\ AMERICAN JOURNAL OF PHYSIOLOGY

Am J Physiol Renal Physiol 327: F224—F234, 2024. american 4
First published June 13, 2024; doi:10.1152/ajprenal.00089.2024 spg“:’ise'f\';’g'ca' RENAL PHYSIOLOGY

RESEARCH ARTICLE

Creatinine clearance is maintained in a range of wet-bulb globe temperatures
and work-rest ratios during simulated occupational heat stress

Hayden W. Hess,"3 Tyler B. Baker,' Macie L. Tarr,!
David Hostler,® and © Zachary J. Schlader’
'Department of Kinesiology, School of Public Health-Bloomington, Indiana University, Bloomington, Indiana, United States;
2Department of Epidemiology and Biostatistics, School of Public Health-Bloomington, Indiana University, Bloomington,
Indiana, United States; and Center for Research and Education in Special Environments, Department of Exercise and
Nutrition Sciences, University at Buffalo, Buffalo, New York, United States

Roger S. Zoh,? © Blair D. Johnson,’

Abstract

We tested the hypothesis that compliance with the National Institute for Occupational Safety and Health (NIOSH) heat stress recom-
mendations will prevent reductions in glomerular filtration rate (GFR) across a range of wet-bulb globe temperatures (WBGTs) and
work-rest ratios at a fixed work intensity. We also tested the hypothesis that noncompliance would result in a reduction in GFR com-
pared with a work-rest matched compliant trial. Twelve healthy adults completed five trials (four NIOSH compliant and one noncom-
pliant) that consisted of 4 h of exposure to a range of WBGTSs. Subjects walked on a treadmill (heat production: approximately 430
W) and work-rest ratios (work/h: 60, 45, 30, and 15 min) were prescribed as a function of WBGT (24°C, 26.5°C, 28.5°C, 30°C, and
36°C), and subjects drank a sport drink ad libitum. Peak core temperature (T¢) and percentage change in body weight (%ABW)
were measured. Creatinine clearance measured pre- and postexposure provided a primary marker of GFR. Peak Tc¢ did not differ
among NIOSH-compliant trials (P = 0.065) but differed between compliant versus noncompliant trials (P < 0.001). %ABW did not dif-
fer among NIOSH-compliant trials (P = 0.131) or between compliant versus noncompliant trials (P = 0.185). Creatinine clearance did
not change or differ among compliant trials (P > 0.079). Creatinine clearance did not change or differ between compliant versus
noncompliant trials (P > 0.661). Compliance with the NIOSH recommendations maintained GFR. Surprisingly, despite a greater heat
strain in a noncompliant trial, GFR was maintained highlighting the potential relative importance of hydration.

NEW & NOTEWORTHY We highlight that glomerular filtration rate (GFR) is maintained during simulated occupational heat stress
across a range of total work, work-rest ratios, and wet-bulb globe temperatures with ad libitum consumption of an electrolyte
and sugar-containing sports drink. Compared with a work-rest matched compliant trial, noncompliance resulted in augmented
heat strain but did not induce a reduction in GFR likely due to an increased relative fluid intake and robust fluid conservatory
responses.

exercise; glomerular filtration rate; heat stress; kidney function

INTRODUCTION

Outdoor workers are regularly exposed to hot environ-
ments (1)—a prominent public health problem given that the
magnitude of extreme environmental temperature is pre-
dicted to increase due to climate change (2). In addition to
the labor productivity loss (1, 3, 4) and heat-related illness
(5), there are acute and long-term health implications of
such heat exposures. Among the most notable is the epi-
demic of chronic kidney disease of nontraditional origin
(CKDnt) documented in outdoor workers who frequently
undertake physical labor in the heat (6-8). There is conten-
tion regarding the etiology of CKDnt; however, a prevailing
hypothesis is that CKDnt is mediated, at least in part, by fre-
quent and intense heat exposure that can cause reductions
in glomerular filtration rate (GFR) and increase the risk of
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acute kidney injury (AKI) (9). The recurrent reductions in
GFR and/or development of AKI are likely contributing fac-
tors to the development of CKDnt (7, 9).

A rapidly growing body of literature supports this phe-
nomenon including several field studies (10, 11) and labora-
tory-based studies from our laboratory (12-16) and others (17,
18). The pathophysiological mechanisms of this heat-related
kidney pathology have been reviewed in detail (7, 9, 19). To
this end, a recent review by Masoud et al. (20) outlined strat-
egies to mitigate the risk of AKI and loss of GFR during phys-
ical work in the heat. It was concluded that such strategies
should include reducing heat strain (via reduction in meta-
bolic heat production, total work, or environmental exposure
limits) and dehydration. Indeed, field-based interventions in
Mesoamerica have demonstrated efficacy in reducing AKI
and loss of GFR across a harvest in sugarcane cutters by
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implementing rest, shade, and adequate access to hydra-
tion (10).

In the United States, the National Institute for Occu-
pational Safety and Health (NIOSH) provides heat stress rec-
ommendations to maintain peak core temperature below
38.0°C in unacclimatized workers (21). The recommendations
prescribe work-rest ratios based on environmental factors [e.g.,
wet-bulb globe temperature (WBGT)] and work intensity (i.e.,
metabolic heat production), and adherence largely ensures
that core temperature is <38.0°C in unacclimatized adults (22).
Given that the NIOSH heat stress and hydration recommenda-
tions (21) were not developed with consideration for mainte-
nance of GFR, the purpose of the present study was to examine
the changes in GFR following 4 h of simulated occupational
heat stress. To do so, we examined GFR and fluid regulation
following occupational heat stress that consisted of half work-
day exposures at a fixed work intensity but across a range of
WBGTSs and work-rest ratios that complied with the NIOSH rec-
ommendations. In addition, we examined a single scenario
that was noncompliant with the NIOSH recommendations by
exceeding WBGT limits for a given work intensity and work-
rest ratio. Based on our previously reported findings (15, 22), we
hypothesized that adhering to the NIOSH recommendations
would maintain GFR, relative to preexposure, by preventing
core temperature from exceeding 38.0°C when paired with ad
libitum drinking that prevents dehydration (<2% body wt
loss). We also hypothesized that violating the NIOSH recom-
mendations would reduce GFR compared with a work-rest
matched NIOSH-compliant scenario.

