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Abstract

Background: Acidebase status in full-term pregnant women is characterised by hypocapnic alkalosis. Whether this

respiratory alkalosis is primary or consequent to changes in CSF electrolytes is not clear.

Methods: We enrolled third-trimester pregnant women (pregnant group) and healthy, non-pregnant women of child-

bearing age (controls) undergoing spinal anaesthesia for Caesarean delivery and elective surgery, respectively. Electro-

lytes, strong ion difference (SID), partial pressure of carbon dioxide (PaCO2 ), and pH were measured in simultaneously

collected CSF and arterial blood samples.

Results: All pregnant women (20) were hypocapnic, whilst only four (30%) of the controls (13) had an arterial PaCO2 <4.7 kPa

(P<0.001). The incidenceofhypocapnic alkalosiswashigher in thepregnant group (65%vs8%;P¼0.001). TheCSF-to-plasmaPCO2
differencewassignificantlyhigher inpregnantwomen (1.5 [0.3]vs1.0 [0.4] kPa;P<0.001),mainlybecauseof adecrease inarterial

PCO2 (3.9 [0.3]vs 4.9 [0.5] kPa; P<0.001). Similarly, theCSF-to-plasmadifference inSIDwas lessnegative inpregnantwomen (e7.8

[1.4] vs e11.4 [2.3] mM; P<0.001), mainly because of a decreased arterial SID (31.5 [1.2] vs 36.1 [1.9] mM; P<0.001). The major

determinant of the reducedplasmaSID of pregnantwomenwas a relative increase in plasma chloride comparedwith sodium.

Conclusions: Primary hypocapnic alkalosis characterises third-trimester pregnant women leading to chronic acidebase

adaptations of CSF and plasma. The compensatory SID reduction, mainly sustained by an increase in chloride concen-

tration, is more pronounced in plasma than in CSF, as the decrease in PCO2 is more marked in this compartment.
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Editor’s key points

� It is unclear whether hypocapnic alkalosis in full-

term pregnant women is primary or secondary to

changes in CSF electrolytes.

� Simultaneously collected CSF and arterial blood

samples from third-trimester pregnant women and

healthy non-pregnant women of childbearing age

undergoing spinal anaesthesia for Caesarean de-

livery or elective surgery were analysed.

� Hypocapnic alkalosis was more common in the

pregnant (65%) than the control (8%) group.

� The primary hypocapnic alkalosis that characterises

pregnancy, likely because of progesterone, leads to a

compensatory reduction in strong ion difference

(metabolic acidosis) more pronounced in plasma

than in CSF.
Cerebrospinal fluid (CSF) is a clear fluid produced by the

choroid plexus,1 the acidebase regulation of which is of

paramount importance in the control of spontaneous breath-

ing.2 According to Stewart’s physico-chemical approach, only

two variables regulate the acidebase equilibrium in this

extracellular compartment: the partial pressure of carbon di-

oxide (PCO2) and the difference between strong cation and

anion concentrations (strong ion difference [SID]).3 A third

independent variable that must also be considered in evalu-

ating the acidebase status of blood is the weak non-volatile

acids (ATOT).

By the first 7 weeks of gestation, resting spontaneously

breathing pregnant women increase their minute ventilation,

progressively developing hypocapnia and respiratory alka-

losis.4e6 Several studies have addressed the possible roles of

progesterone and arginineevasopressin (AVP) in ventilatory

regulation in pregnancy.6e8 For instance, progesterone acts on

central chemoreceptors, increasing minute ventilation inde-

pendently from CSF pH,9 and acts on peripheral chemorecep-

tors, inducing a hypoxic respiratory response at higher partial

pressure of oxygen (PO2).
10 Additionally, AVP induces water

reabsorption, decreasing osmolality and SID of extracellular

fluids.6,11 The reduction in SID and plasma osmolality is asso-

ciated with increased minute ventilation in humans,12 particu-

larly during pregnancy.13 Although multiple mechanisms have

been hypothesised and tested, the relative contributions of

different mechanisms underlying this physiological respiratory

response have not been addressed. Moreover, previous studies

rarely relied on human blood and CSF sampled simultaneously.

