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Abstract

Physiological responses to hypoxia in children are incompletely understood.

We aimed to characterize cerebrovascular and ventilatory responses to normo-

baric hypoxia in girls and women. Ten healthy girls (9.9 � 1.7 years;

mean � SD; Tanner stage 1 and 2) and their mothers (43.9 � 3.5 years) par-

ticipated. Internal carotid (ICA) and vertebral artery (VA) velocity, diameter

and flow (Duplex ultrasound) was recorded pre- and post-1 h of hypoxic

exposure (FIO2 = 0.126;~4000 m) in a normobaric chamber. Ventilation ( _VE)

and respiratory drive (VT/TI) expressed as delta change from baseline (Δ%),

and end-tidal carbon-dioxide (PETCO2) were collected at baseline (BL) and 5,

30 and 60 min of hypoxia (5/30/60 HYP). Heart rate (HR) and oxygen satu-

ration (SpO2) were also collected at these time-points. SpO2 declined similarly

in girls (BL-97%; 60HYP-80%, P < 0.05) and women (BL-97%; 60HYP-83%,

P < 0.05). Global cerebral blood flow (gCBF) increased in both girls (BL-687;

60HYP-912 mL�min�1, P < 0.05) and women (BL-472; 60HYP-

651 mL�min�1, P < 0.01), though the ratio of ICA:VA (%) contribution to

gCBF differed significantly (girls, 75:25%; women, 61:39%). The relative

increase in _VE peaked at 30HYP in both girls (27%, P < 0.05) and women

(19%, P < 0.05), as did Δ%VT/TI (girls, 41%; women, 27%, P’s < 0.05). Tidal

volume (VT) increased in both girls and women at 5HYP, remaining elevated

above baseline in girls at 30 and 60 HYP, but declined back toward baseline

in women. Girls elicit similar increases in gCBF and ventilatory parameters in

response to acute hypoxia as women, though the pattern and contributions

mediating these responses appear developmentally divergent.

Introduction

In adults, exposure to acute hypoxia results in rapid

declines in the partial pressure of arterial oxygen (PaO2),

a compensatory increase in ventilation ( _VE) and, as a

consequence, declines in the partial pressure of arterial

carbon dioxide (PaCO2) (Weil et al. 1970). These changes

are closely coupled with the regulation of cerebral blood

flow (CBF), such that when PaO2 falls below ~50 mmHg,

at least in adults, cerebral vasodilation occurs and

perfusion is augmented (Willie et al. 2012; Lewis et al.

2014; Hoiland and Ainslie 2016). This vasodilatation

occurs throughout the cerebrovascular tree, from the large

extracranial and intracranial conduit arteries (e.g., the

internal carotid (Willie et al. 2012) and middle cerebral

arteries (Wilson et al. 2011; Imray et al. 2014)), to the

arterioles in the pial mater (Wolff et al. 1930). Evidence

of the ventilatory and cerebrovascular responses to

hypoxia in children is sparse (Kohler et al. 2008; Gavlak

et al. 2013), with much of our understanding extrapolated
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from adult data. This is problematic because of docu-

mented developmental differences in the ventilatory (Gra-

tas-Delamarche et al. 1993) and cerebrovascular responses

of the child (Sch€oning and Hartig 1996).

Evidence that the ventilatory response to hypoxia is

dependent on age is mixed. Using an isocapnic progres-

sive hypoxic technique, no differences in the hypoxic ven-

tilatory response was noted from 7 to 18 years of age

(Honda et al. 1986). In contrast, using the same isocapnic

rebreathe technique, Marcus et al. (1994) reported a sig-

nificantly increased hypoxic ventilatory response in chil-

dren compared to adults; however, the relationship with

age was weak (r = 0.34). Following 1 day at 3450 m, an

increased respiratory drive (VT/TI; VT, tidal volume; TI,

inspiratory timing) and _VE was found in both children

and adults, suggesting that ventilatory responses to

hypoxia are independent of age (Kohler et al. 2008). Fur-

ther clarification is needed to better understand how age

related differences (present or not) may affect ventilatory

responses to an acute bout of hypoxia.