MATERIALS AND METHODS

Participants

Twelve healthy adult nonsmokers [6 women and 6 men;
age: 28 yr (range: 21-38); body mass index: 24 kg/m? (range:
18-29)] participated in this study. All subjects were free of
chronic disease, were not heat acclimatized (23), and regularly
engaged in physical activity. All had normal GFR at screening
(ie., estimated GFR >60 mL/min/1.73 m? measured via a
point-of-care device (StatSensor Creatinine, Nova Biomedical).
Women were not pregnant confirmed via urine pregnancy test
before each visit, self-reported to be normally menstruating,
and had no diagnosis of a menstrual cycle disorder. Women
were tested at any point during their menstrual cycle to main-
tain external validity, as in real-world settings women work
across their entire menstrual cycle. The study was approved
by the Institutional Review Board at Indiana University (IRB
No. 1902420140), conformed to the Declaration of Helsinki,
and was registered at clinicaltrials.gov (NCT04767347). Before
participation, each subject was informed of the procedures
and risks before providing informed written consent. The data
presented here represent a secondary outcome, while a por-
tion of these data has been previously published in reports
that tested unique hypotheses (15, 22).

Experimental Protocol

The study design and experimental protocol have been
described in detail previously (15, 22) Participants visited the
laboratory on six occasions separated by at least 7 days (all
subjects completed the study in 6-12 wk). The visit 1 involved
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screening and visits 2-6 were the experimental trials. The
five experimental trials consisted of 4 h (half a workday) of
exposure to WBGTSs of 24.1+0.3°C (trial A), 26.6 £ 0.2°C (trial
B), 28.4+0.2°C (trial C), 29.7 £1.6°C (trial D), and 36.1+ 0.3°C
(trial E). Subjects walked on a treadmill evoking an average
rate of metabolic heat production (Hpyoq) of 430 W, the aver-
age Hpoq for activities commonly completed by outdoor
workers (24). Average measured Hp,oq was 431101 W (trial
A), 461+106 W (trial B), 462+91W (trial C), 453 +105 W (trial
D), and 453 £113 W (trial E), which did not differ among trials
(P = 0.954). NIOSH-compliant (21) work-rest ratios were pre-
scribed as a function of WBGT and Hy,oq (Work:rest min/h=
trial A: 60:0, trial B: 45:15, trial C: 30:30, and trial D: 15:45).
In trial E, the work-rest ratio was 15:45. Trial E was not
NIOSH compliant but was used as a positive control with the
work-rest ratio matched with ¢trial D. In trial E, the environ-
mental conditions reflected what was previously known as
the ceiling limit, defined as the threshold WBGT that NIOSH
would stipulate that work would be contraindicated (21),
thereby rendering trial E noncompliant with the NIOSH rec-
ommendations. It is important to note that 10 subjects did
not complete all 4 h of exposure in trial E (n = 7 exhaustion,
n = 3 core temperature of 39.5°C). The average exposure du-
ration for the 10 subjects that did not complete the entire ex-
posure was 132 =12 min (range: 120-150 min). Thus, the total
work completed was different between trial D and trial E
(151 £ 52 vs. 97 34 KkJ, respectively; P < 0.001), despite being
work-rest matched (15). The experimental trials were com-
pleted in a block-randomized order, and subjects were
blinded to the environmental conditions where possible.

All subjects were euhydrated upon arrival, defined as
urine specific gravity < 1.020 (25). Following urine collec-
tion, subjects drank 376 = 61 mL (0.5% body mass) of cool tap
water. Subjects then rested supine for approximately 60 min
in an approximately 22°C environment. A blood sample was
then obtained followed by a renal ultrasound measurement
of renal blood velocity (see Instruments and Measurements).
Subjects then voided their bladder, were weighed nude, and
then donned long pants and long shirt, a short sleeve cotton
t-shirt that served as an undershirt, and athletic shoes.
Subjects then entered the environmental chamber and the
4-h exposure commenced. Compliant with the NIOSH guide-
lines (21), subjects were provided 237 mL of a cool
(9.2%4.0°C) flavor preferred sport drink (Gatorade; 248
kcal/L; 62 g CHO/L; 450 mg Na/L) every 15 min and were
permitted to drink ad libitum. Total volume consumed
across the 4-h exposure was calculated. In addition, we
calculated the percentage of potential volume (i.e., if par-
ticipants drank all potential provided fluids up to 237 mL
every 15 min) as [(total volume -+ potential volume) x
100]. During rest periods, subjects sat on a mesh chair in
the environmental chamber. Following the exposure, sub-
jects were weighed nude, voided their bladder, and then
rested supine for 20 min before a venous blood sample
was obtained and a postexposure renal ultrasound com-
pleted. Subjects then completed a 60-min recovery period
where an additional fluid replacement equal to the preex-
posure fluid bolus outlined above [i.e., 376 + 61 mL (0.5%
body mass)] but of their flavor preferred sports drink.
Subjects then rested supine for approximately 60 min
before measurements were repeated.
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Instruments and Measurements

Height and nude body mass were measured using a stadi-
ometer and scale. Percentage changes in body mass were
calculated as [(postexposure — preexposure nude body
mass)/preexposure body mass] x 100. Core temperature
was measured via a telemetry pill (HQ) swallowed approxi-
mately 6-8 h before each experimental trial (n = 8) or a rec-
tal temperature probe inserted approximately 10 cm
beyond the anal sphincter (n = 4) for subjects contraindi-
cated for taking the telemetry pill. Heart rate was measured
using a wireless monitor (Polar Electro, Bethpage, NY).
Systolic and diastolic blood pressures were measured man-
ually in duplicate by the same member of the research team
throughout the study.