The aims of the present study were to (i) describe, applying

the physico-chemical approach to acidebase status, the

characteristics of CSF and arterial plasma in resting sponta-

neously breathing third-trimester pregnant women; (ii)

compare these results with healthy non-pregnant women of

childbearing age; and (iii) discuss the physiological adapta-

tions to hypocapnic alkalosis (HA) in pregnancy.

Methods

The study protocol and the informed consent process were

approved by the ethics committee (Milano Area 2; protocol

number: 797_2017bis), and written informed consent was ob-

tained from all enrolled patients (Clinical trial registration:

NCT03496311).
Study design

Adult healthy pregnant women (pregnant group) with gesta-

tional age �35 weeks and scheduled for elective Caesarean de-

livery and healthy fertile non-pregnant women (control group)

scheduled forminorelective surgeryunder spinal anaesthesiaat

the IRCCS Ca’Granda Policlinico (Milan, Italy) were enrolled. For

both groups, exclusion criteria were ASA physical status >2; age
<18 yr; or active brain, lung, or kidney disease. Twin pregnancy

was an additional exclusion criterion for the pregnant group.

A CSF sample of 2 ml was drawn anaerobically (avoiding

contact with air) directly from the needle used for spinal

anaesthesia before local anaesthetic injection. Immediately

after that, an arterial blood sample was collected from a radial

artery, and a venous blood sample was drawn. Anaesthesiol-

ogists were asked to limit i.v. fluids before spinal anaesthesia

and choose balanced solutions to avoid i.v. fluid-related

acidebase derangement.14 The following clinical data were

recorded: anthropometric parameters, medical history, vital

signs, and fluids administered on the study day.
Analysis of CSF and blood

Acidebase and electrolyte compositions of CSF and arterial

blood samples were immediately measured (ABL800 FLEX;

Radiometer, Copenhagen, Denmark). Magnesium, phosphate,

and albumin (cobas c 702; RocheDiagnostics GmbH,Mannheim,

Germany); haemoglobin concentration; and red and white

blood cell counts (XN-9000 V; Sysmex Corporation, Kobe, Japan)

were analysed for CSF and blood samples. For both plasma and

CSF, osmolality (Osmometer MIR 300-P; E. Mires, Milan, Italy),

progesterone (cobas e 801, Roche Diagnostics GmbH), and

copeptin concentrations (B$R$A$H$M$S™ Copeptin proAVP

KRYPTOR™ assay; Hennigsdorf/Berlin, Germany) were

measured.We chose tomeasure copeptin as a proxy for AVP, as

it is more stable in blood at room temperature.

For each CSF and blood sample, the SID was calculated as

described in Equation (1):

SID¼ ½Naþ� þ ½Kþ� þ 2½Ca2þ� þ 2½Mg2þ� � ½Cl�� � ½Lac��
(1)

where Lace is lactate, all expressed as mM. CSF bicarbonate

concentration was computed using a solubility constant for

carbon dioxide of 0.234mM kPa�1 and a pK1 for carbonic acid of

6.130.15 Albumin and phosphate concentrations were used to

calculate ATOT.
16 The differences between CSF and arterial SID

(DSID) and CSF and arterial PCO2 (DPCO2) were computed.17 The

CSF:plasma ratio of the concentrations of sodium and chloride

was calculated, and the expected chloride concentration

(exp½Cl��) resulting from blood dilution was estimated as

exp½Cl��pregnant¼
½Naþ�pregnant � ½Cl��controls

½Naþ�controls
(2)

where ½Cl��controls and ½Naþ�controls were the average values of

plasma chloride and sodium, respectively, measured in con-

trols, and ½Naþ�pregnant was the actual plasma sodium con-

centration measured for each pregnant woman. Average

values of plasma sodium and chloride of controls were chosen

as a reference, as they were measured by the same method

and are representative of a population of the same sex and
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similar age. The same calculation was applied to CSF values to

estimate expected CSF chloride concentration.