Cerebral perfusion shows distinct developmental pat-

terns, peaking between the ages of 5–10 years, with values

30–50% greater than in adults, and a higher cerebral

blood flow in girls compared to boys (Leung et al. 2016).

This greater perfusion in children is reflected in a reduced

cerebrovascular reserve, as indicated by an attenuated

cerebrovascular vasodilation to hypercapnia (Leung et al.

2016). There is very limited data on the cerebrovascular

response to hypoxia in the child, with one study demon-

strating an increase in perfusion in the anterior cerebral

circulation (indexed by increased middle and anterior

cerebral artery blood velocity), but not in the poste-

rior cerebral circulation (indexed by the basilar and pos-

terior cerebral arteries) in children aged 6–13 years who

completed a 5-day ascent to 3500 m (Gavlak et al. 2013).

A limitation of this approach is the assumption that ves-

sel diameter is unchanged; however, since hypoxia may

lead to dilation of the cerebral arteries (Wilson et al.

2011) this would result in an underestimation of CBF

(Ainslie and Hoiland 2014; Hoiland and Ainslie 2016). In

adults, increases in global cerebral perfusion in response

to normobaric isocapnic hypoxia from about 80% oxygen

saturation (SpO2), were a consequence of a greater

increase in the posterior circulation (via the VA, vertebral

artery) compared to anterior flow (via the ICA, internal

carotid artery) (Willie et al. 2012; Hoiland et al. 2017).

Regional CBF changes in response to acute hypoxia in the

healthy child is unknown.

The purpose of this investigation therefore was to

determine the ventilatory ( _VE, VT/TI), respiratory gas

exchange and cerebrovascular (extracranial blood flow

and vasodilation; ICA and VA) responses to acute nor-

mobaric hypoxia in girls and women, and explore

relationships between changes in CBF, SpO2, and end-

tidal carbon dioxide (PETCO2). Given the documented

sex differences in CBF (Tontisirin et al. 2007) and poten-

tial hereditary influences on the cardiorespiratory

response to hypoxia (Kriemler et al. 2015) we chose to

limit our comparison to girls and their biological moth-

ers. We hypothesized that following 1 h of normobaric

hypoxia (1) the magnitude of change in _VE and VT/TI

would be similar between girls and women, (2) elevations

of CBF in girls would be mediated via greater elevations

in flow in the ICA versus VA, compared to greater eleva-

tions in flow in the VA in women and (3) that increases

in CBF would be correlated to declines in SpO2 and

PETCO2.

Methods

Participants

Ten healthy pre- and early-pubertal girls (9.9 � 1.7 years)

and their biological mothers (43.9 � 3.5 years) were

recruited. All participants were born, raised, and resided

at low altitude with no history of cardiorespiratory, circu-

latory, or metabolic disease. All girls were classified as

Tanner stage 1 or 2 by parental assessment of Tanner

stage (Rasmussen et al. 2015). Informed consent was

obtained from parents, and written assent obtained from

children. Ethical approval was granted by the Clinical

Research Ethics Board (H16-00855).

Procedures

Girl–mother pairs attended the laboratory once for 2.5 h,

located in Kelowna (344 m). The girls and their mothers

were tested together to help reduce any anxiety the child

may have felt. Participants were asked to refrain from vig-

orous exercise and caffeine 12 h prior to arrival, and visit

at least 2 h postprandial. After familiarization with the

experimental procedures, initial anthropometric measure-

ments were taken, followed by 5 min of rest, after which

baseline normoxic SpO2, heart rate (HR), _VE, VT/TI and

PETCO2 were assessed. Diameter and flow of the ICA and

VA were recorded, using Duplex ultrasound. Participants

then entered an air tight normobaric hypoxic chamber

for 1 h and all measures were repeated following 5 (5

HYP), 30 (30 HYP) and 60 (60 HYP) minutes of hypoxic

exposure, with the exception of ICA and VA diameter

and flow, which were assessed after 60 min only. Rating

of acute mountain sickness (AMS) and cerebral symptoms

were completed after 1 h of hypoxic exposure before leav-

ing the chamber. The fraction of inspired oxygen within

the chamber was continuously sampled using a gas ana-

lyzer (ML206 Gas Analyser, ADInstruments, Colorado)
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and the chamber was maintained at 12.58 � 0.1% to sim-

ulate ~4000 m altitude.