Renal blood velocities were obtained via Doppler ultra-
sound (Toshiba Aplio 300, Canon Medical Systems) in the
distal segment of the right renal artery (renal artery) and
in the middle portion of the segmental arterial in the right
kidney (segmental artery) as a surrogate for renal blood
flow (26), using methods that have been published previ-
ously (27). The specific segmental artery and the location
of the measurement within the renal and segmental
arteries were the same at all time points within a partici-
pant. With the participant in the left lateral recumbent
position and using the coronal approach, a phased-array
transducer (2.5-3.5 MHz) was held in the same location for
all measurements after marking the transducer location
on the skin with indelible ink during the baseline meas-
urements in each trial. In all instances, the focal zone was
set to the artery’s depth, and the insonation angle was
<60°. Mean renal and segmental artery blood velocities
were indexed from the waveform envelop by the time-aver-
aged maximum velocity and reported as the average of three
cardiac cycles (12, 27, 28). All renal measurements were
obtained and extracted by the same sonographer [H.W.H;
within-subject, test-retest coefficients of variation (CV) were
4.3+0.3% (renal artery) and 4.3 +2.0% (segmental artery)].
Renal and segmental artery blood velocities were normal-
ized to mean arterial pressure, providing an index of
vascular resistance (i.e., mean arterial pressure/blood
velocity).

Changes in plasma volume were calculated from hemoglo-
bin and hematocrit using standard equations (29). Serum
creatinine (sCr; inter-assay CV: 8.6+3.4%; intra-assay
CV: 2.9+0.7%) and urine creatinine (uCr; inter-assay CV:
2.3+0.5%; intra-assay CV: 0.9+0.4%) were measured via
human creatinine ELISA kits (Eagle Bioscience). Urine flow
rate was calculated as urine volume divided by time
(minutes between each bladder void). GFR was estimated
from creatinine clearance (i.e., urinary creatinine x urine
flow rate = serum creatinine). Urine specific gravity was
measured using refractometry (Atago, Tokyo, Japan). Urine
and plasma osmolality (Advanced Instruments, Norwood,
MA), and sodium and potassium concentrations (Medica,
Bedford, MA) were measured in duplicate using commer-
cially available systems. Fractional excretion (FEx) was cal-
culated as 100 x [(Uy x sCr) — (Sx x uCr)], where Uy and Sy
represent concentrations of “x” in the urine and serum and
uCr and sCr are serum and urinary creatinine concentrations
(9). Free water clearance was calculated as UFR x [1 — (Uosm +
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Posm)], where UFR is urine flow rate and Uosm and Posm are
the osmolality of the urine and plasma. Osmolar clearance was
calculated as (Uosm = Posm) x UFR (30).

Data and Statistical Analysis

Three unique statistical analyses were undertaken. 1) We
examined dependent variables (peak core temperature, per-
centage change in body weight, fluid intake, and baseline
fluid and electrolytes and creatinine clearance) across the
NIOSH-compliant trials using repeated measures one-way
linear mixed models. 2) We compared dependent variables
(peak core temperature, percentage change in body weight,
fluid intake, and baseline fluid and electrolytes and creati-
nine clearance) between the NIOSH-compliant (trial D) and
noncompliant (trial E) conditions using two-tailed paired ¢
tests. This permitted direct assessment of whether compli-
ance with NIOSH recommendations modified any of the de-
pendent variables when work-rest ratios were matched. The
first two analyses were completed to compare fluid and elec-
trolyte homeostasis and creatinine clearance between trials
at preexposure (Table 1), so that we could then examine
changes from pre- to postexposure and following a 1-h recov-
ery if a significant time effect or interaction was identified.
3) We then examined all dependent variables over time (pre-
to postexposure and following a 1-h recovery) using two-way
(time x trial) linear mixed models. This was completed
among NIOSH-compliant trials (trials A-D) and between a
NIOSH-compliant trial (trial D) and the noncompliant trial
(trial E). When there was a main effect of time or interaction
effect, postexposure and recovery data were compared with
preexposure to better identify changes in fluid and electro-
lytes, and creatinine clearance following the simulated occu-
pational heat stress under both NIOSH-compliant and
noncompliant scenarios. In all instances, when a significant
effect or interaction was identified, multiple comparisons
were carried out using Sidak’s test. Data were analyzed with
GraphPad Prism software (v. 10.2.0). All data are presented
as absolute or change (from preexposure) values using
means =SD; n = 12 unless otherwise reported (see Figs. 1-
4). There are several reasons for missing data: 1) failure to
obtain a blood draw or urine sample within a given sub-
ject/trial/timepoint, 2) limited or no sample available due
to prior analyses on the blood and urine [see Hess et al.
(15)], and/or 3) samples were outside of the range of the
assay Kkit (i.e., for urine and serum creatinine) or of the os-
mometer and/or electrolyte analyzer. A priori statistical
significance was set at P < 0.05.