The percentage of SID variation related to renal chloride

reabsorption and choroid plexus chloride secretion was

calculated (both for arterial plasma and CSF) as

Chloride compensation ð%Þ

¼
exp½Cl��pregnant �measured½Cl��pregnant

measured½SID�pregnant � average½SID�controls
(3)

where average½SID�controls was the average arterial or CSF SID

of the controls.
Table 1 Acidebase characteristics of CSF in the study popu-
lation. Data expressed as mean (standard deviation). Stu-
dent’s t-test or Wilcoxon rank-sum tests used as appropriate.
ATOT, total amount of weak, non-carbonic acids; PCO2, partial
pressure of carbon dioxide; RBC, red blood cell count; SID,
strong ion difference; WBC, white blood cell count.

Variables Control group,
n¼13

Pregnant group,
n¼20

P-
value

pH 7.34 (0.02) 7.36 (0.02) 0.003
PCO2 (kPa)
(mm Hg)

5.9 (0.3)
45 (2)

5.4 (0.3)
41 (2)

<0.001

ATOT (mM) 1.2 (0.3) 1.5 (0.6) 0.046
SID (mM) 24.7 (1.2) 23.7 (1.3) 0.02
Naþ (mM) 139 (1) 137 (1) 0.001
Kþ (mM) 2.7 (0.1) 2.7 (0.1) 0.22
Ca2þ (mM) 0.99 (0.02) 0.96 (0.02) <0.001
Mg2þ (mM) 1.09 (0.04) 1.08 (0.02) 0.45
Cle (mM) 120 (1) 119 (1) 0.04
Lactate (mM) 1.4 (0.2) 1.5 (0.1) 0.03
HCO3

e (mM) 22.5 (0.9) 21.5 (1.1) 0.01
Ionised phosphate
(mM)

0.8 (0.3) 0.6 (0.1) 0.01

Ionised albumin
(mM)

0.1 (0.1) 0.6 (0.4) 0.001

Urea (mg dl�1) 20 (4) 18 (7) 0.30
Osmolality (mOsm
kg�1)

284 (3) 276 (3) <0.001

Glucose (mg dl�1) 56 (7) 51 (5) 0.012
Haemoglobin (g
dl�1)

0.0 (0.0) 0.0 (0.0) 0.35

RBC (106 ml�1) 0.0 (0.0) 0.0 (0.0) 0.85
WBC (ml�1) 0.0 (0.0) 0.0 (0.0) 0.85
Clinical definition of hypocapnia and HA

Arterial PCO2 <4.7 kPa (<35 mm Hg) defined hypocapnia, whilst

the simultaneous presence of hypocapnia and arterial pH

>7.45 defined HA. The pregnant group was divided into pa-

tients with HA and patients without HA (non-HA).

Sample size and statistical analysis

We calculated that a sample of 40 subjects (20 subjects per

group) would provide a statistical power of 0.95 with an alpha

error of 0.05 to detect a difference in arterial SID of 3 mM,

assuming a standard deviation (SD) of 2.5 mM using a two-

tailed Student’s t-test.

Comparison between continuous variables was performed

via Student’s t-test or Wilcoxon rank-sum test, as appropriate.

Differences between categorical variables were assessed using

the c2 test. The relationship between quantitative variables was

investigated using linear regression. Differences between ex-

pected andmeasured chloride concentrationswere tested using

paired t-test. If multiple regression analysis was performed, we

reported the adjusted r2. Unless otherwise stated, data are

expressed as mean (SD) or median (inter-quartile range). Statis-

tical significancewas defined as P<0.05. Analysiswas performed

withStatastatistical software (Stata Statistical Software, Release

16; StataCorp, College Station, TX, USA) and SigmaPlot version

12.0 (SYSTAT Software; San Jose, CA, USA). The Strengthening

theReportingofObservational Studies inEpidemiologychecklist

was used to guide reporting of this observational study.

