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Abstract

Purpose Heat stress exacerbates post-exercise hypotension (PEH) and cardiovascular disturbances from elevated body
temperature may contribute to exertion-related incapacity. Mast cell degranulation and muscle mass are possible modifiers,
though these hypotheses lack practical evidence. This study had three aims: (1) to characterise pre—post-responses in hista-
mine and mast cell tryptase (MCT), (2) to investigate relationships between whole body muscle mass (WBMM) and changes
in blood pressure post-marathon, (3) to identify any differences in incapacitated runners.

Methods 24 recreational runners were recruited and successfully completed the 2019 Brighton Marathon (COMPLETION).
WBMM was measured at baseline. A further eight participants were recruited from incapacitated runners (COLLAPSE).
Histamine, MCT, blood pressure, heart rate, body temperature and echocardiographic measures were taken before and after
exercise (COMPLETION) and upon incapacitation (COLLAPSE).

Results In completion, MCT increased by nearly 50% from baseline (p =0.0049), whereas histamine and body temperature
did not vary (p > 0.946). Systolic (SBP), diastolic (DBP) and mean (MAP) arterial blood pressures and systemic vascular
resistance (SVR) declined (p <0.019). WBMM negatively correlated with A SBP (r=— 0.43, p=0.046). For collapse versus
completion, there were significant elevations in MCT (1.77 £0.25 pg/L vs 1.18 +0.43 pg/L, p=0.001) and body temperature
(39.8+1.3 °C vs 36.2+0.8 °C, p<0.0001) with a non-significant rise in histamine (9.6 +17.9 pg/L vs 13.7+33.9 pg/L,
p=0.107) and significantly lower MAP, DBP and SVR (p <0.033).

Conclusion These data support the hypothesis that mast cell degranulation is a vasodilatory mechanism underlying PEH
and exercise associated collapse. The magnitude of PEH is inversely proportional to the muscle mass and enhanced by
concomitant body heating.

Keywords Anaphylaxis - Mast cells - Basophils - Exercise-associated collapse - Exertional heat illness - Heat stroke -
Tryptase - Syncope - Degranulation
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Introduction

Light headedness, faintness, dizziness or collapse are com-
mon causes for presentation to medical facilities during,
and after, marathon races (Roberts 2000, 2007). The aeti-
ology of incapacitation in these circumstances is thought
to include exaggerated post-exercise hypotension due to
pooling of blood in the lower extremities, secondary to
decreased vascular resistance in conjunction with reset-
ting of the baroreflex (Asplund et al. 2011; Halliwill et al.
2015). Post-exercise hypotension is characterised by a
persistent drop in systemic vascular resistance (SVR), in
the absence of adequate increases in cardiac output (CO)
to match pre-exercise blood pressure. Loss of the “muscle
pump” upon cessation of exercise, coupled with exertional
hypohydration, and increased venous pooling leads to a
reduction in central venous pressure (CVP) and cardiac
filling(Halliwill et al. 2000). In healthy individuals, dur-
ing exercise, blood pressure increases proportional to
workload (Iellamo 2001) despite a sustained vasodilation
observed within skeletal muscle(Harold Laughlin et al.
2012; Halliwill et al. 2013, 2015) demonstrated following
whole body exercise and after exercising a smaller muscle
mass(Halliwill et al. 1996; Barrett-O’Keefe et al. 2013).
However, it is unknown if the whole body muscle mass
(WBMM) (absolute and as a percentage of body mass)
correlates with the degree of vasodilation, and subsequent
post-exercise hypotension.

Combined H;, and H, receptor antagonism has
been shown to significantly reduce post-exertional
vasodilation(Lockwood et al. 2005; McCord et al. 2006;
McCord and Halliwill 2006) which has led to the hypoth-
esis that histamine may be a significant compound driv-
ing vasodilation and, consequently, post-exertional
hypotension(Halliwill et al. 2013). Histamine is a biogenic
amine, with potent vasoactive effects. It is generated intra-
cellularly from histadine by histadine decarboxylase, with
primary storage in the secretory granules of mast cells
and basophils. Tryptase, commonly known as mast cell
tryptase (MCT), is relatively specific for histamine release
and coincident with mast cell activation (Laroche et al.
1992). Elevated plasma or serum MCT levels, therefore,
indicate mast cell activation, degranulation and histamine
release into the extracellular environment (Kabashima
et al. 2018). MCT is commonly used to support the clini-
cal diagnosis of anaphylaxis where MCT rise, due to
widespread mast cell degranulation, correlates with the
magnitude of hypotension and may persist in the blood for
several hours (Dua et al. 2018). In the context of exercise,
plasma MCT has been studied in the context of exercise-
induced anaphylaxis (Schwartz 1995), a rare condition
where anaphylaxis is associated with physical exertion.
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Post-exercise hypotension is exacerbated by heat stress
(Rivas et al. 2019) from strenuous or prolonged muscular
exertion, and may result in relatively reduced skin blood
flow and sweating (Kenny and McGinn 2017), so delay the
expected restoration of thermoregulation following cessa-
tion of exertional metabolic heat production. Histamine is
also released during exercise (Lockwood et al. 2005) and
heat may be causal in mast cell degranulation (Luttrell and
Halliwill 2017). Histaminergic vasodilation may, therefore,
be contributory to instances of collapse during exercise such
as exertional heat illness.

We hypothesised that marathon running would associate
with elevated MCT, and possibly histamine, detectable in the
systemic circulation and that this would be reflected in car-
diovascular responses observed with exercise. We were also
interested to explore whether such changes would vary in
collapsed runners, who may be subject to similar but poten-
tially more pronounced physiological responses in the con-
text of hyperthermia contributing to incapacity. We further
hypothesised that muscle mass (absolute and as a percentage
of body mass) would predict changes in histamine, MCT or
blood pressure.