RESULTS

Thermoregulation and Hydration

Peak core temperature did not differ among NIOSH-
compliant trials (trial A: 38.1+0.4°C, trial B: 37.9+0.4°C,
trial C: 37.9+0.3°C, and trial D: 37.7+0.4°C; P = 0.065).
However, peak core temperature differed between work:
rest ratio matched compliant versus noncompliant trials
(trial D: 37.7+0.4°C vs. trial E: 39.1+0.3°C; P < 0.001).
Similarly, percentage change in body weight did not differ
among NIOSH-compliant trials (trial A: —0.8+0.7%, trial
B: —0.7+0.4%, trial C: —0.5+0.3%, and trial D: —0.3+0.6%;
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Table 1. Fluid consumption and composition during each

experimental trial

NIOSH Compliant

Noncompliant

P Values

Paired t test

Trial A Trial B Trial C Trial D Trial E LMM (trials A-D) (trial D vs. trial E)
Total volume, mL 1,743 (752) 1,680 (703) 1,574 (521) 1,435 (555) 1,668 (546) 0.4788 0.2101
Potential volume, % 49 (21) 48 (20) 44 (15) 40 (16) 73 (15) 0.4316 <0.0001
Total sodium, mg 784 (338) 755 (316) 708 (234) 644 (249) 745 (244) 0.4720 0.2301
Total CHO, g 108 (47) 104 (43) 97 (32) 89 (34) 103 (34) 0.4715 0.2301
Total kcal 431 (186) 416 (174) 390 (129) 354 (137) 410 (134) 0.4725 0.2302

Data are presented as means (SD). NIOSH, National Institute for Occupational Safety and Health. Bold text indicates statistically

significant.

P = 0.131) or between work-rest ratio matched compliant ver-
sus noncompliant trials (trial D: —0.3+0.6% vs. trial E:
—0.7%£1.0%; P = 0.185). Ad libitum fluid intake is shown in
Table 1. Briefly, there were no differences in total fluid intake
among NIOSH-compliant trials (trials A-D; P = 0.4788) or
between trial D and trial E (P = 0.2101). However, percentage
of potential total volume (i.e., if participants drank all poten-
tial provided fluids up to 237 mL every 15 min) was greater in
trial E than in trial D (P < 0.0001). There were no differences
in total sodium, total carbohydrate, or total kcal consumption
among NIOSH-compliant trials (trials A-D; P > 0.4316) or
between trial D and trial E (P > 0.2301).

Fluid and Electrolyte Balance

Baseline fluid and electrolyte data collected at preexpo-
sure are shown in Table 2. Fluid and electrolyte homeostasis
are shown in Figs. 2, A-H and 3, A-H.

NIOSH-compliant trials.

Urine specific gravity (Fig. 1A) was increased from pre- to
postexposure in trial D (P = 0.0259) and at from preexposure
atrecovery in trial A (P = 0.0442). Serum osmolality (Fig. 1B)
did not change over time or differ among NIOSH-compliant
trials (time x trial: P = 0.6548). However, urine osmolality
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Figure 1. A—H: indices of fluid and electrolyte status measured preexposure (Pre), postexposure (Post), and following a 1-h recovery period during
the NIOSH-compliant trials. Data are presented as means + SD. Data were analyzed using a linear mixed model and post hoc analyses were com-
pleted using Sidak’s multiple comparisons. Actual P values are reported. n is presented for trial and timepoint under each figure. *All trials differ-
ent from Pre (P < 0.05); Virial A different from Pre (P < 0.05); "trial D different from Pre (P < 0.05). NIOSH, National Institute for Occupational

Safety and Health.
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Table 2. Baseline (preexposure) data

NIOSH Compliant Noncompliant P Values
Paired t test
Trial A Trial B Trial C Trial D Trial E LMM (trials A-D) (trial D vs. trial E)
Water and electrolyte homeostasis
24-h sodium excretion, g/day 11.0 (4.9) 9.3(2.6) 1.7 (8.5) 9.4 (3.8) 7 (4.2) 0.4865 0.8531
Urine specific gravity 1.005 (0.004) 1.007 (0.006) 1.007 (0.005) 1.005 (0.003) 1. 005 (0.004) 0.2753 0.7100
Serum osmolality, mosmol/kgH,O 288 (4) 290 (5) 289 (3) 287 (5) 287 (3) 0.4213 0.8542
Urine osmolality, mosmol/kgH,O 175 (118) 298 (221) 259 (185) 259 (185) 218 (135) 0.2088 0.6324
Serum sodium, mmol/L 139.3 (1.4) 140.2 (1.9) 140.8 (1.4) 140.1(2.6) 139.3(1.2) 0.2886 0.7150
Urine sodium, mmol/L 27.7 (16.7) 55 7 (46.6) 41.2 (28.9) 37.0 (23.) 34 7(20.2) 0.1542 0.7483
Serum potassium, mmol/L 4.2 (0.4) 1(0.3) 41(0.3) 41(0.2) 2(0.2) 0.5067 0.0677
Urine potassium, mmol/L 14.2 (7.3) 28 9 (23.1) 19.6 (18.5) 18.2 (8.7) 18 3(9.4) 0.1582 0.9844
Creatinine clearance and fluid conservation
Urine flow rate, mL/min 6.2 (3.3) 39(2.2) 4.8 (2.9) 5.7 (3.) 2(3.9) 0.0545 0.5829
Urine creatinine, mg/dL 33.4(35.8) 58.9 (58.5) 44.9 (35.0) 35.0 (31.7) 38 4 (33.6) 0.3379 0.8117
Serum creatinine, mg/dL 11(0.2) 1.1(0.3) 1.1(0.2) 1.1(0.2) 0(0.2) 0.3932 0.2291
Creatinine clearance, mL/min 112.8 (42.1) 1181 (34.3) 120.9 (45.9) 102.1(52.7) 114 0 (51.7) 0.1645 0.2979
Free water clearance, mL/min 3.6 (3.0) 0(2.) 1.8 (3.0) 2.8(2.8) 1(2.9) 0.0265 0.8320
Osmolar clearance, mL/min 2.8(0.8) 2 7(0.7) 2.7 (0.6) 3.0 (0.6) 8(0.6) 0.5246 0.5060
Fractional excretion of sodium, % 1.0 (0.7) 1.0 (0.4) 0.9 (0.5) 1.5 (1) 9 (0.4) 0.1772 0.1707
Fractional excretion of potassium, %  16.9 (9.8) 17.9 (8.4) 16.4 (10.8) 22.9 (13.6) 17 1(6.9) 0.2556 0.1365