Results

The study population was enrolled between April 2018 and

April 2019. Twenty pregnant women (age 37 [6] yr; pre-

pregnancy BMI: 22 [3] kg m�2; week of gestation 38 [1]) were

studied. Because of the slow recruitment of controls, the study

was interrupted after enrolment of 13 non-pregnant controls

(age 36 [7] yr; BMI: 23 [3] kg m�2; nine ASA physical status 1;

four ASA physical status 2). Five subjects underwent general

surgery, five orthopaedic surgery, two vascular surgery, and

one urologic surgery (Supplementary Table S1).

The measured ventilatory frequency at rest was 19 (5) bpm

for pregnant women and 17 (5) bpm for controls (P¼0.49).

Before CSF and blood sampling, both pregnant women and

controls received a limited volume of balanced crystalloid

solution (422 [151] vs 350 [252] ml; P¼0.33).

Pregnant women had higher progesterone concentrations

both in plasma (179 [137; 221] vs 0 [0; 5] mg L�1; P<0.001) and in

CSF (2.9 [2.4; 3.9] vs 0.1 [0.1; 0.1] mg L�1; P<0.001). Copeptin

concentration was similar in pregnant and control groups (6.7

[5.0; 11.1] vs 4.0 [2.7; 6.4] pM; P¼0.09).
CSF and arterial blood acidebase characteristics

The CSF and arterial blood characteristics are summarised in

Tables 1 and 2. The CSF of pregnant women had lower SID and

PCO2 than controls. The arterial plasma of pregnant women

was characterised by lower SID (31.5 [1.2] vs 36.1 [1.9] mM;

P<0.001), PCO2, and ATOT compared with controls. As a result of

these changes, both CSF and arterial pH were higher in preg-

nant women. Pregnant women were characterised by a less

negative DSID (e7.8 [1.4] vs e11.4 [2.3] mM; P<0.001) and a

higher DPCO2 (1.5 [0.3] vs 1.0 [0.4] kPa; P<0.001).
The chloride concentration in CSF was slightly and signif-

icantly lower in the pregnant group. In this population, the

actual CSF chloride was higher than the expected CSF chloride

(119 [1] vs 118 [1] mM; P¼0.02) (i.e. the expected CSF chloride

concentration solely attributable to the dilution of CSF with

pure water). Regarding arterial plasma, similar chloride con-

centrations were observed in the two groups. However, the

measured chloride concentration in pregnant women was

significantly higher than expected (110 [2] vs 106 [1] mM;

P<0.001). On average, the relative increase in chloride con-

centration was responsible for 79 (11)% of observed SID vari-

ation in arterial blood and 79 (44)% in CSF.

Pregnant women had significantly lower sodium concen-

trations both in CSF and in plasma. Overall, the CSF osmolality

was higher comparedwith plasma (279 [5] vs 277 [5]mOsm L�1;

P¼0.002), and the osmolality of these two compartments was

strongly related (r¼0.89; P<0.001; Supplementary Fig. S1).

In the pregnant group, the osmolality of both CSF (P¼0.001)

and plasma (P<0.001) were significantly lower. The CSF-to-

plasma osmolality difference was smaller in this population

(0 [e1; 3] vs 3 [1; 5] mOsm L�1; P¼0.045).



Table 2 Acidebase characteristics of arterial blood of the
study population. Data expressed as mean (standard devia-
tion). Student’s t-test or Wilcoxon rank-sum tests used as
appropriate. ATOT, total amount of weak, non-carbonic acids;
PCO2, partial pressure of carbon dioxide; PO2, partial pressure of
oxygen; RBC, red blood cell count; SBE, standard base excess;
SID, strong ion difference; WBC, white blood cell count; DPCO2,
CSF-to-plasma partial pressure of carbon dioxide difference;
DSID, CSF-to-plasma difference in SID.