Therefore, this study had three distinct aims: (1) to dem-
onstrate differences in mast cell tryptase (MCT) and/or his-
tamine in healthy runners following completion of a mara-
thon, in comparison to resting samples. (2) To investigate
relationships between muscle mass and changes in blood
pressure. (3) To identify differences in histamine and MCT
in collapsed runners in comparison to healthy runners who
completed the race.

Methods
Experimental design

A prospective cohort study of recreational runners were
recruited prior to the 2019 Brighton Marathon (COMPLE-
TION group) following ethical approval (London South East
ethics committee (19/L0O/0340 247967). Blood samples,
echocardiography, physiological measurements and body
composition analysis was performed. All measures were
performed in the 48 h preceding the start of the marathon
(COMPLETION-pre) and repeated immediately following
the race completion (COMPLETION-post), with the excep-
tion of body composition (rested baseline only). Blood anal-
ysis was repeated 4 h post-marathon and 24 h post-marathon
where possible. A further case—control study was performed
where collapsed runners were recruited (COLLAPSE group)
who had equivalent measures taken as soon as possible
(<30 min) post-collapse. The collapse group was compared
to the COMPLETION-post. The local ambient temperature



European Journal of Applied Physiology (2021) 121:1451-1459

1453

on the day was 8 °C increasing to 12 °C over the timeframe
of the marathon event with a humidity range of 49-78%.

Participants

Overall 24 recreational runners were recruited (COMPLE-
TION group). No participants were taking antihistamines.
23 participants self-identified as being “White British® with
1 participant self-identifying as ‘Mixed Race-Asian’. Six
participants were additionally available for blood sampling
at 4 h post-run and four participants had measures at 24 h
following marathon completion. Participants with a history
of ‘heat illness, exercise-induced urticaria, exercise-induced
anaphylaxis or exercise-induced hypersensitivity syndromes’
were excluded. Eight participants were recruited from
among runners treated for collapse on the course (COL-
LAPSE group), or close to the finish line.

Blood samples

Blood samples was drawn at the antecubital fossa. Whole
blood was immediately centrifuged, and the plasma
extracted and immediately frozen in liquid nitrogen and
stored at — 86 °C until analysis (Affinity Biomarker Labs,
London, UK). Histamine were measured using solid-phase
enzyme-linked immunosorbent assay (ELISA) kits (Tecan,
Reading, UK). MCT levels were measured using a sandwich
ELISA (Abbexa Ltd, Cambridge, UK). The intra-assay pre-
cision range of the histamine assay was 0.5-85 pg/L [coef-
ficient of variability (CV) 2.2-9.2%] and an inter-assay
precision range of 7.6-86 pg/L (CV 6-13.8%) The intra-
assay and inter-assay precision range of the MCT assay was
1.5-12 pg/L and a CV of < 10% and < 12%, respectively.

Transthoracic echocardiography

Prior to marathon, and immediately on finishing, COM-
PLETION participants underwent a resting transthoracic
echocardiogram (TTE) (CX50, Phillips, Amsterdam, Neth-
erlands) performed by two blinded British Society of Echo-
cardiography or European Society of Cardiology accredited
practitioners. Post-processing was performed using Xcelera
(Phillips, Amsterdam, Netherlands). TTE was performed in
the partial left decubitus position except for subcostal views.
A parasternal long-axis image was recorded with measure-
ment the LVOT diameter. Left ventricular stroke volume
(SV) was calculated in at least one of two ways: (1) from
the product of the velocity—time integral (cm) of the pulsed-
wave Doppler in the left ventricular outflow tract (LVOT)
and the LVOT cross-sectional area (nr® in cm?), determined
by a TTE measurement of the LVOT in the parasternal long-
axis view; (2) From the subtraction of the left ventricular
end systolic volume (LVESV) from the left ventricular

end diastolic volume (LVEDV), calculated using Simpson
biplane method (Wharton et al. 2015), in both two-chamber
and four-chamber views, where possible, and then averaged.
The maximal inferior vena cava diameter was recorded
and the degree of respiratory collapse was noted with the
collapsibility index calculated. The left atrial volume was
measured in four-chamber view, and where possible, two-
chamber view. The right atrial volume were measured in
four-chamber view. We estimated the right atrial pressure
by the inferior vena cava (IVC) diameter and collapsibility
only; as outlined by the American Society of Echocardiog-
raphy (Lang et al. 2015). Where the IVC was <2.1 and col-
lapsed > 50% a right atrial pressure (RAP) of 3 mmHg was
given. Where the IVC was>2.1 cm and collapsed < 50% a
RAP of 15 mmHg was given. Where the IVC diameter and
collapsibility did not fit this criteria a RAP of 8§ mmHg was
given. For the COLLAPSE group, measures were performed
as soon as possible following incapacitation. No baseline
measures were performed in the COLLAPSE group.

Physiological measurements and body composition
analysis

Heart rate (HR), systolic (SBP) blood pressure, dias-
tolic blood pressure (DBP) peripheral oxygen satura-
tions (SpO,) were measured with the participants lying
at rest for 5 min (GE Carescape V100, UK). MAP was
calculated from the SBP and DBP and corrected for HR
[DBP+0.33+(HR x0.0012) x (SBP-DBP)] (Razminia et al.
2004). Tympanic temperature was measured (Braun Ther-
moscan 3020, Kronberg, Germany) and height was recorded
barefooted using a stadiometer. In the COLLAPSE group, a
core (rectal) temperature measurement was taken. CO was
calculated by multiplying the SV (VTI x LVOT cross-sec-
tional area) by the HR. The cardiac index (CI) was calculated
by dividing the CO by the body surface area (BSA) (Mostel-
ler). The SVR was calculated by 80x (MAP-CVP)/CO with
the SVR index (SVRI) calculated by 80x (MAP-CVP/CI).
For the purposes of the study, the TTE estimate RAP was
considered analogous to central venous pressure. Body com-
position was measured by bioelectrical impedance (Tanita,
MC-780MA P) also barefooted with minimal clothing with
WBMM recorded as absolutes and as a proportion (%).