Data are presented as means (SD). Data were analyzed using either a linear mixed model (LMM; trials A-D) or as two-tailed paired ¢ tests
(trial D vs. trial E). Actual P values are reported. All data are n = 12 unless otherwise reported. NIOSH, National Institute for Occupational
Safety and Health. Bold text indicates statistically significant.

(Fig. 1C) increased from pre- to postexposure in trials A and  0.0280) and higher than trial D (P = 0.0169) at recovery.
D (P < 0.0309). Serum sodium (Fig. 1D) was elevated from Serum potassium (Fig. 1F) was different from preexposure at
preexposure in trial A (P = 0.0064). Urine sodium (Fig. 1E) recovery in trial A (P = 0.0289). Urine potassium (Fig. 1G)
was elevated from preexposure at recovery in trial A (P = was elevated from pre- to postexposure in all trials (P <
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Figure 2. A-H: indices of fluid and electrolyte status measured preexposure (Pre), postexposure (Post), and following a 1-h recovery period during the
NIOSH-compliant (trial D) and noncompliant (trial E) trials. Data are presented as means + SD. Data were analyzed using a linear mixed model and post
hoc analyses were completed using Sidak’s multiple comparisons. Actual P values are reported. n is presented for the trial and timepoint under each fig-
ure. + Trial E different from Pre (P < 0.05); “trial E different from trial D (P < 0.05); *all trials different from Pre (P < 0.05). NIOSH, National Institute for
Occupational Safety and Health.
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Figure 3. A—H: indices of creatinine clearance and fluid conservation measured at preexposure (Pre), postexposure (Post), and following a 1-h recovery
period during NIOSH-compliant trials. Data are presented as means + SD. Data were analyzed using a linear mixed model and post hoc analyses were
completed using Sidak’s multiple comparisons. Actual P values are reported. n is presented for the trial and timepoint under each figure. *All trials differ-
ent from Pre (P < 0.05); Vtrial A different from Pre (P < 0.05); "trial D different from Pre (P < 0.05); “trial B different from Pre (P < 0.05); “trial C different
from Pre (P < 0.05); Ttrial A different from trial D (P < 0.05). NIOSH, National Institute for Occupational Safety and Health.

0.0106) and at recovery in trial A (P = 0.0152). Plasma vol-
ume (Fig. 1H) did not change over time or differ among
NIOSH-compliant trials (time x trial: P = 0.0969).

Compliant vs. noncompliant trials (trial D vs. trial E).
Urine specific gravity increased from pre- to postexposure
in both trials (Fig. 2A; P < 0.0235) and was higher at recov-
ery in trial E compared with trial D (P = 0.0138). Serum 0s-
molality (Fig. 2B) did not change over time or differ
between trials D and E (time x trial: P = 0.4209). However,
urine osmolality (Fig. 2C) increased from preexposure in
both trials (P < 0.0137). Serum sodium (Fig. 2D) was ele-
vated in trial E at recovery (P = 0.0269). In contrast, there
was an interaction effect for urine sodium (Fig. 2E).
However, post hoc analyses did not reveal any changes
over time (P > 0.0703), but trial D was different than trial
E at postexposure (P = 0.0066). This suggests that sodium
reabsorption was greater in trial E compared with trial D.
Serum potassium (Fig. 2F) did not change over time or dif-
fer between trials D and E (time x trial: P = 0.2746).
However, urine potassium (Fig. 2G) increased from pre- to
postexposure in both trials (P < 0.0084). Finally, plasma vol-
ume (Fig. 2H) was reduced from pre- to postexposure and at
recovery in trial E and different from trial D (time x trial: P =
0.0014).
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Creatinine Clearance and Fluid Conservation

Baseline creatinine clearance and fluid conservation data
collected at preexposure are shown in Table 2. Indices of cre-
atinine clearance and fluid conservation are shown in Figs.
3, A-H (NIOSH compliant) and Fig. 4, A-H [compliant vs.
noncompliant trials (trial D vs. trial E)]. Renal hemodynamic
measures are shown in Table 3 (NIOSH compliant) and Table
4 [compliant vs. noncompliant trials (trial D vs. trial E)].

NIOSH-compliant trials.

Urine flow rate (Fig. 3A) fell from pre- to postexposure in all
trials (P < 0.0364) except for trial C (P = 0.0954). Urine flow
rate remained lower than preexposure at recovery in trial A
(P = 0.0379) and was different from trial D (P = 0.0032).
Serum creatinine (Fig. 3B) did not change over time or differ
among trials (time x trial: P = 0.3902). Urine creatinine (Fig.
3C) was elevated from pre- to postexposure in trials B and C
(P < 0.0432). Creatinine clearance (Fig. 3D) did not change
over time or differ among trials (time x trial: P = 0.2540).
Free water clearance (Fig. 3E) fell from pre- to postexposure
in trials A and D (P < 0.0443) and remained lower than pre-
exposure at recovery in trial A (P = 0.0447). Osmolar clear-
ance (Fig. 3F) fell from pre- to postexposure in all trials (P <
0.0167). Fractional excretion of sodium (Fig. 3G) decreased
from pre- to postexposure in trials B and C (P < 0.0470).
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Table 3. Renal hemodynamics in NIOSH-compliant trials (trials A-D)