Variables Controls,
n¼13

Pregnant group,
n¼20

P-
value

pH 7.41 (0.02) 7.45 (0.02) <0.001
PCO2 (kPa)
(mm Hg)

4.9 (0.5)
37 (3)

3.9 (0.3)
29 (2)

<0.001

ATOT (mM) 16.9 (1.4) 14.8 (1.2) <0.001
SID (mM) 36.1 (1.9) 31.5 (1.2) <0.001
PO2 (kPa) 13.1 (0.6) 15.5 (4.3) 0.08
Naþ (mM) 138 (2) 134 (1) <0.001
Kþ (mM) 3.8 (0.3) 3.9 (0.3) 0.15
Ca2þ (mM) 1.22 (0.05) 1.19 (0.04) 0.02
Mg2þ (mM) 0.82 (0.05) 0.76 (0.06) 0.003
Cle (mM) 109 (2) 110 (2) 0.16
Lactate (mM) 1.1 (0.4) 1.2 (0.3) 0.23
HCO3

e (mM) 23.4 (1.7) 20.5 (1.4) <0.001
Ionised phosphate
(mM)

1.9 (0.3) 2.1 (0.4) 0.18

Ionised albumin
(mM)

11.7 (1.0) 10.1 (0.9) <0.001

SBE (mM) e1.0 (1.6) e3.1 (1.4) <0.001
Urea (mg dl�1) 23 (7) 19 (7) 0.11
Osmolality (mOsm
kg�1)

281 (4) 275 (3) <0.001

Glucose (mg dl�1) 95 (11) 83 (6) <0.001
Albumin (g dl�1) 4.4 (0.4) 3.7 (0.3) <0.001
Haemoglobin (g
dl�1)

12.7 (1.5) 11.9 (1.5) 0.13

RBC (106 ml�1) 4.12 (0.42) 4.10 (0.27) 0.03
WBC (103 cells ml�1) 6.94 (2.10) 9.34 (3.37) 0.03
DSID (mM) e11.4 (2.3) e7.8 (1.4) <0.001
DPCO2 (kPa)
(mm Hg)

1.0 (0.4)
7.8 (2.8)

1.5 (0.3)
11.3 (2.1)

<0.001

[Naþ] CSF/[Naþ]
plasma

1.01 (0.02) 1.02 (0.01) 0.008

[Cle] CSF/[Cle]
plasma

1.10 (0.02) 1.09 (0.01) 0.001
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Fig 1. Relationships of CSF PCO2 and pH. Data are represented by

scatter plot, linear regression (dashed line), and 95% confidence

interval (continuous line) of CSF PCO2 and CSF pH in the two

populations. White dots represent the pregnant group (r¼e0.52;

P¼0.02) and black dots the control group (r¼e0.60; P¼0.03). PCO2,

partial pressure of carbon dioxide.
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Hypocapnia and hypocapnic alkalosis

All pregnant women were hypocapnic, whilst only four (30%)

of the control subjects had PCO2 <4.7 kPa (P<0.001). The inci-

dence of HA was higher in the pregnant group (65% vs 8%;

P¼0.001). When comparing pregnant women with HA to those

without, no differences in weeks of gestation, progesterone

concentration, and clinical and acidebase variables were

observed (Supplementary Tables S2, S3, and S4, respectively).
19
4.0 6.56.05.55.0

CSF PCO2 [kPa]
4.5

Fig 2. Relationships of CSF PCO2 and SID. Data are represented as

scatter plot, linear regression (dashed line), and 95% confidence

interval (continuous line) of CSF PCO2 and CSF SID in the two

populations. White dots represent the pregnant group (r¼0.64;

P¼0.002) and black dots the control group (P¼0.48). PCO2, partial

pressure of carbon dioxide; SID, strong ion difference.
Interplay between Stewart’s independent variables
and pH

Cerebrospinal fluid

Linear and multilinear regression analyses were used to

investigate the association between Stewart’s independent

variables. In both groups, CSF PCO2 showed a negative associ-

ation with CSF pH (pregnant group: r¼e0.52, P¼0.02; controls:

r¼e0.60, P¼0.02) (Fig. 1), whilst no relationship was found be-

tween CSF SID and CSF pH (P¼0.54; P¼0.78). In the pregnant
group, CSF SID and CSF PCO2 were strongly correlated (r¼0.64;

P¼0.002), whilst no association was found in controls (P¼0.47)

(Fig. 2). In the pregnant group, CSF PCO2 remained indepen-

dently negatively associated with CSF pH when corrected for

CSF SID in themultivariate analysis (Supplementary Table S5).

