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Exercise Leukocyte Profiles in Healthy, Type 1 Diabetic,
Overweight, and Asthmatic Children

Abstract

Leukocytosis contributes to exercise-induced immune modulation, which is a mechanism of
cardiovascular protection. However, this process is poorly defined in children. We therefore
measured leukocytes in 45 healthy, 18 overweight, 16 type 1 diabetic, and 8 asthmatic children at
pre-, end-, and 30-min post-exercise (30-min intermittent or 6-min continuous). In all groups, total
leukocytes, neutrophils, lymphocytes, and monocytes increased at end-exercise, but returned to
baseline by 30-min post-exercise, including neutrophils, previously reported to remain elevated for
at least some exercise formats. This highly preserved pattern indicates the importance of the
adaptive response to physical stress across multiple health conditions.

INTRODUCTION

The many known beneficial health effects of exercise depend on the correct balance of
numerous integrated adaptive responses (4). While many biochemical details of this
adaptation are still unclear, several well-established molecular events are known to occur
during exercise, mostly in an intensity-dependent fashion, such as increased oxygen
consumption, carbon dioxide and lactate production (29), and increased systemic
concentrations of glucoregulatory mediators (6), growth factors, cytokines (3), and oxidative
stress markers (25). One major aspect of this complex adaptive network is the marked
leukocytosis that is also induced by exercise; all major subtypes of white blood cells
(WBCs) (neutrophils, lymphocytes, monocytes) are acutely mobilized and activated during
physical activity (12), and their secretion of cytokines/chemokines, as well as the gene
expression of a number of pro-/anti-inflammatory mediators and growth factors (2),(15), are
acutely altered. The current paradigm is a 40-100% increase of all leukocyte subtypes for
most exercise formats, with lymphocytes and monocytes rapidly returning to baseline after
exercise cessation (in fact slightly dipping below baseline) (16) and neutrophils (PMNs)
presenting a more variable post-exercise profile (returning close to baseline for less intense
exercise, or tending to remain elevated for one to several hours after exercise with more
intense physical challenges) (19). The physiological rationale for these strong immunologic
responses is still incompletely understood, although it has been hypothesized this may be a
priming mechanism for possible muscle injuries and impending open-wound infections (17),
(22).

The optimization of exercise regimens is relevant to all children, as physical activity is now
considered an essential component of proper physical and psychological growth and
development (24). Exercise is especially relevant for children with dysmetabolic states that
even include a chonic inflammatory component (obesity, metabolic syndrome, type 1 and 2
diabetes, asthma, etc.). In these conditions, an imbalance of inflammatory processes during
physical activity may result in reduced exercise-related health effects, especially the
prevention or delayed onset and progression of cardiovascular complications (23). Exercise-
induced leukocytosis may play a crucial role in the inflammatory response to stress. As the
overwhelming majority of our knowledge on leukocyte responses to exercise derives from
studies in adults, which often markedly differ in many metabolic aspects from children, the
physiological pediatric leukocyte responses to exercise is incompletely defined, especially
concerning exercise formats reproducing real-life scenarios. More importantly, it is currently



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

etal.

Page 2

unknown whether this response differs across groups of children with chronic inflammatory
conditions, in which only a direct assessment of the molecular adaptation to different
exercise formats can provide the correct conceptual physiological basis for optimal
utilization of exercise as a disease-management tool.

The present study therefore aims to define the characteristics of exercise-induced
leukocytosis during and following two exercise formats that reproduce the intensity and
duration of real-life physical challenges. Studies were performed in healthy children and in
children with common chronic pediatric conditions—overweight (OW), type 1 diabetes
mellitus (T1DM), and exercise-induced asthma (E1A)—whose known hyperactive
immunological status may potentially alter their leukocyte mobilization and/or function in
response to physiological stress.

MATERIALS AND METHODS
Study Design and Participants

All study procedures were authorized by the UC Irvine Institutional Review Board (UCI
IRB) and conducted at the UCI Institute for Clinical Translational Science (UCI ICTS). 87
peri-pubertal children were enrolled, each performing one of two exercise protocols (either
30 or 6 min of cycling) as described below.