Primary measures

Respiratory function

Ventilation (breathing frequency [fR] and VT), VT/TI and

PETCO2 were collected continuously for 5 min, by sam-

pling breath-by-breath volumes and gas concentrations at

the mouth using an online metabolic gas-analysis system

(Oxycon Pro, Care Fusion, Hoechberg, Germany). The

children and adults wore a mouthpiece and nose clip and

flow volumes were measured with a low dead space

(40 mL) turbine. The practicality of using the equa-

tion ‘VT/TI’ to measure the drive to breathe has been

advocated in children, and is directly related to mouth

occlusion pressure – a more direct, but invasive measure

of respiratory drive (Gaultier et al. 1981). Prior to mea-

surement at normoxic baseline or hypoxia, the digital tur-

bine volume sensor was calibrated with a 3 L syringe and

the gas analyzer was calibrated with a known concentra-

tion of gas. Data were converted from breath by breath to

second-by-second over the 5-min collection period and

ventilatory volumes were expressed as a ratio standard

with body mass.

Extracranial blood flow

Volumetric blood flow of the right ICA and VA was mea-

sured, using a 10 MHz multi-frequency linear array probe

and a high-resolution ultrasound machine (Terason 3000,

Teratech, Burlington, MA), while participants lay supine.

B-mode imaging and pulse-wave velocity was optimized

to obtain arterial diameter and blood flow velocity,

respectively. All scans were recorded over at least 10 con-

secutive cardiac cycles, using custom-designed edge-detec-

tion and wall-tracking software to determine diameter

and flow, as described in depth elsewhere (Thomas et al.

2015). Global cerebral blood flow (gCBF) was calculated

using the following formula:

gCBF ¼ 2(ICA flow+VA flow)

Secondary measures

HR was assessed using telemetry (Polar T31, Polar Electro

OY) and SpO2 by pulse oximetry (MD300K1 Pulse

Oximeter, VacuMed, California). The Lake Louise Sick-

ness Score (LLSS; Roach et al. 1993) was used to assess

altitude sickness symptoms. The category ‘difficulty sleep-

ing’ was removed since participants did not sleep. A score

ranging from 3 to 5 was considered mild AMS and any

value exceeding this was considered severe. Participants

also rated any cerebral headache they experienced on a

scale from 0 to 100; 0 being no headache at all and 100

being the worst headache imaginable on the cerebral-spe-

cific section of the environmental symptoms question-

naire (ESQ-CS; Sampson et al. 1983).

Data and statistical analysis

Descriptive data were expressed as means and SD. Venti-

latory, respiratory, HR, and SpO2 responses to normo-

baric hypoxia were assessed, using time (baseline, 5, 30

and 60 min exposure) by age repeated measures analyses

of variance (RM ANOVA). Where baseline values differed

by age percentage change from baseline was calculated

and used in the analyses. Extracranial blood flow and

diameter were also examined using time (baseline and

60 min) by age (girls, women) RM ANOVA; however,

when percentage change from baseline was calculated a

one-way ANOVA was used to compare the hypoxic

response. Simple effects, using t-tests were used to decon-

struct main effects and interactions from the RM ANOVA

where necessary. Statistical significance was set a priori at

P ≤ 0.05. All statistical analysis was performed using SPSS

(Statistical Package for Social Sciences).

