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ABSTRACT Angiogenesis is a critical determinant of alveolarisation, which increases alveolar surface area

and pulmonary capillary blood volume in infants; however, our understanding of this process is very

limited. The purpose of our study was to measure the pulmonary membrane diffusion capacity (DM) and

pulmonary capillary blood volume (VC) components of the diffusing capacity of the lung for carbon

monoxide (DLCO) in healthy infants and toddlers, and evaluate whether these components were associated

with pro-angiogenic circulating haematopoietic stem/progenitor cells (pCHSPCs) early in life.

21 healthy subjects (11 males), 3–25 months of age, were evaluated. DLCO was measured under normoxic

and hyperoxic conditions, and DM and VC were calculated. From 1 mL venous blood, pCHSPCs were

quantified by multiparametric flow cytometry.

DM and VC increased with increasing body length; however, membrane resistance as a fraction of total

resistance to pulmonary diffusion remained constant with somatic size. In addition, DLCO and VC, but not

DM, increased with an increasing percentage of pCHSPCs.

The parallel increase in the membrane and vascular components of pulmonary diffusion is consistent

with alveolarisation during this period of rapid lung growth. In addition, the relationship between

pCHSPCs and VC suggest that pro-angiogenic cells may contribute to this vascular process.
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Introduction
Gas exchange is the primary function of the lung. Therefore, lung growth and development early in life

must increase the alveolar surface area and the pulmonary capillary blood volume (VC) in order to meet the

increasing requirements for exchange that occur with somatic growth. Early in life, lung volume is thought

to increase primarily by the addition of alveoli, while in older children, lung volume increases primarily by

the expansion of existing alveoli. We have previously demonstrated that the diffusing capacity of the lung

for carbon monoxide (DLCO) and alveolar volume (VA) increase with increasing body length in infants and

toddlers; however, the ratio of DLCO/VA remained constant with lung growth early in life [1]. These

physiological findings are consistent with lung growth occurring by the addition of alveoli, with comparable

increases in alveolar surface area and VA. Pulmonary diffusion is determined by membrane and vascular

components, which may not increase comparably during this period of rapid lung growth. The partitioning

of the membrane and vascular components of diffusion has been assessed physiologically in older children

and adults by measuring DLCO under conditions of normoxia and hyperoxia, as described initially by

ROUGHTON and FORSTER [2]. These measurements have not previously been assessed in infants and toddlers.

Angiogenesis is a critical part of alveolar development. Treatment of neonatal animals with inhibitors of

angiogenesis results in impaired alveolar development with reduced pulmonary capillary density and

reduced radial alveolar counts [3]. Through paracrine stimulation of resident endothelial cells in vessel

walls, angiogenic circulating haematopoietic stem/progenitor cells (CHSPCs) can stimulate angiogenesis in

vascular injury models, promote alveolar development in murine models of lung disease, and are decreased

in adults with vascular disease and chronic obstructive lung disease; and angiogenic cells have been

proposed as a therapeutic target to stimulate lung growth in human lung disease [4–7]. We have previously

demonstrated that the normal physiological increase in pro-angiogenic (p) CHSPCs during pregnancy is

impaired in females with gestational diabetes mellitus and pCHSPCs were lower in cord blood of mothers

with gestational diabetes mellitus [8]. In addition, we have demonstrated that adolescents with diabetes

mellitus have impaired endothelium-dependent vasodilation, which correlates with reductions in the ratio

of pro-angiogenic to non-angiogenic circulating progenitor cells [9]. Evaluating angiogenic cells in infants

has been limited by the previous need for large volumes of blood to identify angiogenic circulating

progenitor cells; however, we have previously described a multiparameter flow cytometry technique to

identify pCHSPCs in 1-mL blood samples [10, 11]. The relationship of pCHSPCs and a physiological

measurement of pulmonary vascular development has not previously been evaluated in infants.

The purpose of our study was to assess the membrane and vascular components of diffusion in healthy

infants and toddlers, and to evaluate whether pulmonary diffusion early in life was associated with an

increase in pCHSPCs. We hypothesised that if lung growth early in life occurs primarily by the addition of

alveoli, then the membrane and capillary components would increase with increasing somatic size.

However, the relative contributions of these two components would remain constant during this period of

rapid lung growth. In addition, we hypothesised that an increased number of pCHSPCs would be associated

with increased pulmonary vascular development, as assessed by DLCO and VC.