Statistical analysis

Mast cell tryptase has not been measured in relation to
marathon running, but the mean and standard deviation
of tryptase in normal participants in a study of 56 par-
ticipants (Schwartz et al. 1994) was 4.9 +2.3 pg/L. We,
therefore, calculated that 21 participants would detect a
40% rise in tryptase (alpha 0.05, beta 0.8). As recruitment
to the study was dependent upon the dynamic availability
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of collapse cases, a formal power calculation for compari-
son with completion was not undertaken.

Measures were assessed for normality using the Shap-
iro—Wilk test prior to data analysis. For the primary aim, pre-
and post-measures in the completion group were compared
using a repeated measures one-way ANOVA of selected
pairs (mixed effects model to account for any partially com-
plete data) with correction for multiple comparisons (Holm-
Sidak). For 4 h and 24 h, MCT measures a paired Student’s ¢
test was performed comparing the delayed measures (4 h and
24 h) with baseline measures. For Aim 2, post-marathon col-
lapse measures were compared to corresponding completion
measures using an unpaired Student’s ¢ test for parametric
values and Mann—Whitney U test for non-parametric values.
For Aim 3, correlation analysis was performed for muscle
mass (absolute and proportion of total body mass) with SBP,
DBP and MAP. Values were expressed as mean and standard
deviation. The « level was set to 0.05. All statistical analy-
ses were performed using GraphPad Prism 8.0, GraphPad
Software, San Diego, California.

Results

COMPLETION participants were 39 +9 years old, of whom
10 (42%) were female and 14 (58%) male. This group fin-
ished the marathon in 252 (4.2 h) +42 min. Body mass index
pre-marathon was 24.0 +2.5 kg/m?. Pre- and post-marathon
comparison can be seen in Table 1. In the COMPLETION
group, six participants were available to attend for further
blood samples, MCT remained significantly elevated at 4 h
(0.87+0.32 pg/L) versus rested baseline (0.58 +0.33 pg)
p=0.040. In four participants, the MCT remained elevated
at 24 h (0.88 +£042 pg/L) compared to baseline but this was
not significant (p =0.668).

The mean body mass of the COMPLETION group was
73.5+10.5 kg pre-marathon and 70.7 + 9.8 post-marathon
(p<0.0001) with a mean A of — 1.72+1.2 kg (2.3%). The
mean WBMM was 55.4+10.1 kg with a mean %WBMM
of 75.1 £7%. On correlating absolute WBMM, there was
a significant negative correlation with ASBP (r=— 0.43,
p=0.046) (Fig. 1). The %WBMM was also negatively

Table 1 A comparison of pre- and post-marathon histamine, mast cell tryptase, physiological observations, and echocardiographic derived

measures
Baseline Post marathon p value
Mean (SD) Mean (SD)

Blood plasma
Histamine (pg/L) 0.46 (0.37) 13.7(33.9) 0.3887
Mast Cell Tryptase (pg/L) 0.81 (0.39) 1.12 (0.43) 0.0049%**

Physiological observations
Resting heart rate (/min) 57 (13) 85 (15) <0.000] #***
Temperature (°C) 36.2 (0.7) 36.2 (0.8) 0.9462
Systolic blood pressure (mmHg) 126 (17) 113 (17) 0.0192%*
Diastolic blood pressure (mmHg) 81(8) 72 (7) 0.0006%**
Mean arterial pressure (mmHg) 84 (8) 77 (8) 0.0024%**

Echocardiographic-derived measures
LVEDV/BSA (ml/m?) 71(12) 60 (14) 0.0234*
LVESV/BSA (ml/m?) 29 (7) 24 (8) 0.0192%*
LVSV/BSA (LVEDV-LVESV) (ml/mz) 42 (6) 36 (8) 0.00087%**
LVSV/BSA (LVOT area x LVOT VTI) (ml/mz) 44 (9) 41 (9) 0.6725
Cardiac index (L/m?) 2.44 (0.68) 3.52(0.85) 0.0008 %3
Left atrial volume/BSA (ml/m?) 24 (7) 21 (8) 0.3546
Right atrial volume/BSA (ml/m?) 25 (10) 20 (9) 0.3887
IVC diameter (expiration) (cm) 1.95 (0.49) 1.35 (0.45) 0.0003 %33
Central venous pressure (cm) 8.6 (3.8) 6.4 (3.1) 0.2076
Systemic vascular resistance index (dynes - sec/cm’/m?) 2669 (857) 1670 (451) 0.00087%*:*

LVEDYV left ventricular end diastolic volume, LVESV left ventricular end systolic volume, BSA body surface area (Mosteller), LVOT left ven-

tricular outflow tract, VTT velocity time integer, IVC inferior vena cava
*<0.05

**<0.01

*#% <0.001

*HEE <0.0001
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correlated with ASBP (r=— 0.23) but this was not significant
(»=0.30). There was also non-significant negative correla-
tion with WBMM and ADBP (WBMM: r=— 0.37, p=0.090,
%WBMM: r=- 0.36 p=0.097) or AMAP (WBMM:
r=—10.38 p=0.085, ZWBMM r=— 0.33 p=0.133).

When comparing the change in BP (COMPLETION-
post—COMPLETION-pre) by sex, there was a significant
differences in mean DBP (men — 12.6 mmHg; women
—4.44 mmHg p=0.045), MAP (men — 11.1 mmHg, women
—3.11 mmHg, p=0.047) but not SBP (men — 13.7 mmHg,
women — 5.78 mmHg, p=0.52) (two-way ANOVA mixed
effects model with Sidak's correction for multiple compari-
sons). There was no significant difference between men and
women in terms of the magnitude of MCT or histamine rise
post-marathon.