Trial A Trial B Trial C Trial D LMM

Time X

Pre Post Rec Pre Post Rec Pre Post Rec Pre Post Rec Time Trial Trial

Mean arterial pressure, 87 (4) 86 (6) 89 (5) 87(6) 88(7) 89(7) 90 (6) 87 (6) 88(5) 88(5) 87 (3) 89(4) 0.0786 0.9302 0.2950

mmHg
Renal artery

Blood velocity, cm/s 33(8) 39(8) 37(7) 35(9) 39(12) 41(16) 33(9) 398" 38(9 33(10) 37(9) 34 (10) 0.0004 0.3821 0.5989

Vascular resistance, 2.8(0.7) 2.3(0.6)" 2.5(0.4) 2.6(0.7) 2.5(0.7) 2.5(0.9) 2.9(0.7) 2.3(0.4)> 2.4(0.6) 2.8(0.9) 2.5(0.6) 2.8(0.7) 0.0016 0.2812 0.5805
mmHg/cm/s

Segmental artery
Blood velocity, cm/s 19 (4) 19 (3) 18(2) 20(6) 20(7) 21(6) 19@4) 20(5) 20 (5) 193 20(3) 20(5) 0.3412 0.5577 0.7959
Vascular resistance, 48(0.9) 45(0.6) 49(0.7) 46(1.0) 46(1.2) 46(1.0) 4.9(0.9) 45(0.8) 4.6(1.0) 4.6(0.6) 45(0.5) 4.7(0.9) 0.2275 0.8273 0.6078

mmHg/cm/s

Data are presented as means (SD). Data were analyzed using a linear mixed model (LMM). Actual P values are reported. All data are n = 12 unless other-
wise reported. NIOSH, National Institute for Occupational Safety and Health; Post, postexposure; Pre, preexposure; Rec, recovery. VTrial A different from
Pre (P < 0.05); “trial C different from Pre (P < 0.05). Bold text indicates statistically significant.

Finally, fractional excretion of potassium (Fig. 3H) did not
change over time or differ among trials (time x trial: P =
0.4267).

Renal hemodynamics are shown in Table 3. Mean arterial
pressure did not change over time or differ among trials
(time x trial: P = 0.2950). There was an increase in renal
blood velocity from pre- to postexposure in trials A and C
(P < 0.0018) that paralleled a decrease in renal vascular re-
sistance (P < 0.0045). Neither segmental blood velocity nor
vascular resistance changed over time or differed among tri-
als (time x trial: P > 0.6078).

Compliant vs. noncompliant trials (trial D vs. trial E).

Urine flow rate (Fig. 4A) fell from pre- to postexposure in
both trials (P < 0.0005). Urine flow rate remained lower
than preexposure at recovery in trial E (P = 0.0500) and
was different from trial D (P = 0.0002). Serum creatinine
(Fig. 4B) increased from pre- to postexposure in trial E
(P < 0.0001) and remained elevated at recovery (P =
0.0296). Furthermore, serum creatinine was different
between trials at both postexposure and recovery (P <
0.0359). Urine creatinine (Fig. 4C) was elevated from pre-
to postexposure in trial E (P = 0.0003) and was different
from trial D (P = 0.0194). There was an interaction effect
for creatinine clearance (Fig. 4D; time x trial: P = 0.0478);
however, post hoc analyses did not reveal any change over
time or differences between trials (P > 0.1660). Free water
clearance (Fig. 4E) fell from pre- to postexposure in both
trials (P < 0.0031) and was different between trials at re-
covery (P = 0.0180). Osmolar clearance (Fig. 4F) fell from

pre- to postexposure and recovery in both trials (P <
0.0343) but was different between trials at both time
points (P < 0.0012). Fractional excretion of sodium (Fig.
4G) decreased from pre- to postexposure in both trials (P <
0.0125) and differed between trials at recovery (P =
0.0068). Finally, fractional excretion of potassium (Fig.
4H) differed between trials at recovery (P = 0.0053).

Renal hemodynamics are shown in Table 4. Mean arterial
pressure did not change over time or differ between trials
(time x trial: P = 0.2984). There was an increase in renal
blood velocity from pre- to postexposure in trial E (P =
0.0181) that paralleled a decrease in renal vascular resist-
ance and was different from trial D (P < 0.0524). There
was an interaction effect (time x trial: P = 0.0506) for seg-
mental blood velocity. Segmental artery blood velocity
was decreased from preexposure at recovery in trial E (P =
0.0512). There were no differences between trials (P >
0.5712).

DISCUSSION

We presented a secondary analysis of data from our regis-
tered clinical trial (NCT04767347) that aimed to examine
indices of GFR (creatinine clearance) and fluid and electro-
lyte regulation following simulated occupational heat stress
scenarios that were compliant with the NIOSH heat stress
recommendations. We hypothesized that GFR would be
maintained during the NIOSH-compliant trials and that
responses would not differ among trials despite differences
in WBGT and work-rest ratios, given that work intensity

Table 4. Renal hemodynamics in work-rest matched NIOSH-compliant and noncompliant trials (trial D vs. trial E)