Materials and methods
Subjects
Subjects were recruited on the basis of advertisements in local publications in Indianapolis (IN, USA). All

subjects were born at a gestational age .37 weeks, had no cardiorespiratory malformations and had a

respiratory history negative for wheezing, asthma, treatment with asthma medications or hospitalisation for

a respiratory illness. Subjects were evaluated at James Whitcomb Riley Hospital for Children (Indianapolis)

while sleeping in a supine position with chloral hydrate sedation (50–100 mg?kg-1). Oxygen saturation and

heart rate were monitored during testing as recommended by the American Thoracic Society (ATS)/

European Respiratory Society (ERS) guidelines [12]. The study was approved by the institutional review

board at Indiana University, Indianapolis, and informed parental consent was obtained. The recruitment

period was between 2008 and 2012.

Measurements
DLCO and VA were assessed using a 4-s induced respiratory pause at an inflation pressure of 30 cmH2O,

previously described [1]. Subjects breathed through a facemask. Flow was measured by a pneumotach-

ometer (Hans Rudolph, Shawnee, KS, USA) and gas concentrations were measured using a mass

spectrometer (Perkin Elmer MGA-1100, Waltham, MA, USA). Measurements were obtained in replicate

using a normoxic test gas (0.3% C18O, 4% SF6, 4% He, 21% O2 and balance N2). Prior to obtaining

measurements of DLCO using the hyperoxic test gas (0.3% C18O, 4% SF6, 4% He and balance O2), subjects

breathed 90% oxygen for several breaths. An interval of o4 min occurred between each measurement, as

recommended by the ATS/ERS task force [13].
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DLCO was calculated from the inspired volume of test gas and the alveolar concentration of carbon

monoxide, which was the average concentration between 60% and 80% of the passive expired volume

following the induced respiratory pause. VA was calculated by the dilution technique. The alveolar partial

pressure of oxygen (PAO2) was also obtained from the mass spectrometer. DLCO, VA and PAO2 for high and

low oxygen measurements were expressed as the mean of two or three measurements within 10%. A blood

sample was obtained for haemoglobin (Hb) concentration (Hb 201; HemoCue, Lake Forest, CA, USA) and

DLCO was adjusted for Hb as recommended by the ATS/ERS task force [13].

The pulmonary membrane diffusion capacity (DM) and VC were calculated from measurements of DLCO

under high and low oxygen conditions, and the kinetic factor for the rate of carbon monoxide uptake by the

red cells (h) (equations 1–3) [2, 14].

DM 5 1 / (1/DLCOLow - 1/hCO VC) (1)

VC 5 (1/hCOHigh) - (1/hCOLow) / (1/DLCOHigh) - (1/DLCOLow) (2)

1 / hCO 5 0.0057 6 PAO2 + 0.75 (3)

Pro-angiogenic circulating progenitor cells
CHSPCs were identified by the Indiana University Angiogenesis, Endothelial and Pro-Angiogenic Cell Core

(Indiana University Melvin and Bren Simon Cancer Center, Indianapolis, IN, USA) using a seven-colour

multiparametric flow cytometry method, as previously described [10, 11]. From a 5-mL venous blood

sample, mononuclear cells were isolated and stained with antibodies against cell surface antigens; CD34,

AC133, CD31, CD45, CD16 and CD14, as well as a viability marker, CD41a, and glycophorin A for the

exclusion of dead cells, platelets and red blood cells. Fluorescence minus one controls were prepared as

negative gating controls, and anti-mouse Ig CompBeads (BD Biosciences, Bedford, MA, USA) were stained

with antibodies as single-colour compensation controls. pCHSPCs that co-express CD34, AC133, CD45 and

CD31 (CD34brightAC133+CD45dimCD31+) were analysed using a BD LSRII flow cytometer (BD Biosciences,

San Jose, CA, USA) with a 405-nm violet laser, 488-nm blue laser and a 633-nm red laser. The data was

exported as FCS 3.0 files and analysed using FlowJo software, version 9.5.3 (Tree Star, Ashland, OR, USA).

AC133 negative non-angiogenic progenitors were also enumerated (CD34brightAC133-CD45dimCD31+) to

calculate a ratio of pro-angiogenic to non-angiogenic (n) CHSPCs. We have previously reported that an

imbalance between these two populations, or a low pCHSPC to nCHSPC ratio, is associated with vascular

dysfunction in patients with peripheral arterial disease [10, 11], as well as vascular dysfunction in mothers

with gestational diabetes and adolescents with diabetes [8].