Results

Participant characteristics are presented in Table 1. Eight

of the ten girls were classified as Tanner stage 1 and two

were Tanner stage 2. As expected, height and weight were

greater in the women. Of the ten girl–mother pairs, two

children had incomplete ventilatory data; and, in one

adult, ICA measures were not adequately obtained follow-

ing 60 HYP.

No significant change in HR was observed in either

group (see Fig. 1, panel A). SpO2 declined with increasing

hypoxia (F(3,54) = 74.049, P < 0.01) similarly in girls

and women (see Fig. 1, panel B).

There was no difference in LLSS reporting’s for girls

(3 � 2) or women (2 � 2). Three girls presented with

mild and one with severe AMS and four women pre-

sented with mild AMS. The ESQ-CS scores were also sim-

ilar for girls (19 � 27) and women (18 � 24).

Table 1. Descriptive characteristics.

Girls

(n = 10)

Women

(n = 10)

Child-adult

difference

Age (y) 9.9 (1.7) 43.9 (3.5) P < 0.05

Height (cm) 141.2 (11.3) 167.8 (6.3) P < 0.05

Weight (kg) 34.8 (6.2) 62.4 (11.7) P < 0.05

Data are mean (�SD).
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Ventilation

_VE (D%) increased during hypoxia (F(1.897,30.345) =
8.557, P < 0.01), in a similar manner in girls and women

(see Fig. 2, panel A). Initial exposure to 5 HYP elicited

increases of 25% in girls, although not significantly

greater than baseline, whereas at 30 HYP and 60 HYP _VE

was significantly greater than baseline. In women _VE was

elevated 17% above baseline at 5 HYP (P < 0.05) which

remained elevated at 30 HYP (P < 0.05) before returning

toward baseline at 60 HYP. _VE normalized to body mass

is reported in Table 2.

VT (D%) increased during hypoxia (F(2.026,

32.421) = 6.026, P < 0.01), but in an age divergent man-

ner (F(2.026, 32.421) = 3.616, P < 0.05; see Fig. 2, panel

B). With initial hypoxia (5 HYP), no difference in VT

(D%) was apparent between girls and women; however,

with increasing hypoxic exposure VT (D%) remained ele-

vated above baseline in girls, and higher than women,

whereas VT declined back toward baseline in women

(P’s < 0.05). The pattern of change in fR (D%) with

hypoxia is shown in Figure 2, panel C. The response was

highly variable and as such neither the main effect for

hypoxia (P = 0.10), nor the interaction with age were sig-

nificant (P = 0.097).

Drive to breathe

VT/TI (D%) increased during hypoxic exposure

(F(1.734,27.740) = 10.134, P < 0.01) similarly for girls and

Figure 1. Heart rate (panel A) and oxygen saturation (panel B) at baseline and following 5 (5 HYP), 30 (30 HYP) and 60 (60 HYP) minutes of

hypoxia in girls (white circles) and women (black squares); *within subject change from baseline in girls, P < 0.05; 6¼within subject change from

baseline in women, P < 0.05; #child-adult difference, P < 0.05.

Figure 2. Relative change from baseline in ventilation (D%; panel A), tidal volume (D%; panel B), breathing frequency (D%; panel C) and

respiratory drive (D%; panel D) following 5 (5 HYP), 30 (30 HYP) and 60 (60 HYP) minutes of hypoxia in girls (white circles) and women (black

squares); *within subject change from baseline in girls, P < 0.05; 6¼ within subject change from baseline in women, P < 0.05; # child-adult

difference, P < 0.05.
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women. In the girls, VT/TI increased by 32% (P > 0.05)

from baseline to 5 HYP, becoming significant at 30 HYP

(41%, P < 0.05) and 60 HYP (40%, P < 0.05). In women,

VT/TI increased by 23% at 5 HYP (P < 0.05), remained ele-

vated at 30 HYP, but was not significantly greater than

baseline at 60 HYP (Fig. 2, panel D).

Respiratory gas exchange

Declines in PETCO2 with hypoxic exposure

(F(1.692,27.075) = 86.946, P < 0.001) were apparent in

both girls and women at all time-points (P’s < 0.05; see

Table 2).