Trial D Trial E LMM
Pre Post Rec Pre Post Rec Time Trial Time X Trial
Mean arterial pressure, mmHg 88 (5) 87 (3) 89 (4) 85 (5) 87 (5) 90 (10) 0.4982 0.6922 0.2984
Renal artery
Blood velocity, cm/s 33 (10) 37 (9) 34 (10) 33 (10) 33(9) 36 (8)+"” 0.0971 0.2160 0.0566
Vascular resistance, mmHg/cm/s 2.8(0.9) 2.5(0.6) 2.8(0.7) 2.9(0.9) 2.8(0.7) 2.6 (0.6)+* 0.1884 0.2605 0.0269
Segmental artery
Blood velocity, cm/s 19 (3) 20 (3) 20 (5) 19 (3) 20 (6) 18 (4)+ 7 0.0498 0.8510 0.0506
Vascular resistance, mmHg/cm/s 4.6 (0.6) 4.5 (0.5) 4.7 (0.9) 4.7 (0.9) 4.7 (1.0) 5.2 (0.8) 0.7590 0.8896 0.0662

Data are presented as means (SD). Data were analyzed using a linear mixed model (LMM). Actual P values are reported. All data are

n = 12 unless otherwise reported. NIOSH, National Institute for Occupational Safety and Health; Post, postexposure; Pre, preexposure; Rec,
recovery. + Trial E different from Pre (P < 0.05); “trial E different from trial D (P < 0.05). Bold text indicates statistically significant.
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Figure 4. A—H: indices of creatinine clearance and fluid conservation measured at preexposure (Pre), postexposure (Post), and following a 1-h recovery
period during the NIOSH-compliant (trail D) and noncompliant (trial E) trials. Data are presented as means = SD. Data were analyzed using a linear mixed
model and post hoc analyses completed using Sidak’s multiple comparisons. Actual P values are reported. n is presented for the trial and timepoint
under each figure. + Trial E different from Pre (P < 0.05); “trial E different from trial D (P < 0.05); *all trials different from Pre (P < 0.05). NIOSH, National

Institute for Occupational Safety and Health.

(metabolic heat production) was the same among trials and
similar peak core temperature and percentage changes in
body weight were observed (15, 22). The findings in the pres-
ent study support this hypothesis. Creatinine clearance
(our measure of GFR) did not differ from pre-exposure fol-
lowing NIOSH-compliant trials and was not different
among trials (Fig. 3D). Furthermore, measurements of
fluid and electrolyte conservation and urine concentrating
capacity remained intact (i.e., no observation of a paradox-
ical increase in free water clearance due to hyperfiltration
to maintain GFR) and were largely not different among tri-
als (Figs. 1 and 3).

A secondary purpose of the present study was to examine
the indices of GFR and fluid conservation following a simu-
lated occupational heat stress scenario that was noncompli-
ant with the NIOSH recommendations (i.e., exceeded the
allowable WBGT at that work intensity, work-rest ratio). As
anticipated in a markedly higher environmental exposure
(WBGT: approximately 36°C) resulting in greater heat strain,
indices of fluid conservation and regulation revealed a more
robust response compared with a work-rest ratio matched
condition (Figs. 2 and 4), but creatinine clearance did not
differ between these trials, which contrasted our hypothesis.
Because the magnitude of dehydration (i.e., percent change
in body wt) did not differ between these two conditions, this
observation likely highlights the importance of maintaining
adequate fluid intake during occupational heat stress scenar-
ios that are noncompliant with the NIOSH heat stress
recommendations.

AJP-Renal Physiol « doi:10.1152/ajprenal.00089.2024 - www.ajprenal.org

As previously reported (15, 22), the magnitude of heat
strain (i.e., peak core temperature) did not differ among
NIOSH-compliant trials despite differences in WBGT, total
work, and work-rest ratios. Furthermore, we observed that
ad libitum drinking (Table 1) was sufficient in maintaining
euhydration across the range of simulated occupational heat
stress scenarios. To this end, we provide additional measure-
ments of hydration status (see indices of fluid and electrolyte
homeostasis in Fig. 1). In the NIOSH-compliant trials, there
were no hydration status indices that met criteria for dehy-
dration (22) [e.g., serum osmolality: +9 mosmol/kgH,0;
urine specific gravity: + 0.010; percentage change in body
wt: —2% (25)]. This was likely due to both sufficient drinking
to replace fluid volume loss via sweating and the fluid-con-
servatory responses of the kidneys (9). This is highlighted by
a reduction in urine flow rate, free water clearance, and frac-
tional excretion of sodium that did not differ across NIOSH-
compliant trials (see Fig. 3). Finally, in the NIOSH compliant
trials, there was no change in plasma volume, which further
highlights that fluid replacement and/or fluid conservatory
mechanisms were sufficient in maintaining plasma volume
despite sweat rates of approximately 0.5 L per hour (22). This
is important with regards to the maintenance of blood vol-
ume and preventing reductions in renal blood flow, and sub-
sequently GFR, due to dehydration (31). To this end, it is
important to note that there were no changes in creatinine
clearance (our marker of GFR in the present study) from
pre- to postexposure or differences among NIOSH compli-
ant trials (Fig. 3D). This is in contrast to previous work in
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our laboratory that has demonstrated a reduction in creati-
nine clearance following physical work in the heat (12, 16),
even when water is consumed equal to sweat loss (12).
However, the differences in these findings are likely due to
differences in experimental design (e.g., environmental
conditions, total work and intensity) (12) or the composi-
tion of the available fluids (i.e., water vs. sports drink).
Therefore, GFR is not uniformly reduced during/following
physical work in the heat and appears to be modified by
exercise parameters, duration, magnitude of heat strain,
and/or dehydration (9, 31, 32).