No association between CSF osmolality and CSF SID, PCO2, or

pH was observed in either group.
Interplay between CSF and plasma in pregnant
women

In the pregnant group, CSF PCO2 was the only parameter that

was associated to both arterial PCO2 (r¼0.59; P¼0.006) and
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arterial SID (r¼0.53; P¼0.02). A negative association was found

between arterial PCO2 and DPCO2 in both the pregnant group

(r¼e0.46; P¼0.04) and controls (r¼e0.78; P<0.001)
(Supplementary Fig. S2). No relationship was found between

CSF PCO2 and DPCO2 either in pregnant women (P¼0.051) or in

controls (P¼0.77). A positive correlation was found between

DPCO2 and DSID (Supplementary Fig. S3) in the pregnant group

(r¼0.54; P¼0.01) but not in controls (P¼0.22).
Blood

An association was observed between arterial PCO2 and SID in

pregnant women (r¼0.61; P¼0.004), whilst it was lacking in

control subjects (P¼0.96) (Fig. 3). In both the pregnant and

control groups, arterial PCO2 was negatively associated with

arterial pH (r¼e0.55, P¼0.01 and r¼e0.58, P¼0.04). No rela-

tionship between arterial SID or ATOT with arterial pH was

found in either group. In pregnant women, when corrected for

SID and ATOT, PCO2 remained independently negatively asso-

ciated with pH at the multilinear analyses, whilst this was not

the case in the control group (Supplementary Table S6).
Hormones and Stewart’s variables

Overall, both CSF (r¼e0.78; P<0.001) and blood progesterone

(r¼e0.68; P<0.001) (Supplementary Fig. S4) concentrations

were negatively associated with arterial PCO2. However, this

association was lost when the groups were tested separately.

Finally, no relationship between copeptin concentration and

CSF/plasma SID, PCO2, or osmolality was found in either group.
Discussion

We used a physico-chemical approach to describe the

acidebase characteristics of arterial blood and CSF of spon-

taneously breathing third-trimester pregnant women
42
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Fig 3. Relationships of arterial PCO2 and arterial SID. Data rep-

resented as scatter plot, linear regression (dashed line), and 95%

confidence interval (continuous line) of arterial PCO2 and arterial

SID in the two populations. White dots represent the pregnant

group (r¼0.61; P¼0.004) and black dots the control group

(P¼0.96). PCO2, partial pressure of carbon dioxide; SID, strong ion

difference.
undergoing spinal anaesthesia for Caesarean delivery, and we

compared these results with a group of non-pregnant women

of childbearing age undergoing elective surgery under spinal

anaesthesia.

Our results confirmed that third-trimester pregnant

women are characterised by hypocapnia, frequently leading to

HA.4e6 In line with available literature, we did not observe a

difference in ventilatory frequency compared with controls.18

Simultaneous CSF and arterial blood sampling allowed

investigation of the mechanisms underlying the ventilatory

response to pregnancy.

According to Stewart’s physico-chemical approach, SID,

ATOT, and PCO2 are three independent determinants regulating

acidebase equilibrium of biological solutions. During preg-

nancy, all three parameters are markedly modified.