TABLE 1 Demographics of subjects

Subject Sex Age months Body length cm Race

1 Male 3.33 62.00 Caucasian
2 Female 3.53 62.50 Caucasian
3 Male 5.00 63.00 Non-Caucasian
4 Female 6.23 64.50 Non-Caucasian
5 Male 6.37 65.50 Non-Caucasian
6 Female 6.43 62.00 Caucasian
7 Male 6.57 66.00 Non-Caucasian
8 Male 7.70 68.00 Caucasian
9 Male 10.70 76.00 Caucasian
10 Female 11.93 70.50 Caucasian
11 Female 12.53 76.30 Non-Caucasian
12 Male 13.23 77.50 Caucasian
13 Male 14.47 74.57 Non-Caucasian
14 Female 14.70 75.00 Caucasian
15 Female 14.70 77.70 Non-Caucasian
16 Female 14.70 78.30 Non-Caucasian
17 Male 17.43 78.00 Caucasian
18 Female 19.13 86.00 Non-Caucasian
19 Female 25.57 84.50 Caucasian
20 Male 27.80 87.00 Caucasian
21 Male 28.10 86.00 Caucasian
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Statistical analysis
Statistical analysis was performed with SPSS Statistics 20 (SPSS, Chicago, IL, USA). Descriptive statistics

included mean and range for continuous variables. The Shapiro–Wilk test was performed to determine

normality. Log transformation was applied to non-normally distributed variables. The relationships

between measured variables and body length, as well as adjustment for sex and race were evaluated and

results expressed using multiple linear regressions. For all analyses, the level for statistical significance was

set at 0.05.

Results
We evaluated 21 healthy infants and toddlers (11 males and 10 females; 12 Caucasian and nine non-

Caucasian). The group had a mean (range) age of 12.9 (3.3–28.1) months and there were no sex differences

for age (p50.96), body length (p50.86) or race (p50.67). Demographics for the subjects are summarised in

table 1. The values of pulmonary diffusion obtained when breathing room air and high oxygen levels are

summarised for each subject in table 2. For each of the subjects DLCO measured on high inspired oxygen

was lower than DLCO measured on room air. The results for the multiple linear regression analysis with

independent variables of body length, race, sex and pCHSPCs:nCHSPCs are summarised in table 3. DLCO

increased with increasing body length. In addition, an increasing ratio of pCHSPCs:nCHSPCs was

associated with increasing DLCO, while there were no significant associations between DLCO and sex or race.

Both DM and VC also increased with increasing body length (fig. 1), while an increasing pCHSPC:nCHSPC

ratio was associated with increasing VC, but not DM. In addition, VC, but not DM, was associated with sex

(p50.016) with males having a higher VC than females after adjusting for body length. Interestingly, the

ratio of pCHSPCs:nCHSPCs was not associated with body length, sex, race or post-natal age (p50.834,

p50.945, p50.55 and p50.61, respectively).

Membrane resistance (RM) and capillary resistance (RC) components were calculated as the reciprocals of

the conductance for diffusion; individual values for RM and RC are listed in table 2. RM as a percentage of

total resistance (RM %) averaged 57% and was not associated with body length (fig. 2).

Discussion
This study is the first to measure both the membrane and capillary components of pulmonary diffusion

capacity in healthy infants and toddlers. We found that DLCO and VC increased with increasing body length;

however, the RM to diffusion expressed as a fraction of total pulmonary resistance to diffusion remained

constant over the age range evaluated. In addition, this is the first study to demonstrate a relationship

between pCHSPCs and a physiological assessment of parenchymal lung growth in infants and toddlers; a

higher ratio of pCHSPC to nCHSPCs was associated with a higher DLCO, as well as a higher VC. These

physiological findings suggest that there are parallel increases of the membrane and vascular components of

pulmonary diffusion early in life, which is consistent with continued alveolarisation of the lung parenchyma

during this period of rapid lung growth. Our results also suggest that pCHSPCs may be important in lung

growth and development.

We are not aware of any previous measurements of DM and VC for infants and toddlers; therefore, we are

not able to compare our results with other physiological studies. However, ZELTNER et al. [15] have

published morphometric estimates of VC in a limited number of subjects in this very young age group.

TABLE 3 Multiple linear regression results for pulmonary diffusion

DLCO DM VC

Coefficient p-value Coefficient p-value Coefficient p-value

Intercept -6.3 ,0.0001 -9.40 0.011 -19.583 ,0.0001
Length cm 0.125 ,0.0001 0.233 ,0.0001 0.324 ,0.0001
pCHSPC:nCHSPC ratio 0.487 0.035 0.516 0.402 1.493 0.049
Sex# 0.244 0.248 -0.507 0.430 2.101 0.011
Race" -0.178 0.446 -1.303 0.062 1.414 0.080
R2 0.876 0.771 0.774

DLCO: diffusing capacity of the lung for carbon monoxide; DM: pulmonary membrane diffusion capacity; VC: pulmonary capillary blood volume;
pCHSPCs: pro-angiogenic circulating haematopoietic stem/progenitor cells; nCHSPCs: non-angiogenic circulating haematopoietic stem/progenitor
cells. #: males were given a score of 1 and females a score of 0; ": non-Caucasians were given a score of 2 and Caucasians a score of 1.
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For subjects with body lengths between 51 cm and 90 cm, morphometric estimates of VC increased with

increasing body length, similar to our data, and the morphometric estimates of VC ranged from 3 mL to

25 mL. This morphometric data is comparable to our physiologic estimates of VC (fig. 1b), suggesting that

our measurements of VC are reasonable.