Forty-five participants were normal-weight (<85t percentile for age- and gender-adjusted
BMI or BMI1%), healthy children; of these 36 (CTRL-1) completed the 30-min exercise
protocol (Ex;) and 9 (CTRL-2) the 6-min protocol (Ex»). Eighteen children (OW) were
>90t BMI%, but were otherwise healthy, while 16 others had type 1 diabetes (T1DM);
these two groups also performed the Ex; exercise protocol. The last 8 participants had
exercise-induced asthma (EIA); this group, similar to CTRL-2, performed Exo.

Preliminary Visit

At least 2 days before the main study, all subjects and respective parents/guardian
participated in a preliminary visit in which they were fully informed of all procedures and
possible risks, and signed consent and assent forms. A medical history and physical
examination ensured that the following enrollment criteria were fulfilled—CTRL-1 and
CTRL-2: no prior diagnosis of chronic disease, recent common cold, or injury; not taking
over-the-counter or prescription drugs; normal vital signs and BMI1% at visit; OW group:
same as above except for BM1% >90t: T1DM group: same as CTRL groups except for
prior TLDM diagnosis and insulin as only medication; EIA group: same as CTRL groups
except for prior diagnosis of exercise-induced asthma. In an attempt to balance maturational
status across groups, pubertal status was determined in CTRL-1, OW, and T1DM via
completion of a validated standard questionnaire, commonly used in our and other
institutions conducting research on children (18). Mean Tanner stage for the three groups
were 2.8+0.3 (1-5), 2.4+0.3 (1-5), and 3.0+0.3 (1-4), respectively. For the CTRL-2 and
EIA groups, Tanner stage data were incomplete; however, the mean ages (14.1 and 14.2
years) and the gender composition (5/4 and 5/3 M/F ratios) of these two groups were so
similar that effects due to differences in mean maturational status are highly unlikely.

All participants then completed a preliminary cycling test (Ergoline 800S, SensorMedics,
Yorba Linda, CA) conducted by an exercise physiologist from the UCI ICTS. After 2 min of
unloaded pedaling, the resistance on the ergometer was increased by 10-20 watts per min
(~10% of individually predicted maximal workload/min) until subjects were unable to
sustain pedaling (5). Breath-by-breath gas exchange was measured by a standard metabolic
cart (SensorMedics, Yorba Linda, CA), and the anaerobic threshold (AT, a level beyond
which cellular aerobic energy production must be accompanied by anaerobic processes) and
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maximal aerobic capacity (VOomax, the gold standard marker of overall fitness for adults
and children) were obtained.

Study Day Procedures

All subjects reported to the UCI ICTS at ~7:30 a.m. in the morning of the study day. Normal
vital signs were confirmed, and an intravenous catheter was started on the left median
cubital vein for multiple blood draws. After 90 min of rest, baseline blood samples were
obtained, and exercise protocols were started.

30-min Exercise Protocol (CTRL-1, OW, and T1DM Groups)

Subjects performed 10 repeats of 2 min cycling at 80% VOyax followed by 1 min rest; of
the total 30 min, therefore, 20 min were actual exercise and 10 min rest (Exy, Fig. 1). 80%
VOymax Was chosen as it corresponds to approximately midway between AT and VOomax, @
work-rate that would induce a full systemic and molecular exercise response. The
intermittent pattern renders the challenge more acceptable to children and more closely
mimics spontaneous physical activity; it has therefore become a successful standard research
protocol for thousands of children studies at the UCI ICTS. Due to possible fluctuations in
blood glucose that may confound data interpretation in TLDMs, additional precautions were
taken in that group, with multiple prior blood glucose samples and insulin adjustments,
ensuring that for at least 90 min before the study, and throughout all study procedures,
plasma glucose and insulin were in the physiologic range. The details of these pre-study
procedures in TLDM have been previously described in greater detail (8).

6-min Exercise Protocol (CTRL-2 and EIA Groups)

The second groups of healthy children (CTRL-2) and the asthmatic (EIA) performed a 6-
min cycling exercise at a constant rate resulting in a heart rate of 170 beats per min,
corresponding to ~70% VOomax (EXo, Fig. 1); this is the standard exercise challenge test for
diagnosis and monitoring of exercise-induced asthma, as per guidelines issued by the
American Thoracic Society (1). While it would have been ideal to have all children from all
study groups perform both exercise protocols, logistical (initial enrollment in separate
research protocols) and ethical reasons (inability of EIA children to perform the longer
protocol if an asthmatic episode occurred) prompted the choice of the reported number and
type of exercise challenges.