Isolated reduction of CSF SID, representative of local CSF

metabolic acidosis, is associated with development of sus-

tained hyperventilation both in experimental and clinical

settings.17,19,20 In this context, central chemoreceptors sense

CSF metabolic acidosis and trigger hyperventilation to lower

CSF PCO2 and restore physiological CSF pH.21 During preg-

nancy, physiological hormonal changes adapt the mother’s

physiology to fetal development and needs,5,6,18 progressively

modifying the electrolytes of plasma and CSF. For example,

higher circulating AVP concentrations induce water reab-

sorption, dilute extracellular fluid, and reduce SID.6,11 For this

reason, having observed a positive association between

plasma SID and PCO2 during pregnancy, a primary role of SID

reduction in the development of hyperventilation has been

proposed.11,12,18,22 Whilst we measured a significantly lower

CSF SID in pregnant women, our data do not support its role as

the primary determinant of the observed hyperventilation for

several reasons.

Firstly, CSF pH in the pregnant group was more alkalotic

than in the controls. Physiologically, a compensatory response

is sustained by the primary insult and usually does not fully

compensate. Consequently, if the decreased CSF SID had been

the primary acidebase disorder, we would expect a certain

degree of residual CSF acidosis. On the contrary, CSF pH was

more alkalotic, pointing towards a primary HA with a sec-

ondary CSF SID reduction.

Secondly, because of increased AVP-induced free water

absorption, pregnant women are characterised by lower so-

dium concentrations. However, comparing actual and ex-

pected chloride concentrations, the actual was significantly

higher, underlining the presence of active renal retention and

choroid plexus secretion of chloride into extracellular flu-

ids.23e26 This response is the typical renal compensation of

chronic respiratory alkalosis (i.e. a reduction of plasma SID).

Notably, ~80% of the observed SID reduction (both in plasma

and in CSF) was attributable to the increased chloride

concentration.

Thirdly, despite a lower SID in pregnant women, a rela-

tionship between SID and pH was observed neither in CSF nor

in plasma.

On the contrary, a strong association was found between

PCO2 and pH in both compartments. Of note, SID was positively

associated with PCO2 in both CSF and plasma, pointing to

compensatory mechanism. The association between PCO2 and

pH again supports hypocapnia as the primary derangement. In

conclusion, in the context of pregnancy, SID variations are a

secondary response to primary chronic hypocapnia and, to a

lesser extent, to AVP-induced dilution.
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The cause of the primary hyperventilation is likely

increased progesterone concentration. Machida27 showed that

progesterone crosses the bloodebrain barrier, directly stimu-

lating neural sites involved in the control of breathing, inde-

pendently from the central ventilatory chemoreflex or

peripheral ventilatory feedback. Consequently, in line with

previous observations, our results support that pregnant

women physiologically develop primary central hyperventi-

lation sustained by progesterone.7,28

Other authors have hypothesised a possible role of osmo-

lality as a cause of hyperventilation during pregnancy.6,11,29 In

line with the available literature, the pregnant group had

lower CSF and plasma osmolality. However, we did not find an

association between osmolality and hypocapnia. The main

contribution of this AVP-induced osmolality modification was

a decrease in sodium and, to a lesser extent, glucose concen-

tration. We measured copeptin, which is the C-terminal frag-

ment of the AVP prohormone, as a proxy for AVP.30 We did not

find any difference in copeptin concentration between groups.

However, AVP secretion changes during pregnancy. Compared

with non-pregnant women, early pregnancy is characterised

by higher circulating AVP concentrations,31 whilst late in

pregnancy AVPmetabolism rises four-fold from non-pregnant

values.32 Consequently, in the third trimester, circulating AVP

concentration could be similar or lower compared with non-

pregnant women.

Another interesting finding is the increased CSF-to-plasma

difference of PCO2 observed in pregnant women. We recently

described a reduced DPCO2 in patients with aneurismal sub-

arachnoid haemorrhage and hypothesised reduced cerebral

metabolism as the cause of this finding.17 However, we do not

think that increased cerebral metabolism could explain the

finding in the present context, as several studies described a

normal cerebral CO2 production during physiological

pregnancy.9

In pregnant women, the reduction in arterial PCO2 was

marked, whilst CSF PCO2 varied only slightly. Consequently,

arterial PCO2 was the main determinant of DPCO2
(Supplementary Fig. S2). Together with the primary central