To test our secondary hypothesis, we assessed the fluid
regulatory and GFR responses following an occupational
heat stress scenario that was noncompliant with the NIOSH
recommendations. Interestingly, there were no differences
in indices of hydration status among the NIOSH compliant
and noncompliant trials (see Fig. 2), likely due to increased
fluid intake per unit time. However, there was a reduction
in plasma volume from pre- to postexposure that was sus-
tained even following a 1-h recovery that included addi-
tional fluid replacement (Fig. 2H). This occurred under
conditions of a shorter exposure period (approximately
130 min vs. 240 min) but a greater peak core temperature
and equal volume of fluid consumption (Table 1). In addi-
tion, the fluid conservatory responses (e.g., reduction in
urine flow rate, free water clearance, and fractional excre-
tion of sodium) did not differ among the NIOSH-compliant
and noncompliant trials from pre- to postexposure. We
speculate that this observation can be explained by a theo-
retical maximum reduction in urine flow rate, free water
clearance, and/or fractional excretion of sodium, based on
the neurohormonal responses to heat stress and dehydra-
tion (9). This fluid conservatory response was achieved by
a greater urine concentrating response following the non-
compliant trial (Figs. 2 and 4) and an increased relative
fluid intake. In contrast, the fluid conservation responses
were sustained following a 1-h recovery period in the non-
compliant trial, whereas urine flow rate and associated
indices of GFR had returned to preexposure values in the
compliant trial. This includes an observed difference in
the fractional excretion of potassium between the non-
compliant and compliant trials following a 1-h recovery
(Fig. 4H). This is an interesting finding. However, we can
only speculate as to the potential mechanisms, which may
include sustained reductions in urine flow rate, increased
renin-angiotensin-aldosterone system activity, or modi-
fied acid-base disturbances, all of which are expected with
prolonged physical work in the heat. Perhaps most inter-
estingly, creatinine clearance was maintained following
the noncompliant trial despite these marked differences
in peak core temperature, fluid turnover, and blood vol-
ume loss. There was an increase in serum creatinine in
the noncompliant trial that was associated with a greater
risk of AKI as presented in our previous publication (15),
but this may have been reflective of increased serum cre-
atinine concentration (via reduction in plasma volume)
or a normal physiological increase in creatinine from
skeletal muscle during exercise and heat stress (9) and
not necessarily a fall in GFR. This further highlights the
limitations and clinical utility of serum creatinine as a
marker of AKI following physical work in the heat (9).
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Renal hemodynamics measured via renal ultrasound
were largely unchanged following the NIOSH-compliant
trials except for a few innocuous time points where there
were very modest differences (i.e., increases in renal artery
vascular resistance from pre- to postexposure in trials A
and C and at recovery in trial E; Tables 3 and 4). This is
consistent with our previous work that measured renal
blood velocity before and following exertional heat stress
(12). Therefore, it is unsurprising that we did not observe
any meaningful changes in the renal and segmental artery
hemodynamics in the absence of a concurrent stressor
[e.g., cold pressor test (33) or following an oral protein load
(34)]. Thus, these findings suggest that GFR is unlikely to
be modified in the absence of changes in renal blood flow
or during an active sympathetic stressor (35).

Experimental Considerations

Experimental considerations pertaining to the present
study have been previously discussed (15, 22). Here, we will
briefly discuss and expand upon these considerations. First,
the strict adherence to the NIOSH heat stress recommenda-
tions was only permitted under laboratory-controlled condi-
tions where environmental conditions and metabolic heat
production remained constant during the 4-h exposure. This
is an unlikely scenario given the fluctuation in environmen-
tal conditions during the workday and metabolic heat pro-
duction due to variations in job tasks (10). That said, we
could consider the present study representative of a peak ex-
posure period that typically lasts 3-4 h midday (10). Second,
the examination of kidney-related indices occurred after a
simulated half workday, whereas typical workdays may con-
sist of 6-12 h of exposure (7). It remains unknown if the kid-
ney responses observed under such conditions would
remain intact if the exposure duration was extended. This is
particularly important in scenarios where workers are non-
compliant with the NIOSH heat stress recommendations
(15). Third, we assessed indices of fluid and electrolyte home-
ostasis preexposure, postexposure, and following a recovery
period. This may have altered our results as the ambient
heat stress had been lifted at the postexposure assessment,
although we obtained these samples within approximately
10 min after the participant was removed from the environ-
mental chamber. All indices required timed urine and blood
samples and are not reflective of the likely dynamic changes
in GFR during the simulated occupational heat stress. It is
likely that dynamic alterations in GFR occurred during the
work-rest cycles that were not captured but may be physio-
logically meaningful in the context of the risk of AKI given
the fluctuation in heat strain (22). Finally, participants in the
present study were self-reported to be healthy and aged 21-
38 yr. The findings in the present study may not be broadly
generalizable to the general population of workers exposed
to heat stress that are aged across the entire adult lifespan (6)
or carry traditional risk factors that may further challenge
the kidneys during occupational heat stress (e.g., hyperten-
sion, diabetes, or obesity) (7).

Conclusions

In conclusion, GFR is broadly maintained with compliance
to the NIOSH heat stress and hydration recommendations
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[via adherence to work-rest ratios at a given WBGT and fixed
metabolic heat production (work intensity)]. This observation
occurred despite a range of WBGT exposures and total
amount of physical work, which was likely mediated by simi-
lar core temperature, fluid intake, and fluid regulatory
responses. However, under a noncompliant scenario, we dem-
onstrate a greater magnitude of heat strain (e.g., peak core
temperature) but no reduction in glomerular filtration rate
(creatinine clearance), which was likely due to adequate fluid
intake to prevent dehydration and robust fluid conservation
responses. Therefore, the data from the present study serve to
highlight that strategies that mitigate occupational heat strain
should be taken (e.g., work-rest cycles, adequate fluid intake,
and mitigation of environmental exposure) to prevent work-
day reductions in GFR, and subsequent risk of AKI, support-
ing interventions from field work in Mesoamerica.
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