). These findings suggest when venous PCO2 increases
by 20 mm Hg and is above 60 mm Hg, the arterial PCO2 during the
same time interval will increase by greater than 20 mm Hg and be
greater than 60 mm Hg.

Death of a child is one of the most devastating and challenging
times for parents and is associated with an intense emotional stress
and grief.18,19 The intensity and chronicity of parental bereavement
can be influenced by events surrounding their experience in the
PICU.20 During these difficult times, to perform the apnea challenge
re-PvCO2 Post-PvCO2 Rise in PvCO2 Apnea Time (min)

3 63 30 7
4 85 31 15
4 85 31 5
6 64 28 8
8 64 16 8
1 62 11 4
9 80 41 8
5.0 (8.8) 71.9 (10.9) 26.9 (10.1) 7.9 (3.5)

71.4%

where relevantechecked for undue weighting/bias of repeat measurement within
within two patients.
pressure of arterial CO2 at the end of apnea challenge test. Pre-PvCO2: partial pressure
the end of apnea challenge test.



TABLE 5.
Consistency of Results Using Arterial Compared With Venous Measurement (Seven
Apnea Samples)

Dichotomous Scale
Rise in PCO2 �20 vs <20

Continuous Scale PCO2

% Agreement (95% CI),
P value

Kappa (95% CI), P value ICC* (95% CI), P value

0.86 (0.53, 1.00), P < .001 0.59 (0, 1.00) P ¼ .141 0.87 (0.43, 0.98) P ¼ .002
Kappa may be unstable
due to small numbers
and 0 cell value
Gwet's AC1 alternative
measure of agreement:
0.78 (0.24, 1.00), P ¼ .012

Abbreviations:
CI ¼ Confidence interval
ICC ¼ Intraclass correlation coefficient

* ICC determined consistency between the two methods of measuring PCO2 on
continuous scale.
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FIGURE. At the completion of apnea challenge test, the increase in venous Pco2 was
always less than the increase in arterial Pco2. The color version of this figure is
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test, if an arterial catheter is not yet in place, parents are asked to
leave their dying child while at times multiple attempts are made
for placing the arterial catheter. Our study shows that venous blood
samples can potentially be used for apnea challenge test in deter-
mination of death by neurological criteria in children.

Several limitations for our study are noteworthy. First, our
sample size was small. Not all parents were approached for the
study; specifically if the attending physician believed that the
parents had a very difficult time coping with their dying child.
Second, as the increase in arterial carbon dioxide partial pressure is
set arbitrary, we only looked at comparing these arbitrary increase
values with that of venous carbon dioxide partial pressure. It is
possible that a much less increase in venous carbon dioxide partial
pressure is in fact needed for the apnea challenge test. Third, as
venous carbon dioxide partial pressure increased less than arterial
carbon dioxide partial pressure, some of the apnea challenge tests
might require longer time to achieve the required increase in value
if venous blood samples are used.
Conclusions

Our pilot study shows that during apnea challenge test for
determination of death by neurological criteria in children, PCO2
of 60 mm Hg along with increase of 20 mm Hg in venous blood
sample correlated with PCO2 of greater than 60 mm Hg along
with increase of greater than 20 mm Hg in arterial blood sample.
Further studies with larger sample size are warranted to
assess if current recommendations for determination of death
by neurological criteria in children can be modified to allow for
use of venous blood samples as alternate to arterial blood
samples.

Funding: Funding for this study was provided by Memorial
Health System (MHS).
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