hyperventilation, the increase in cardiac output typical of

pregnancy could lower systemic PCO2 and increase DPCO2.
5

However, this systemic effect does not apply to brain perfu-

sion because of the particular autoregulation of blood flow and

preserved cerebrovascular reactivity to PCO2.
33 In the brain,

PCO2 is one of the major determinants of cerebral blood flow.34

CSF PCO2 tension is an average between the PCO2 of venous

blood flowing into the choroid plexus and brain tissue PCO2.
35

Despite some controversy, several studies suggested that

during full-term pregnancy the blood flow velocity of large

brain vessels decreases36e38 despite preserved MAP and

without variation of large vessel calibre.36 These phenomena

could be explained by the simultaneous increase in arterial

distensibility and decrease in peripheral arteriolar resis-

tance.37,38 The slower cerebral blood flow could therefore limit

the tissue CO2 removal, thus increasing tissue and CSF PCO2
tension.

Similar to DPCO2, DSID differed significantly between

pregnant and non-pregnant women, with the latter charac-

terised by less negative values. Physiologically, the CSF

compartment and the plasma compartment have different

SIDs. The CSF compartment is characterised by a negligible

amount of protein, and the negative charges deriving from

proteins (approximately 16 mM in plasma) are lacking in this

extracellular compartment. However, electrical neutrality is
guaranteed by higher concentrations of chloride, leading to a

lower SID in CSF compared with plasma. Physiologically, the

CSF and plasma compartments have different SIDs with a

normal value for the CSF-to-plasma SID difference (DSID) of

~11 mM.17 Results from the present study are in line with

these findings. Given these premises, DSID has been used to

identify the presence of a metabolic derangement confined

to one of the two compartments. For example, in patients

with subarachnoid haemorrhage, the increase in CSF lactate

lowers CSF SID. As plasma SID is not markedly affected, the

resulting DSID is more negative, pointing towards local

acidification of CSF.17 In contrast, in the context of preg-

nancy, both CSF and plasma SIDs are reduced. These SID

variations are the consequences of two different phenom-

ena: dilution attributable to AVP action and compensatory

metabolic response to chronic hypocapnia. Because of ce-

rebral CO2 autoregulation, CSF HA is less marked, whilst

arterial PCO2 variations are more pronounced. Consequently,

to limit the pH variations of each compartment, blood and

CSF have modified SID proportionally to local PCO2 variations

(Supplementary Fig. S4): a larger decrease in plasma SID and

a smaller reduction in CSF SID, leading to a less negative

DSID. Thus, in this context, DSID also describes the entity of

the relative compensation of the two compartments to pri-

mary hyperventilation.

During pregnancy, AVP-induced water reabsorption gen-

erates a blood volume expansion of about 50%, only partially

compensated by an increased count of red blood cells. As a

result, a relative state of anaemia with lower plasma protein

concentration develops.39,40 In line with previous descriptions,

our study observed lower albumin concentrations in pregnant

women, leading to a small but significant reduction in ATOT,

with a small alkalinising effect on plasma pH.
Limitations

We recognise some limitations of our study. First, the enroll-

ment of the control group was interrupted because of the slow

recruitment rate. However, the data from the control subjects

are consistent with the available literature. Second, no direct

measurements of ventilatory (e.g. tidal volume and minute

ventilation) or cerebral (e.g. blood flow velocity) parameters

were available. Third, analyses exploring the CSF character-

istics of hypocapnic alkalosis and subjects without hypo-

capnic alkalosis could be underpowered. Consequently, the

results of these secondary analyses need to be interpreted

cautiously.
Conclusions

Third-trimester pregnant women are characterised bymarked

hypocapnia and a high incidence of hypocapnic alkalosis,

likely sustained by progesterone. The decrease in PCO2 differs

between CSF and arterial blood, with lower values observed in

blood. Consequently, the compensatory metabolic acidifica-

tion, represented by chloride-induced reduction in strong ion

difference, is more pronounced in plasma.
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