20 -

o

-20

ASBP (mmHg)

-40 -

-60 -
Muscle Mass (kg)

Fig. 1 Linear regression of whole body muscle mass and A sys-
tolic blood pressure (?=0.19) Equation: A systolic blood pres-
sure=— 0.6582* total body muscle mass+26.01). SBP systolic blood
pressure (mmHg). Muscle mass (kg) as recorded by bioelectrical
impedance

Of the eight COLLAPSE participants, five were male
(62.5%), three were female (37.5%). The COLLAPSE
group’s post-marathon results are compared to COMPLE-
TION in Table 2. Overall 5/8 participants (62.5%) under-
went echocardiography. MCT measured in COLLAPSE
exceeded both pre- and post-marathon values in COMPLE-
TION (Fig. 2).

Discussion

This is the first study to establish that marathon running
increases plasma MCT. In addition, MCT was shown to be
more pronounced in runners collapsing with relative hypo-
tension and hyperthermia versus successful finishers. To
our knowledge, it is also the first to demonstrate a relation-
ship between WBMM and the magnitude of post-exertional
hypotension. The novel increase in MCT, in the healthy run-
ners who completed the marathon, is likely derived from
degranulation of mast cells associated with the exercising
muscle and its vascular supply (Metcalfe et al. 1997). In
this sense, the measures recorded upon completion of the
marathon may have represented ‘spill-over’ from local tissue
mast cell populations, with the relatively greater half-life
and reduced clearance of MCT versus histamine facilitating
observation of the former, but not the latter, in blood drawn
from the venous circulation.

These data support the hypothesis that mast cell degranu-
lation contributes to cardiovascular changes with exercise. A
previous study has shown elevations post-exercise in inter-
stitial tryptase and histamine in skeletal muscle (Romero
et al. 2017). We were unable to find a significant increase

Table2 A comparison of
participants of post-marathon
values of participants who

completed the marathon
(COMPLETION-post) with
participants who collapsed
during, or following, the
marathon completion
(COLLAPSE)

Collapse Completion-post P value
Mean (SD) Mean (SD)
Blood plasma
Histamine (pg/L) 9.6 (17.9) 13.7 (33.9) 0.1074
Mast cell tryptase (pg/L) 1.77 (0.25)  1.18 (0.43) 0.0010%*
Physiological observations
Resting heart rate (/min) 124 (23) 85 (15) <0.000] ##**
Temperature °C) 39.8 (1.3) 36.2 (0.8) <0.000] #sk#%
Systolic blood pressure (mmHg) 115 (13) 113 (17) 0.8452
Diastolic blood pressure (mmHg) 60 (9) 72 (7) 0.0012%*
Mean arterial pressure (mmHg) 68 (9) 77 (8) 0.0327*
Echocardiographic-derived measures
Systemic vascular resistance (dynes - sec/cm’) 537 (197) 898 (245) 0.0049%*
Stroke volume ml 84 (25) 78 (17) 0.4986
Cardiac output L/m 10.0 (3.5) 6.5 (1.7) 0.002%#*

*<0.05
**<0.01

% <0.001
ik <0.0001
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Fig.2 Plasma mast cell tryptase levels in COMPLETION-pre
(n=24, p=0.0049) and COLLAPSE (n=8, p=0.001) compared to
COMPLETION-post

in histamine post-marathon in comparison to baseline or on
comparing COMPLETION-post group to COLLAPSE. This
is in keeping with other studies which have found the rise
in plasma histamine difficult to demonstrate (Halliwill et al.
1996; Ely et al. 2017), although less contemporary stud-
ies have shown a histamine rise (Dunér and Pernow 1958;
Harries et al. 1979). Difficulties in measuring histamine are
thought to be due to the inherent short half-life of plasma
histamine, with rapid diffusion (Schwartz et al. 1989; Laro-
che et al. 1992), which predominantly exerts a local effect
in skeletal muscle tissue (Romero et al. 2017). While we
attempted to take blood as soon as possible following race
completion in the COMPLETION group and as soon as pos-
sible following collapse in the COLLAPSE group, there was
an unavoidable non-standard delay which could have influ-
enced the accuracy of histamine levels. The MCT concen-
tration can be considered more robust and still significantly
elevated at 4 h post-race completion.

The correlation between the change in SBP and baseline
muscle mass supports muscle-associated mechanisms in
mediating the haemodynamic response post-marathon, for
which there are numerous other explicatory candidates. Fac-
tors associated with immediate post-exercise hyperaemia are
considered less dependent upon the condition set by the work
done by the muscles which, in whole body exercise, may be
reflected in muscle mass (Morganroth et al. 1975; Bangsbo
and Hellsten 1998). However, mechanisms such as baroreflex
resetting have been postulated to be directly proportional to
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the muscle mass involved in exercise (Halliwill et al. 2013).
This would be consistent with our post-marathon sampling
window capturing the sustained period of post-exercise
vasodilatation known to follow moderate intensity and last
in excess of 2 h, rather than the acute hyperaemic phase of
post-exercise hypotension. Whilst there was no significant
correlation with MAP and DBP the trend was, as with SBP,
negatively correlated with WBMM. We did find a statisti-
cally significant increased difference (COMPLETION-post—
COMPLETION-pre) in ADBP and AMAP in men, compared
to women. In a novel model of post-exercise syncope Lace-
well et al. found a significantly increased risk of syncope in
men compared to women with the cause of tilt-test termi-
nation being hypotension in conjunction with pre-syncopal
symptoms (Lacewell et al. 2014). Given the known sex differ-
ences in body composition this would support the hypothesis
that a greater muscle mass results in greater post-exertional
vasodilation, although this was not supported by differing
MCT levels in men compared to women.