A main effect for hypoxia was apparent for _VO2

(F(3,48) = 8.196, P < 0.001), but there was no main

effect for age (P > 0.05) or an interaction (P = 0.08; see

Table 2). There was no difference between baseline _VO2

and initial hypoxia (5 HYP) in girls, with _VO2 rising at

30 HYP (P < 0.05) and remaining elevated above baseline

at 60 HYP (P < 0.05). In the women, ( _VO2 was similar

to baseline at 5 HYP, but increased in comparison to 5

HYP by 30 HYP (P < 0.05). Likewise, a main effect for

hypoxia was apparent for _VCO2 (F(1.909,30.551) = 3.484,

P < 0.05), with no main effect for age or interaction

(P’s > 0.05; see Table 2). Mean _VCO2 was lower in the

girls from 5 to 60 HYP (268 mL�min�1 vs.

238 mL�min�1, P = 0.056), whereas in the women decli-

nes were noted from 5 to 30 HYP (247 mL�min�1 vs.

223 mL�min�1 P < 0.05), and from 30 to 60 HYP

(223 mL�min�1 vs. 202 mL�min�1 P < 0.05).

The ventilatory equivalent for _VO2 also altered with

hypoxia (F(2.026,32.418) = 5.849, P < 0.01) and in an

age-specific manner (F (2.026,32.418) = 3.310, P < 0.05;

see Table 2). In girls, _VE/ _VO2 was similar to baseline at 5

HYP, 30 HYP, and 60 HYP, although there was a signifi-

cant fall in _VE/ _VO2 between 5 HYP and 30 HYP

(P < 0.05). In contrast, _VE/ _VO2 rose in women from

baseline to 5 HYP (P < 0.05), remaining elevated above

baseline at 30 HYP (P < 0.05). The ventilatory

equivalent for _VCO2 was also altered with hypoxia

(F(2.127,34.037) = 5.849, P < 0.01; see Table 2), but in a

similar manner in girls and women. _VE/ _VCO2 was ele-

vated above baseline at all time-points in both the girls

and women (P’s < 0.01).

Cerebral blood flow

ICA flow increased with hypoxia (F(1,17) = 9.645,

P < 0.01), but was consistently higher in the girls com-

pared to women (F(1,17) = 10.104, P < 0.01). When

expressed as a percentage change the increase in ICA flow

after 60 HYP was similar in girls and women (36% vs.

38%, respectively; see Fig. 3). Elevations in VA mean flow

were also noted after 60 HYP (F(1,18) = 25.368,

P < 0.01), which did not differ between groups. In the

girls, VA mean flow increased from 86 � 21 mL�min�1

at baseline to 109 � 37 mL�min�1 at 60 HYP. In women,

VA mean flow increased from 81 � 41 mL�min�1 at

baseline to 112 � 50 mL�min�1 at 60 HYP.

Global CBF increased with hypoxia (F(1,17) = 16.969,

P < 0.001), in a similar manner in girls and women. When

the contribution of extracranial artery flow to gCBF was

considered, this was accounted for by ICA flow contribut-

ing to 75% of gCBF in the girls, but just 61% in the women

at 60 HYP, while VA flow contributed 25% of gCBF in the

girls, but 39% in the women (see Fig. 4). The increase in

Table 2. Ventilatory responses at baseline (BL), and following 5 (5 HYP), 30 (30 HYP) and 60 (60 HYP) minutes of hypoxic exposure in girls

and women.