Post-Exercise Procedures

All participants, irrespective of which exercise protocol they had performed, were moved to
a reclining chair immediately after exercise cessation where they sat comfortably for 30 min.
2.0 cc whole blood samples were drawn at baseline, immediately after (within the first 15
sec after the end of cycling, while the subject is still sitting on the ergometer), and 30-min
post-exercise. Only three time points could be used due to volume limitations relative to the
young ages of the participants and to additional assays required by the original protocol
design.

Samples were stored in a sterile B.D. Vacutainer tubes (Becton, Dickson and Company,
Franklin Lakes, NJ; Lot 6178160) coated with 3.6 mg K,-EDTA. The tubes were then
processed at the UCIMC Department of Pathology and Laboratory Medicine. In short, the
samples were inverted 60 times, placed on a mechanical mixer for 2 min and run through a
Beckman Coulter LH750 System (Beckman Coulter, Fullerton, CA) for WBC count with
automated differential and hematocrit. Twelve tubes were loaded onto one hemogard-
specific cassette, which was then inserted into a loading bay and afterwards transferred to
the sampling station, where the stripper plate locks onto the tube. The tube cap is then
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pierced by sensing needle, and 300 uL of sample is aspirated into the blood sampling valve.
28 pL is delivered with 6 mL of diluent to the WBC bath. Count was determined when a cell
in a conductive liquid goes through a small aperture and changes the electrical resistance
between the pulse of the submerged electrodes. For WBC differential, an additional 31 puL of
original blood was retracted into a mixing chamber in the presence of lytic reagent. The
VCS technology was then employed: electrical impedance for cell volume, conductivity for
internal cellular nuclear and granularity, and laser light scattering for cell shape and
granularity. The signals were then amplified and analyzed.

Statistical Analysis

Data analysis was performed by the UCI ICTS biostatistics core. For each study group, the
mixed model, a statistical model for analyzing longitudinal data, was applied to evaluate
absolute cell count changes in total WBC, lymphocytes, neutrophils and monocytes,
respectively, through the three exercise time-points. Data were first tested for presence of
overall differences within the three time point sets, with an overall significance level set at
p=0.05; paired comparisons between baseline, end-exercise, and 30-min post-exercise were
then evaluated at p=0.0167 level, with and without adjusting for covariates (age, gender,
BMI%, and VO,max)- All procedures were performed with SAS 9 statistical software (Cary,
NC).

Adjusting for Covariates

RESULTS

Application of the mixed model as the statistical analysis tool was used to account for the
possible effects of a number of covariates (gender, age, BMI% and VOymay), since they
have been previously reported as possible confounding characteristics (27). In no instance,
however, this adjustment revealed a significant effect on the patterns of exercise-induced
leukocyte changes, and therefore the final analyses were completed without adjusting for
covariates. Interestingly, while in all groups, the 30-min post lymphocyte counts were
slightly (albeit not significantly) below baseline, the only group in which, after adjustment
for covariates, this reduction approached significance was the TLDM group, in which
lymphocytes were 15% lower than baseline with a p-value of 0.035, not sufficient to reach
significance after Bonferroni correction.

Leukocyte Responses to Ex; (30-min Intermittent)

In CTRL-1, the mean baseline total WBC count was 5.9+0.3 (all total and subtype leukocyte
counts results are in units: x103/uL) (Fig. 2). As expected, leukocytosis occurred by end-
exercise (9.0+0.3, +55%, p<0.001) and was corrected by 30-min post-exercise recovery
(5.7+0.3). Lymphocytes and monocytes (baseline: 2.1+0.1; 0.42+0.03, respectively)
followed a similar pattern, increasing at end-exercise (3.4+0.1, +73%; 0.65+0.03, +72%,
respectively; p<0.001 for both) and returning to baseline levels at 30-min post (1.9+0.1;
0.44+0.03, respectively). Interestingly, and contrary to what has been reported in many
exercise studies on adults, neutrophils also followed a similar pattern, with baseline levels of
3.2+0.3, an end-exercise increase to 4.7+0.3 (+48%, p<0.001), and a return to levels
comparable to baseline by 30-min post-exercise (3.3+0.3).