We also found that DLCO, as well as the vascular component, but not the membrane component, increased

with an increasing ratio of pCHSPC to nCHSPCs, after adjusting for somatic size, sex and race. We are not

aware of any studies assessing the relationship between circulating angiogenic cells and lung growth in

humans during this period of rapid lung growth early in life. In menstruating females, the dramatic vascular

growth in the uterus is accompanied by an increase in circulating angiogenic cells and an associated increase

in DLCO [16]. Studies using neonatal murine models of bronchopulmonary dysplasia (BPD), which exhibit

impaired alveolar development, have demonstrated that infusion of angiogenic cells can restore alveolar

development in this model, which suggests the potential importance of these cells in lung growth and

development [6]. In addition, fewer pro-angiogenic circulating progenitor cells in cord blood of infants

born very premature is associated with an increased risk of developing BPD, which is characterised by

impaired alveolar development and decreased DLCO [17–19]. This finding of a relationship between

circulating progenitor cells and vascular function in infants would be consistent with our previous report

that having fewer CHSPCs was associated with decreased vascular function in adolescents with diabetes [9].

Mobilisation of circulating pro-angiogenic cells may be an effective strategy to induce lung growth, particularly

in infants with impaired alveolar development; however, more mechanistic studies are required [4].

We did not find sex differences for DLCO, which is consistent with previous studies in this young age group

that sex differences were not detected for DLCO, VA or functional residual capacity early in life when
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FIGURE 1 a) Pulmonary membrane diffusion capacity (DM) versus body length for males (n511) and females (n510). There was a significant relationship
between DM and body length (R2 0.673, p,0.0001). STPD: standard temperature and pressure, dry (see table 2). b) Pulmonary capillary blood volume (VC)
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adjusting for somatic size [1, 20]. We did find a sex difference for VC, but not for DM, after adjusting for

body length and race. In adults, ZANEN et al. [14] reported that males had higher values for DM and VC

compared to females, while BUCCI et al. [21] found no sex differences for either DM or VC when evaluating

older children and adults. The inconsistencies among these studies for the effect of sex may be related to

ZANEN et al. [14] evaluating a much larger number of subjects, which was limited only to adults.

There are several limitations to our study. Using a technique that we developed for this very young age

group, there is a positive intrathoracic pressure during the induced respiratory pause manoeuvre, which

could potentially alter the VC. However, as we found that VC increased with increasing somatic size and our

physiological measurements of VC were similar to morphometric data for subjects of comparable size, we

believe that our physiological measurements provide a good estimate of VC in this age group. Our results

were obtained with sedated infants assessed in the supine position, and thus cannot readily be compared to

data acquired from older children and adults, where measurements are obtained in the upright position.

Gravitational differences in blood flow distribution could potentially contribute to differences in the

relationships that we observed in our very young subjects and the reported data in older subjects. In

addition, our data is cross-sectional; therefore, it does not actually reflect lung growth, which would require

a longitudinal assessment of subjects. Lastly, the small number of subjects in our study limits our

interpretation of potential relationships between pCHSPCs and demographic characteristics; future studies

are needed to further evaluate the relationships between the vascular and membrane components of DLCO

and pCHSPCs in infants and toddlers.

In summary, we describe the partitioning of DLCO into its DM and VC components for healthy infants and

toddlers. We found that DM and VC increased with increasing body length. The RM as a fraction of the total

resistance to pulmonary diffusion remained constant with somatic growth, which suggests parallel increases

in the membrane and vascular components of pulmonary diffusion during this period of rapid lung growth

and alveolarisation. In addition, DLCO and VC increased with an increasing ratio of pCHSPC to nCHSPCs,

which connects the potential importance of pro-angiogenic cells with a physiological measurement that

reflects pulmonary vascular development in this very young age. In contrast to morphometric

measurements of autopsied lungs, these in vivo physiological measurements have the potential for

longitudinal assessment of lung growth and development. Future studies are required to determine whether

partitioning of the membrane and vascular components of pulmonary diffusion provide new insights into

the pathophysiology of lung diseases associated with impaired alveolar development, such as chronic lung

disease of infancy, as well as the potential of targeting pCHSPCs to stimulate lung growth.
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