BL 5 HYP 30 HYP 60 HYP

_VE (mL�kg�min�1) Girls 241.8 (62.6) 295.0 (80.3) 302.6 (78.0)1 295.3 (65.5)1

Women 119.6 (20.7)2 136.7 (19.9)1,2 139.3 (20.0)1,2 135.7 (14.3)1,2

PETCO2 (mmHg) Girls 34.7 (2.9) 30.1 (3.9)1 28.1 (3.1)1 26.6 (2.1)1

Women 36.3 (2.7) 32.7 (3.0)1 30.5 (1.7)1 28.3 (1.9)1

_VO2 (mL�min�1) Girls 255.0 (52.1) 304.5 (69.6) 355.2 (72.6)1 333.9 (70.4)1

Women 275.3 (69.2) 276.0 (65.6) 301.4 (58.0) 298.7 (55.6)
_VCO2 (mL.min�1) Girls 248.8 (65.2) 267.8 (64.9) 253.6 (50.9) 238.5 (53.7)

Women 234.0 (67.6) 247.0 (57.2) 223.8 (41.0) 202.1 (26.4)
_VE/ _VO2 Girls 31.8 (4.7) 32.3 (3.7) 30.1 (2.8) 29.8 (2.8)

Women 24.7 (8.6) 28.3 (10.3)1 26.3 (9.3)1 26.2 (9.3)
_VE/ _VCO2 Girls 32.7 (2.8) 37.0 (5.0)1 39.8 (4.5)1 41.9 (4.4)1

Women 29.0 (10.4) 31.3 (11.4)1 35.2 (12.5)1 37.9 (13.6)1

Data are mean (�SD).
1Within subject change from baseline, P < 0.05
2Child-adult difference, P < 0.05. Girls, n = 8; women n = 10.
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gCBF was not correlated with the decline in SpO2

(r = �0.101, P = 0.680) or PETCO2 (r = 0.458, P = 0.064).

Cerebral blood velocity and arterial
diameter

ICA blood velocity did not change in response to 60

HYP, whilst there was a significant increase in VA blood

velocity (F(1,18) = 6.252, P < 0.05) which was similar

between girls and women (see Table 3). In women, VA

blood velocity significantly increased from baseline fol-

lowing 60 HYP (P < 0.05), though in girls this failed to

reach significance. There was a significant main effect for

ICA diameter (F(1,17) = 8.237, P < 0.05) and interaction

(F(1,17) = 6.824, P < 0.05), but not age. In women, ICA

diameter significantly increased from baseline following

60 HYP (P < 0.05), though in girls this failed to reach

significance (see Table 3). VA diameter increased with

hypoxia (F(1,18) = 40.477, P < 0.05) similarly between

girls and women (see Table 3).

Discussion

We report, for the first time in pre- to early-pubertal

girls, that cerebral perfusion of the extracranial arteries

increases in response to acute normobaric hypoxia. Inter-

estingly, the distribution of gCBF favors ICA flow in the

girls, but VA flow in women. Additionally, increases in
_VE, VT/TI and decreases in SpO2 and PETCO2 are compa-

rable between girls and women, although the pattern of

breathing differed, with an increased VT in girls and an

increased fR in women. These findings suggest that devel-

opmental differences exist in the way increased gCBF and

ventilatory parameters are mediated in response to acute

hypoxia.

Ventilatory responses to hypoxia in children

Similar to the findings of Kohler and colleagues (Kohler

et al. 2008) in hypobaric hypoxia, we also observe compa-

rable _VE and VT/TI responses between girls and women.

Although we did not directly assess hypoxic chemosensi-

tivity, our findings provide support that hypoxic ventila-

tory chemoreflex response is not age dependent. _VE

following 5 min of hypoxia in girls was elevated by an

appreciable 25%, though this increase was nonsignificant.

This is likely explained by the large inter-individual varia-

tion observed at this time point, since one girl had a

much greater increase in _VE. Interestingly, the decline in

Figure 3. Relative change from baseline to 60 min of hypoxia in

internal carotid artery blood flow (D%; panel A) and vertebral

artery blood flow (D%; panel B) in girls (white circles) and women

(black squares); *within subject change from baseline, P < 0.05.