In the other two groups utilizing the 30-min protocol (OW and T1DM), leukocyte responses
to exercise were similar to CTRL-1, with comparable leukocytosis at end-exercise and
return to baseline by 30-min of recovery. In the OW group, baseline levels of total WBCs,
neutrophils, lymphocytes, and monocytes were 6.0+0.3, 3.2+0.3, 2.1+0.2, and 0.460.03,
respectively; exercise-induced changes were 8.0+0.3 (+35%), 4.2+0.3 (+35%), 3.0+0.2
(42%), and 0.56+0.03 (+22%), respectively (Fig. 2) and p<0.001 for all changes; and at 30-
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min post, counts were 6.0£0.3, 3.3+£0.3, 2.0+0.2, and 0.43+0.03, respectively. In the TIDM
group, baseline levels of total WBCs, neutrophils, lymphocytes, and monocytes were
5.4+0.4, 2.3£0.3, 2.4+0.1, and 0.40£0.05, respectively; exercise-induced changes were
7.9+0.4 (+48%), 3.3+0.3 (+40%), 3.7+0.1 (+57%), and 0.65+0.05 (+66%), respectively,
p<0.001 for all; and 30-min post counts were 4.9+0.4, 2.2+0.3, 2.1+0.1, and 0.38+0.05,
respectively.

Leukocyte Responses to Ex, (6-min Continuous)

The remaining two groups of subjects (CTRL-2 and EIA) performed a constant load, 6-min
exercise protocol at HR of 170 bpms (resulting in ~70% VOymax) (Fig. 1). Despite the
marked differences between the two types of exercise, the general pattern of leukocyte
changes was similar to that observed in the 30-min exercise protocol. In CTRL-2, significant
increases were observed from baseline to end-exercise in total WBCs (from 6.0£0.5 to
8.9+0.5, +50%, again, all leukocyte counts are in units: x103/uL), neutrophils (from 3.0+0.3
to 3.9+0.3, +33%), lymphocytes (from 2.3+0.2 to 3.8+0.2, +69%) and monocytes (from
0.42+0.05 to 0.72+0.05, +81%) (Fig. 2), p<0.001 for all changes. At 30-min post all counts
returned to baseline levels (total WBCs, 5.8+0.5; neutrophils, 3.1+0.3; lymphocytes,
2.0+0.2; and monocytes, 0.43+0.05).

Similarly, in the EIA group, all leukocyte counts were significantly increased at end-
exercise as compared to baseline: total WBCs, from 5.3+0.5 to 8.4+0.5, +60%; neutrophils,
from 2.8+£0.3 to 3.9£0.3, +39%; lymphocytes, from 1.9+0.3 to 3.6+0.3, +88%; and
monocytes, from 0.32+0.06 to 0.61+0.06, +111%), p<0.001 for all. Again, by 30-min post,
all leukocyte counts had returned to levels comparable to baseline (total WBCs: 5.5+0.5;
neutrophils: 3.0+0.3; lymphocytes: 1.9+0.3; monocytes: 0.35+0.06). As eosinophils and
basophils have been implicated in chronic anaphylactic conditions such as asthma, their
levels were also examined between CTRL-2 and EIA. Values were similar between groups
at baseline (0.31+0.04 and 0.22+0.05, respectively for eosinophils; 0.031+0.007 and
0.031+0.005, respectively, for basophils), and remained similar at end-exercise (0.42+0.03
and 0.28+0.02, respectively, for eosinophils; 0.044+0.007 and 0.029+0.005, respectively, for
basophils) and at 30-min post (0.28+0.01 and 0.21+0.01, respectively, for eosinophils;
0.033+0.004 and 0.023+0.004, respectively, for basophils).