We detected a significant decrease in IVC diameter with
marathon participation in COMPLETION, which along with
the significant mean change of — 1.7 kg in body mass would
suggest a degree of hypohydration post-marathon, although
this was within prescribed limits for safe endurance exercise
performance (Sawka et al. 2007). In a study of endurance,
runners competing in an 80 km footrace Holtzhausen and
Noakes found the degree of postural variation in blood pres-
sure was unrelated to the degree of hypohydration (mean
4.6%) (Holtzhausen and Noakes 1995). Overall, this would
support the hypothesis that the decrease in blood pressure
values from pre to post, as seen in the COMPLETION group,
are predominantly driven by exercise-induced vasodilatory
and baroreceptor changes with hyperthermia or hypohydra-
tion being secondary factors (Asplund et al. 2011). This is
supported by the echocardiographic data where there was
significant decrease in SVRI (calculated from the reduced
MAP, CVP and CI) in COMPLETION-post in comparison
to COMPLETION-pre. Other factors that may play a role
(Noakes 2007) include impaired sympathetic vascular regu-
lation (Halliwill et al. 1996) and impaired cerebral autoregu-
lation (Williamson et al. 2004; Carter et al. 2006).

In keeping with the significantly elevated core temperature
in COLLAPSE vs COMPLETION-post, the working clinical
diagnosis assigned to COLLAPSE cases was exertional heat
illness. In health, the return of heat production to baseline rate
with cessation of exercise is paradoxically met with abrupt
centrally mediated suppression of heat loss from resetting of
thermoregulatory reflexes, resulting in a sustained elevation
in muscle and core temperature (Kenny and McGinn 2017).
The post-exertional pooling of blood in the muscles of the
lower limbs post-exercise reduces heat exchange resulting in
the storing of heat in previously active muscles (Brotherhood
2008). This can maintain an elevated core temperature via
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convective exchange between blood and muscle (Brotherhood
2008) despite removal of the exertional metabolic heat stimu-
lus. High metabolic and/or environmental heat loads exacer-
bate muscular heat content, and subsequent core temperatures,
which can translate into significant post-exercise hypotension
(Keyzer et al. 1984; Kenny and McGinn 2017) and thermal
strain (Brotherhood 2008). The alteration in post-exercise
thermoregulatory function has been associated with resetting
of the baroreflex, which also contributes to systemic vaso-
dilation and a pooling of blood in the extremities resulting
in reductions in blood pressure (Halliwill et al. 2013). Mast
cell degranulation contributes to cardiovascular changes with
exercise and the present study indicates that these mechanisms
may predispose or complicate supervening exertional heat ill-
ness as part of a continuum spanning post-exertional hypoten-
sion to exertional heat illness. Elevated temperature has also
been implicated as a mechanism of mast cell degranulation
(Halliwill et al. 2015; Luttrell and Halliwill 2017).

Urinary histamine and its metabolites have also been
reported in the presence of histamine-producing bacteria in the
gastrointestinal tract (Keyzer et al. 1984). Exercise is known to
adversely disrupt the gastrointestinal barrier integrity (Parsons
et al. 2019) and these bacteria may hypothetically play a role
in the pathophysiology of heat stroke. In a study combining
exercise (45 min at 50% VO,max) followed by 60° head-up tilt
with randomised crossover between histamine blockade and
control demonstrated that while blockade did not abolish the
occurrence of post-exercise pre-syncope, there was a reduced
incidence of hypotension and a trend towards lengthened time
(94 s) to the onset of pre-syncope (McCord et al. 2008). In
comparing COLLAPSE and COMPLETION-post groups,
we also did not identify a difference in SV by echocardiogra-
phy. We did identify a significant increase in CO in the COL-
LAPSE group in comparison to COMPLETION-post, driven
by increased HR, and a significant reduction in SVR likely
exaggerated by histaminergic vasodilation.

There are several limitations with regard to this study. We
acknowledge that our COLLAPSE group was small and per-
haps potentially underpowered, probably due to uncharacter-
istically cold weather (Holtzhausen and Noakes 1997), so will
require further research to corroborate these data. While our
measures were performed as close as possible to the point
of collapse, or marathon completion, not all measurements
were performed concurrently which will introduce confound-
ing to the dynamic nature of post-exercise physiology. We
hope to have mitigated the effect of this by taking samples
within 30 min. There are no baseline data for the runners who
subsequently collapsed as it was not possible to identify this
group prospectively. Equally, we were unable to adequately
characterise the COLLAPSE group in terms of their body
composition and co-morbid state which may have confounded
the findings, although focussed echocardiography ruled out
structural heart disease as a cause in five participants. The

working diagnosis in the COLLAPSE group was one of
exertional heat illness as evidenced by the elevated core (rec-
tal temperature). We did not seek to corroborate this using
a diagnostic criteria or seek evidence of end organ damage
other than the cardiovascular changes as shown in Table 2. For
comparative purposes, we were only able to obtain tympanic
temperatures in the COMPLETION group (Casa et al. 2007).
Echocardiographic measures have significant inter-
observer and intra-observer variability (Hare et al. 2008) and
echocardiographic derived measures are based on several
assumptions. Whilst we made every effort to limit variability
in the COMPLETION group echocardiographic measures the
COLLAPSE group’s focussed imaging are likely to have been
further compromised by missing measurements, poor acoustic
windows and technical factors such as angular acuity of aortic
blood flow, and/or off-axis aortic annular dimensions. TTE
measures of SV, and subsequently CO and SVR are com-
monly underestimated due to assumptions in accurately meas-
uring the LVOT (Chin et al. 2014). Whilst body composition
using bioelectrical impedance is comparable to dual-energy
X-ray absorptiometry, there is individual variability associ-
ated with bioelectrical impedance estimations for both single
assessments and repeated measurements (Moon 2013).

Conclusion

These data support the hypothesis that mast cell degran-
ulation, represented by MCT, is a predominant vasodila-
tory mechanism driving post-exertional hypotension and
also contributory to, or as a consequence of, exertional
heat illness. These findings provide a new perspective on
approaches to monitoring and interpreting mechanisms that
favour post-exercise hypotension and exertional collapse,
which may have practical applications in reducing medi-
cal presentations or even hospitalisation risk with marathon
participation.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00421-021-04645-0.