Figure 4. Global cerebral blood flow distribution at baseline and after 60 min of hypoxia in girls (A) and women (B). The gray bars represent

vertebral artery contribution and the white bars represent internal carotid artery contribution; *within subject change from baseline, P < 0.05.
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PETCO2 was no more than for other girls, who did not

show such a marked increase in _VE; most likely because

the increase in _VE was a result of increased VT as opposed

to a more elevated fR. Children are notoriously ‘noisy’

breathers, so observing high interchild variability is not

unusual (Potter et al. 1999). Our baseline PETCO2 data is

within normal resting range (Cooper et al. 1987) and

although children regulate PaCO2 at a lower set point

and breathe with a higher _VE/ _VO2 at rest and during

exercise (McMurray et al. 2003), we found no child-adult

difference in PETCO2 following acute hypoxia. Addition-

ally, _VE/ _VO2 remained constant in the girls, but increased

in women following 5 and 30 min of hypoxia. Theoreti-

cally, if hypoxia-induced hyperventilation in the child

induced further declines in PETCO2, this may result in

hypocapnic-induced cerebral vasoconstriction and conse-

quent attenuation of CBF (Kety and Schmidt 1946). Yet,

we do not observe this; therefore, since the variability of

the chemoreflex changes in arterial blood gases can influ-

ence CBF (Willie et al. 2014; Hoiland et al. 2016), the

comparable changes in blood gases might explain the sim-

ilar changes in CBF and hence presumably adequate O2

delivery to the brain. Likewise, although directionally sim-

ilar, the variability within the chemoreflex responses likely

underpin the variability in the CBF responses.

Cerebral hemodynamic responses to
hypoxia

Cerebral perfusion is known to be developmentally medi-

ated, and peaks between the ages of 5–10 years (Leung

et al. 2016). Consequently, these elevations in resting CBF

have been linked to a reduced cerebrovascular reserve in

response to hypercapnia (Leung et al. 2016), though little

is known about the response to hypoxia. Under hypobaric

hypoxic conditions, an increase in anterior CBF has been

observed (indexed by middle and anterior cerebral blood

velocity; Gavlak et al. 2013). Likewise, we report signifi-

cantly elevated anterior flow of the extracranial vessels

(indexed by the ICA); however, we also report significant

elevations in extracranial posterior flow (indexed by the

VA) which was not observed in the intracranial vessels

(indexed by basilar and posterior cerebral blood velocity;

Gavlak et al. 2013). It is possible that the use of transcra-

nial Doppler cerebral velocity has clouded our under-

standing because of the inability to account for diameter

changes. Similar to responses to hypoxia in adults (Wil-

son et al. 2011), we report significantly increased VA

diameter, and although not significant, a trend toward an

increase in mean ICA diameter in girls. Thus, despite a

potentially lower cerebrovascular reserve, girls still

demonstrate the ability to significantly increase both ante-

rior and posterior flow under hypoxic conditions. This

response is likely paramount for increasing cerebral O2

delivery, protecting the young brain against otherwise

detrimental effects of hypoxia.

In adults, acute poikilocapnic hypoxia causes eleva-

tions in both ICA and VA blood flow, though the per-

centage increase in VA flow (~37%) is much higher

than in the ICA (~18%) (Lewis et al. 2014). It is

believed that this is likely because the cardiovascular and

respiratory control centers located in the brainstem

require greater oxygenation and hence an increase in

posterior cerebral flow (Ogoh et al. 2013; Lewis et al.

2014). Instead, we report a preferential dependence of

increased ICA flow in girls, supporting the observations

described by Gavlak et al. (2013), using transcranial

Doppler. It has been suggested that a smaller rise in

posterior cerebral flow may compromise oxygen delivery

to the parieto-occiptal cerebellar brain tissue, which may

correspond to symptoms of nausea and dizziness (Gav-

lak et al. 2013). This may explain why children typically

report a higher prevalence of AMS (Kohler et al. 2008),

although no difference in AMS was noted between the

girls and women in this study, likely due to its short-

term nature. Although speculative, it might be that the

local metabolic demand (due to development) is less in

the brainstem regions in children and hence could

explain why the relative increase in VA flow is less when

compared to adults. Although under normoxic resting

conditions, the distribution of anterior and posterior

blood velocity in the intracranial vessels has been shown

to be similar between children and adults (Sch€oning

et al. 1993). Since both resting diameter and the relative

dilation of the VA was similar between children and

adults, it would seem these differences are not explained

by anatomical influences on vessel structure.