It is important to report that four out of the eight EIA subjects actually developed an
asthmatic episode during the exercise challenge, while still managing to finish the 6 min
bout. Interestingly, the WBC response to exercise was similar in these subjects when
compared to the EIA subjects who did not experience an asthmatic attack as well as to
control subjects. This consistency also included eosinophil and basophil responses to
exercise.

Individual Neutrophil Responses to Exercise

As post-exercise neutrophil counts have shown considerable variability in prior studies,
possibly due to differences in exercise intensity, timing of sampling, and age of participants,
individual neutrophil profiles were analyzed in depth for all children in this study (Fig. 5).
The rapid correction of end-exercise neutrophilia, shown by the mean values of each
experimental group, was indeed reflected in the large majority of individual profiles (83/87
subjects, or 95.5%). In the only 4 instances that neutrophilia was sustained at the 30-min
post time-point, no systematic unifying characteristic across subjects was found, as they
belonged to different experimental groups (one in CTRL-1, one in TIDM, and two in
CTRL-2), and differed considerably by gender, BMI, fitness, and maturational status.
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DISCUSSION

The most interesting finding from this study is that healthy children as well as children with
different common chronic inflammatory conditions (overweight, TIDM, EIA) undergoing
different exercise formats (30-min intermittent at 80% VOymax and 6-min constant at ~70%
VOomax) all experienced a highly consistent pattern of leukocyte changes in response to
exercise. In all experimental groups, all leukocyte subtypes increased significantly at end-
exercise, and counts returned to near-baseline levels within the following 30 min.

The fact that this pattern of leukocyte changes is so strictly maintained, independent of
exercise type and pediatric subpopulation, suggests its importance as a crucial component of
pediatric adaptation to stress. Furthermore, this response pattern was observed not only for
the two exercise regimens used in our study (utilizing differing moderate intensities—80%
and 70% VOymax—and durations—30-min intermittent and 6-min constant), but also in the
more strenuous and prolonged protocol used in a prior study by Timmons et al (60-min
constant load at 70% VOymnax) in healthy children (26). More importantly, in our study, the
same pattern was maintained in healthy children and children with commonly occurring
chronic conditions involving immune dysfunctions (overweight, TLDM, EIA). This
remarkable homogeneity was not only displayed through mean group results, but was
confirmed at the individual level in >95% of participants. Indeed, only 4 out of 87 subjects
displayed sustained post-exercise neutrophilia. These subjects were distributed across 3
different experimental groups, and varied broadly in a number of pertinent characteristics:
one was a healthy post-pubertal female with somewhat high BMI1% and low fitness; the
second, a T1IDM pre-pubertal female with low BMI1% and high fitness; and the last two
healthy pre-pubertal males, one with low BMI1% and with high fitness and the other with
medium BMI% and fitness. It should be noted that we did not make any measurement past
the 30-min post time-point. Earlier studies have shown, at least for more intense and
prolonged exercise regimens, that neutrophils (after returning to baseline 30 min following
exercise cessation) may have a rebound increase after an additional 30 min (10),(27).
Ascertaining whether this observation also occurs in response to moderate exercise
challenges used in the present study will require additional work.

Despite the reported lack of differences across groups in the characteristics of post-exercise
leukocytosis, prior evidence suggests that exaggerated inflammatory activation in response
to exercise indeed occurs in dysmetabolic conditions; in type 1 diabetic children, for
instance, elevated levels of IL-6 and accelerated kinetics of multiple pro-inflammatory
mediators have been observed during exercise (7),(21), while in obese children elevated
markers of both oxidative stress and inflammation have been reported (13). It is therefore
likely that these changes, while significantly affecting the overall inflammatory status, did
not occur as a consequence of apparent increases in leukocyte circulating numbers.
Alternative mechanisms may include cytokine secretion from tissues other than leukocytes,
and/or the enhancement of cytokine production from the same number of circulating
leukocytes. The latter hypothesis is supported by recent observations that at least a fraction
of circulating leukocytes display enhanced cytokines secretion and increased RNA
expression of possibly hundreds of leukocyte genes in response to exercise for adult subjects
(2),(15),(30). That this may also occur in children was recently confirmed in a study by our
group, in which expression of ~140 genes was altered in healthy pre-pubertal boys
challenged with the same exercise protocol used in the present study (20). Whether these
changes reflect an activation of previously circulating leukocytes, a release of new
leukocytes with varying activation levels into circulation, or a combination of those two
processes, and the numbers of the originally circulating leukocytes that remain in the
bloodstream after correction of exercise-induced leukocytosis, are all intriguing questions
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that the current study cannot elucidate but that are likely to be the objectives of future
investigations.