Author contribution IP conceived the study performed data collection,
analysis and drafted the manuscript. MS performed data collection and
critically revised and edited the manuscript. NH and MS formulated
the ethics application. LF, HS, BF and RM performed data collection.
JOH, AP and RG provided logistic support. JOH, NG and PC provided
insight into the data analysis and critical review of the manuscript.
DW edited the manuscript, provided insight into data analysis and
was responsible for the overarching review of the content. All authors
reviewed the manuscript.

Funding This study was funded by the UK Ministry of Defence Sur-
geon General.

Data availability All data available on request.

@ Springer


https://doi.org/10.1007/s00421-021-04645-0

1458

European Journal of Applied Physiology (2021) 121:1451-1459

Compliance with ethical standards
Conflict of interest Not applicable.

Ethical approval Ethics was approved by London South East Ethics
Committee (19/LO/0340 247967).

Informed consent All participants gave written consent following
review of the patient information sheet.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Asplund CA, O’Connor FG, Noakes TD (2011) Exercise-associated
collapse: an evidence-based review and primer for clinicians.
Br J Sports Med 45:1157-1162. https://doi.org/10.1136/bjspo
rts-2011-090378

Bangsbo J, Hellsten Y (1998) Muscle blood flow and oxygen uptake in
recovery from exercise. Acta Physiol Scand 162:305-312. https://
doi.org/10.1046/j.1365-201X.1998.0331e.x

Barrett-O’Keefe Z, Kaplon RE, Halliwill JR (2013) Sustained postex-
ercise vasodilatation and histamine receptor activation following
small muscle-mass exercise in humans. Exp Physiol 98:268-277.
https://doi.org/10.1113/expphysiol.2012.066605

Brotherhood JR (2008) Heat stress and strain in exercise and sport.
J Sci Med Sport 11:6-19. https://doi.org/10.1016/j.jsams.2007.
08.017

Carter R, Cheuvront SN, Vernieuw CR, Sawka MN (2006) Hypohydra-
tion and prior heat stress exacerbates decreases in cerebral blood
flow velocity during standing. J Appl Physiol 101:1744-1750.
https://doi.org/10.1152/japplphysiol.00200.2006

Casa DJ, Becker SM, Ganio MS et al (2007) Validity of devices that
assess body temperature during outdoor exercise in the heat. J
Athl Train 42:333-342

Chin CWL, Khaw HIJ, Luo E et al (2014) Echocardiography under-
estimates stroke volume and aortic valve area: implications for
patients with small-area low-gradient aortic stenosis. Can J Car-
diol 30:1064—1072. https://doi.org/10.1016/j.cjca.2014.04.021

Dua S, Dowey J, Foley L et al (2018) Diagnostic value of tryptase
in food allergic reactions: a prospective study of 160 adult pea-
nut challenges. J Allergy Clin Immunol Pract 6:1692-1698.el.
https://doi.org/10.1016/].jaip.2018.01.006

Dunér H, Pernow B (1958) Histamine and leukocytes in blood during
muscular work in man. Scand J Clin Lab Invest 10:394-396.
https://doi.org/10.3109/00365515809051243

Ely MR, Romero SA, Sieck DC et al (2017) A single dose of his-
tamine-receptor antagonists before downhill running alters
markers of muscle damage and delayed-onset muscle soreness.
J Appl Physiol 122:631-641. https://doi.org/10.1152/japplphysi
0l.00518.2016

@ Springer

Halliwill JR, Taylor JA, Eckberg DL (1996) Impaired sympathetic vas-
cular regulation in humans after acute dynamic exercise. J Physiol
495:279-288. https://doi.org/10.1113/jphysiol.1996.sp021592

Halliwill JR, Minson CT, Joyner MJ (2000) Effect of systemic nitric
oxide synthase inhibition on postexercise hypotension in humans.
J ApplPhysiol 89:1830-1836

Halliwill JR, Buck TM, Lacewell AN, Romero SA (2013) Postexercise
hypotension and sustained postexercise vasodilatation: what hap-
pens after we exercise? Exp Physiol 98:7-18. https://doi.org/10.
1113/expphysiol.2011.058065

Halliwill JR, Sieck DC, Romero SA et al (2015) Blood pressure regula-
tion X: What happens when the muscle pump is lost? Post-exer-
cise hypotension and syncope. Eur J Appl Physiol 114:561-578.
https://doi.org/10.1007/s00421-013-2761-1

Hare JL, Brown JK, Marwick TH (2008) Performance of conventional
echocardiographic parameters and myocardial measurements in
the sequential evaluation of left ventricular function. Am J Cardiol
101:706-711. https://doi.org/10.1016/j.amjcard.2007.10.037

Harold Laughlin M, Davis MJ, Secher NH et al (2012) Peripheral cir-
culation. Compr Physiol 2:321-447. https://doi.org/10.1002/cphy.
¢100048

Harries MG, Burge PS, O’Brien I et al (1979) Blood histamine levels
after exercise testing. Clin Allergy 9:437—441. https://doi.org/10.
1111/j.1365-2222.1979.tb02506.x

Holtzhausen L, Noakes T (1995) The prevalence and significance of
post-exercise (postural) hypotension in ultramarathon runners.
Med Sci Sports Exerc 27:1595-1601

Holtzhausen LM, Noakes TD (1997) Collapsed ultraendurance athlete:
proposed mechanisms and an approach to management. Clin J
Sport Med 7:292-301

Iellamo F (2001) Neural mechanisms of cardiovascular regulation dur-
ing exercise. Auton Neurosci 90:66-75

Kabashima K, Nakashima C, Nonomura Y et al (2018) Biomarkers
for evaluation of mast cell and basophil activation. Immunol Rev
282:114-120. https://doi.org/10.1111/imr.12639

Kenny GP, McGinn R (2017) Restoration of thermoregulation after
exercise. J Appl Physiol 122:933-944. https://doi.org/10.1152/
japplphysiol.00517.2016