During conditions of isocapnic hypoxia, an appreciable

increase in CBF does not occur until PaO2 is reduced

below 50 mmHg (SpO2 <80%; reviewed in (Hoiland

Table 3. Internal carotid and vertebral artery diameter at baseline

(BL) and following 60 min (60 HYP) of hypoxic exposure in girls

and women. Data are mean (�SD).

BL 60 HYP

ICA diameter

(cm)

Girls (n = 10) 0.471 (0.066) 0.506 (0.049)

Women (n = 9) 0.419 (0.045) 0.447 (0.044)1

VA diameter

(cm)

Girls (n = 10) 0.374 (0.040) 0.410 (0.055)1

Women (n = 10) 0.384 (0.080) 0.422 (0.080)1

ICA velocity

(cm�sec�1)

Girls (n = 10) 48.8 (10.8) 56.8 (20.9)

Women (n = 9) 37.4 (11.0) 41.4 (14.4)

VA velocity

(cm�sec�1)

Girls (n = 10) 25.6 (3.7) 26.6 (4.6)

Women (n = 10) 21.8 (6.1) 25.4 (7.2)1

1within subject change from baseline, P < 0.05.
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et al. 2016; Willie et al. 2014). What is interesting in the

current study is that CBF was still markedly elevated

when SpO2 was ~80%, even with evident hypocapnia

(PETCO2 ~26 mmHg). Normally this level of hypocapnia

alone would be expected to reduce CBF by ~30–40% (as-

suming a normal hypocapnic reactivity of 2–4% reduction

in CBF per mmHg reduction in PETCO2). It is possible

that it is reductions in oxygen content and/or hemoglobin

deoxygenation (rather than arterial blood gases per se)

during poikilocapnic hypoxia that are mediating eleva-

tions in CBF as a way of maintaining oxygen delivery.

This topic, and related mechanisms of action, has been

recently reviewed in detail elsewhere (Hoiland et al.

2016).

Limitations

We chose to assess hypoxia under normobaric pressure in

the interest of participant safety. As such, our findings

cannot be directly related to environmental (hypobaric)

hypoxia. The physiological effects of normobaric versus

hypobaric hypoxia has been a topic of recent debate.

SpO2 and _VE appear to be lower following short-term

exposure to hypobaric compared to normobaric hypoxia

(Coppel et al. 2015), which may have led to an underesti-

mation of _VE and an overestimation of SpO2 in our study

if these results were extrapolated to environmental hypox-

ia. Similarly, these findings are limited to an acute bout

(1 h) of hypoxia. Nothing is known of the extracranial

blood flow response to longer-term exposure and further

investigation is needed to extend our understanding of

hypoxic exposure in the child. Menstrual cycle phase in

women was not controlled for. Varying hormonal stages

of the menstrual cycle are known to influence _VE and VT/

TI (Schoene et al. 1981), thus, if we had standardized for

menstrual cycle phase, our results may have varied

slightly.

In conclusion, this investigation provides a novel

insight into the extracranial blood flow and diameter, and

ventilatory responses to an acute 1 h bout of normobaric

hypoxia in children. Significant increases in ICA, VA, and

gCBF were noted in girls, and VA and gCBF in women,

with regional distribution of CBF favoring the anterior

circulation in girls and the posterior circulation in

women. Furthermore, increases in _VE and VT/TI, and

declines in SpO2 and PETCO2 were comparable between

girls and women, though the increase in _VE was mediated

via an increase in VT in girls, and an increased fR in

women. These results imply that the fundamentals of

increasing CBF and ventilatory parameters on exposure

to hypoxia are similar between ages, but the way in

which these responses are mediated are developmentally

divergent.
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