A relatively well-established concept associated with post-exercise leukocyte status is that
shortly after exercise cessation, a rapid decline of lymphocyte counts below pre-exercise
levels is often observed,; as this is also often associated with reduced NK cells function, a
transiently increased risk of upper respiratory infections has been reported, leading to the
formulation of the “open window” of susceptibility hypothesis (17). In our study, although
the mean post-exercise lymphocyte counts of all five experimental groups indeed dropped
slightly below baseline, this drop was quantitatively very small, never reaching statistical
significance. Interesting, while the lymphocyte counts in the OW, EIA, and in the two
CTRL groups were on average ~7% lower at 30-min post-exercise when compared to
baseline, this reduction was ~15% in the TLDM; and even though this reduction was also
not statistically significant, the observed process is consistent with the notion of increased
susceptibility to infections in diabetic children (11),(28) and suggests that exercise
modulation of immune responses may be a risk factor of this pathogenetic mechanism. It
should also be noted that our study only reported overall lymphocyte counts; differing
behaviour of lymphocyte subpopulations (B cells, T helpers and T suppressors, NK cells) in
response to exercise can certainly represent an additional mechanism by which immunity is
modulated through exercise and deserves attention in future research.

The practical importance of our findings rests on a current paradoxical situation of the
increased need for specific exercise protocols tailored towards a variety of pediatric
conditions and the unavailability of physiological basis to develop them. If properly utilized,
regular physical activity retains major protective effects against cardiovascular morbidity
and mortality (14). Maintaining an active lifestyle is therefore even more important for
patients at increased risk for these outcomes, such as the obese, diabetic, and asthmatic
pediatric subpopulations (9),(23). Obesity, diabetes, and asthma, on the other hand, are
intrinsically associated with immunologic dysregulations that may alter molecular responses
and possibly reduce the health benefits of exercise (for at least some types of activities) (4).
While the extent and physiological significance of these potential alterations are still
incompletely understood, the optimal use of exercise in preventing diseases in children must
be based on a thorough understanding of all aspects of its underlying mechanism and
various molecular pathways. In this context, the observation from the present study can help
define a strongly preserved component of exercise adaptation in the pediatric population as a
whole.

In conclusion, we report here that the pattern of acute exercise-induced leukocytosis is
rapidly corrected in children within 30 min after exercise cessation. This process occurred
similarly across different exercise formats, as well as in healthy children and in children
with common chronic conditions, suggesting that this response is a strongly protected
adaptive paradigm during the pediatric age.
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Experimental Paradigm
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Fig. 1.
Schematic of exercise protocols. Grey areas represent actual exercise time. Arrows indicate
time of blood sampling.
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Fig. 2.

Leukocyte responses to 30-min intermittent cycling at 80% VO,max (Ex;) in healthy
(CTRL-1), overweight (OW) and type 1 diabetic (T1LDM) children. Values are group means
+ SE. * signify p<0.001, end-exercise versus both baseline and 30-min post-exercise.
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EIA
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Leukocyte responses to 6-min continuous cycling at ~70% VOomax (Ex») in healthy
children (CTRL-2) and children with exercise-induced asthma (EIA). Values are group
means + SE. * signify p<0.001, end-exercise versus both baseline and 30-min post-exercise.
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Fig. 4.

Neutrophil responses to two exercise formats (30-min intermittent cycling at 80% VO,max,
Ex3, and to 6-min continuous cycling at ~70% VO,max, Ex») in healthy children (CTRL-1
and CTRL-2) and children with exercise-induced asthma (EIA), overweight (OW), and type
1 diabetes (T1DM). Values are group means + SE. * signify p<0.001, end-exercise versus
both baseline and 30-min post-exercise.
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Fig. 5.

30-Post

Individual neutrophil response to 30 min of intermittent cycling exercise (Ex4) in 36 healthy

children.
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