Keyzer JJ, van Saene HK, van den Berg GA, Wolthers BG (1984)
Influence of decontamination of the digestive tract on the uri-
nary excretion of histamine and some of its metabolites. Agents
Actions 15:238-241. https://doi.org/10.1007/BF01972355

Lacewell AANAN, Buck TMT, Romero SSA et al (2014) Post-exercise
syncope: Wingate syncope test and effective countermeasure. Exp
Physiol 99:172-186. https://doi.org/10.1109/TM1.2012.2196707.
Separate

Lang RM, Badano LP, Victor MA et al (2015) Recommendations for
cardiac chamber quantification by echocardiography in adults:
an update from the American Society of Echocardiography and
the European Association of Cardiovascular Imaging. J] Am Soc
Echocardiogr 28:1-39.e14. https://doi.org/10.1016/j.echo.2014.
10.003

Laroche D, Vergnaud MC, Dubois F, Bricard H (1992) Plasma hista-
mine and tryptase during anaphylactoid reactions. Agents Actions
36:C201-C202. https://doi.org/10.1007/BF01997333

Lockwood JM, Wilkins BW, Halliwill JR (2005) H1 receptor-mediated
vasodilatation contributes to postexercise hypotension. J Physiol
563:633-642. https://doi.org/10.1113/jphysiol.2004.080325

Luttrell MJ, Halliwill JR (2017) The intriguing role of histamine in
exercise responses. Exerc Sport Sci Rev 45:16-23. https://doi.
org/10.1249/JES.0000000000000093

McCord JL, Halliwill JR (2006) H1 and H2 receptors mediate pos-
texercise hyperemia in sedentary and endurance exercise-trained
men and women. J Appl Physiol 101:1693-1701. https://doi.org/
10.1152/japplphysiol.00441.2006


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1136/bjsports-2011-090378
https://doi.org/10.1136/bjsports-2011-090378
https://doi.org/10.1046/j.1365-201X.1998.0331e.x
https://doi.org/10.1046/j.1365-201X.1998.0331e.x
https://doi.org/10.1113/expphysiol.2012.066605
https://doi.org/10.1016/j.jsams.2007.08.017
https://doi.org/10.1016/j.jsams.2007.08.017
https://doi.org/10.1152/japplphysiol.00200.2006
https://doi.org/10.1016/j.cjca.2014.04.021
https://doi.org/10.1016/j.jaip.2018.01.006
https://doi.org/10.3109/00365515809051243
https://doi.org/10.1152/japplphysiol.00518.2016
https://doi.org/10.1152/japplphysiol.00518.2016
https://doi.org/10.1113/jphysiol.1996.sp021592
https://doi.org/10.1113/expphysiol.2011.058065
https://doi.org/10.1113/expphysiol.2011.058065
https://doi.org/10.1007/s00421-013-2761-1
https://doi.org/10.1016/j.amjcard.2007.10.037
https://doi.org/10.1002/cphy.c100048
https://doi.org/10.1002/cphy.c100048
https://doi.org/10.1111/j.1365-2222.1979.tb02506.x
https://doi.org/10.1111/j.1365-2222.1979.tb02506.x
https://doi.org/10.1111/imr.12639
https://doi.org/10.1152/japplphysiol.00517.2016
https://doi.org/10.1152/japplphysiol.00517.2016
https://doi.org/10.1007/BF01972355
https://doi.org/10.1109/TMI.2012.2196707.Separate
https://doi.org/10.1109/TMI.2012.2196707.Separate
https://doi.org/10.1016/j.echo.2014.10.003
https://doi.org/10.1016/j.echo.2014.10.003
https://doi.org/10.1007/BF01997333
https://doi.org/10.1113/jphysiol.2004.080325
https://doi.org/10.1249/JES.0000000000000093
https://doi.org/10.1249/JES.0000000000000093
https://doi.org/10.1152/japplphysiol.00441.2006
https://doi.org/10.1152/japplphysiol.00441.2006

European Journal of Applied Physiology (2021) 121:1451-1459

1459

McCord JL, Beasley JM, Halliwill JR (2006) H2-receptor-mediated
vasodilation contributes to postexercise hypotension. J Appl Phys-
iol 100:67-75. https://doi.org/10.1152/japplphysiol.00959.2005

McCord JL, Pellinger TK, Lynn BM, Halliwill JR (2008) Potential
benefit from an H1-receptor antagonist on postexercise syncope
in the heat. Med Sci Sports Exerc 40:1953-1961. https://doi.org/
10.1249/MSS.0b013e31817f1970

Metcalfe DD, Baram D, Mekori YA (1997) Mast cells. Physiol Rev
77:1033-1079. https://doi.org/10.1152/physrev.1997.77.4.1033

Moon JR (2013) Body composition in athletes and sports nutrition: an
examination of the bioimpedance analysis technique. Eur J Clin
Nutr 67:S54-S59. https://doi.org/10.1038/ejcn.2012.165

Morganroth ML, Mohrman DE, Sparks HV (1975) Prolonged vasodi-
lation following fatiguing exercise of dog skeletal muscle. Am J
Physiol 229:38-43. https://doi.org/10.1152/ajplegacy.1975.229.1.38

Noakes TD (2007) Reduced peripheral resistance and other factors
in marathon collapse. Sport Med 37:382-385. https://doi.org/10.
2165/00007256-200737040-00028

Parsons IT, Stacey MJ, Woods DR (2019) Heat adaptation in mili-
tary personnel : mitigating risk. Maximizing Performance Front
Physiol. https://doi.org/10.3389/fphys.2019.01485

Razminia M, Trivedi A, Molnar J et al (2004) Validation of a new
formula for mean arterial pressure calculation: the new formula
is superior to the standard formula. Catheter Cardiovasc Interv
Off J Soc Card Angiogr Interv 63:419-425. https://doi.org/10.
1002/ced.20217

Rivas E, Crandall CG, Suman OE et al (2019) Exercise heat acclima-
tion causes post-exercise hypotension and favorable improvements
in lipid and immune profiles : a crossover randomized controlled
trial. J Therm Biol 84:266-273. https://doi.org/10.1016/j.jtherbio.
2019.07.017

Roberts WO (2000) A 12-yr profile of medical injury and illness for
the Twin Cities Marathon. Med Sci Sports Exerc 32:1549-1555.
https://doi.org/10.1097/00005768-200009000-00004

Authors and Affiliations

I.T. Parsons’?

Roberts WO (2007) Exercise-associated collapse care matrix in the
marathon. Sport Med 37:431-433

Romero SA, McCord JL, Ely MR et al (2017) Mast cell degranulation
and de novo histamine formation contribute to sustained postexer-
cise vasodilation in humans. J Appl Physiol 122:603-610. https://
doi.org/10.1152/japplphysiol.00633.2016

Sawka MN, Burke LM, Eichner ER et al (2007) American College of
Sports Medicine position stand. Exercise and fluid replacement.
Med Sci Sports Exerc 39:377-390. https://doi.org/10.1249/mss.
0b013e31802ca597

Schwartz HJ (1995) Elevated serum tryptase in exercise-induced ana-
phylaxis. J Allergy Clin Immunol 95:917-919. https://doi.org/10.
1016/s0091-6749(95)70139-7

Schwartz LB, Yunginger JW, Bokhari R, Dull D (1989) Time course of
appearance and disappearance of human mast cell tryptase in the
circulation after anaphylaxis. J Clin Invest 83:1551-1555. https:/
doi.org/10.1172/JCI114051

Schwartz LB, Bradford TR, Rouse C et al (1994) Development of a
new, more sensitive immunoassay for human tryptase: use in sys-
temic anaphylaxis. J Clin Immunol 14:190-204. https://doi.org/
10.1007/BF01533368

Wharton G, Steeds R, Allen J et al (2015) A minimum dataset for a
standard adult transthoracic echocardiogram: a guideline protocol
from the British Society of Echocardiography. Echo Res Pract
2:G9-G24. https://doi.org/10.1530/ERP-14-0079

Williamson JW, McColl R, Mathews D (2004) Changes in regional
cerebral blood flow distribution during postexercise hypotension
in humans. J Appl Physiol 96:719-724. https://doi.org/10.1152/
japplphysiol.00911.2003

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

- M. J. Stacey'. L. Faconti? - N. Hill® - J. O'Hara* - E. Walter® - B. Farukh? - R. McNally? - H. Sharp’ -

A. Patten’ - R. Grimaldi’ - N. Gall® - P. Chowienczyk? - D. R. Woods'*#

M. J. Stacey
michael.stacey @nhs.net

L. Faconti
luca.faconti@kcl.ac.uk

N. Hill
neil.hill@nhs.net

J. O’Hara
j-ohara@leedsbeckett.ac.uk

E. Walter
ewalter@nhs.net

B. Farukh
bushra.farukh@kcl.ac.uk

R. McNally
ryan.mcnally @kcl.ac.uk

H. Sharp
hattie.eclaire @ gmail.com

A. Patten
Alexander.patten @nhs.net

R. Grimaldi
r.grimaldi @nhs.net

N. Gall
nicholasgall @nhs.net

P. Chowienczyk
phil.chowienczyk @kcl.ac.uk

D. R. Woods

doctordrwoods @aol.com

Research and Clinical Innovation, Royal Centre for Defence
Medicine, Birmingham, England

School of Cardiovascular Medicine and Sciences, King’s
College London, London, UK

3 Imperial College Healthcare NHS Trust, London, UK

Carnegie School of Sport, Leeds Beckett University, Leeds,
England

King’s College Hospital, London, UK

Royal Surrey County Hospital NHS Foundation Trust,
London, UK

7 Brighton and Sussex NHS Trust, London, UK

@ Springer


https://doi.org/10.1152/japplphysiol.00959.2005
https://doi.org/10.1249/MSS.0b013e31817f1970
https://doi.org/10.1249/MSS.0b013e31817f1970
https://doi.org/10.1152/physrev.1997.77.4.1033
https://doi.org/10.1038/ejcn.2012.165
https://doi.org/10.1152/ajplegacy.1975.229.1.38
https://doi.org/10.2165/00007256-200737040-00028
https://doi.org/10.2165/00007256-200737040-00028
https://doi.org/10.3389/fphys.2019.01485
https://doi.org/10.1002/ccd.20217
https://doi.org/10.1002/ccd.20217
https://doi.org/10.1016/j.jtherbio.2019.07.017
https://doi.org/10.1016/j.jtherbio.2019.07.017
https://doi.org/10.1097/00005768-200009000-00004
https://doi.org/10.1152/japplphysiol.00633.2016
https://doi.org/10.1152/japplphysiol.00633.2016
https://doi.org/10.1249/mss.0b013e31802ca597
https://doi.org/10.1249/mss.0b013e31802ca597
https://doi.org/10.1016/s0091-6749(95)70139-7
https://doi.org/10.1016/s0091-6749(95)70139-7
https://doi.org/10.1172/JCI114051
https://doi.org/10.1172/JCI114051
https://doi.org/10.1007/BF01533368
https://doi.org/10.1007/BF01533368
https://doi.org/10.1530/ERP-14-0079
https://doi.org/10.1152/japplphysiol.00911.2003
https://doi.org/10.1152/japplphysiol.00911.2003
http://orcid.org/0000-0002-8577-8289

	Histamine, mast cell tryptase and post-exercise hypotension in healthy and collapsed marathon runners
	Abstract
	Purpose 
	Methods 
	Results 
	Conclusion 

	Introduction
	Methods
	Experimental design
	Participants
	Blood samples
	Transthoracic echocardiography
	Physiological measurements and body composition analysis
	Statistical analysis

	Results
	Discussion
	Conclusion
	References




