
Liver fatty acid-binding protein 
point-of-care testing detects 
heat-induced organ damage: a 
pilot study in Japanese male self-
defense force personnel
Hiroyasu Goto1, Takuya Ishikiriyama2, Kyoko Oe3, Reina Asaga3,4, Hiroki Sato1, 
Kazuma Mori5, Bradley M. Kearney5,6, Hiroyuki Nakashima5, Takeshi Sugaya7, 
Manabu Kinoshita5 & Naoki Oshima1

Heat-related illnesses cause multiple organ injuries, including acute kidney injury (AKI). Recent studies 
have reported that heat-induced AKI can progress to chronic kidney disease (CKD). We previously 
reported that urinary levels of liver fatty acid-binding protein (L-FABP) are elevated in patients with 
severe heat-related illness. In this study, we prospectively examined the detection ability of L-FABP 
rapid assay kit (L-FABP Point-of-Care [POC] kit) for heat-induced organ damage in prehospital settings. 
After applying the exclusion criteria, 65 Japanese male military personnel who intended to carry out 
training in a hot environment were analyzed. The L-FABP POC kit enabled the detection of heat-
induced kidney and/or liver damage after heat exposure (defined as serum creatinine [Cr] ≥ 1.2 mg/
dL and total bilirubin ≥ 1.2 mg/dL) with a high negative predictive value (95.7%). L-FABP-positive 
participants showed higher serum Cr and total bilirubin levels than L-FABP-negative participants. 
Moreover, L-FABP-positive participants showed higher acyl-to-free carnitine ratios, indicating carnitine 
insufficiency which leads to impaired fatty acid oxidation, as well as high and rapid elevation of their 
core temperature in comparison to L-FABP-negative participants. In conclusion, the L-FABP POC kit 
may be useful as a screening tool for detecting heat-induced organ damage, which would prevent 
prolonged organ dysfunction.
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The recent increase in global warming has become a global concern. The United Nations intergovernmental 
panel on climate change (IPCC) predicted that average temperatures will rise 2.4–4.4  °C by the end of this 
century1,2. This climate change could increase the occurrence of heat-related illnesses. In Japan, the number 
of emergency medical calls due to heat-related illness exceeded 70,000 per year in 20223 and will continue to 
increase in the future4.

Heat-related illness is mainly diagnosed by clinical symptoms, based primarily on the triad of hyperthermia, 
neurologic abnormalities, and recent exposure to hot weather or physical exertion5. The Japanese Association 
of Acute Medicine (JAAM) divides heat-related illness into three grades: grade I, first aid and observation (heat 
cramps and heat syncope); grade II, should be taken to a medical institution (heat exhaustion); and grade III, 
inpatient hospital care (heatstroke)6. However, because the classification relies on symptoms of heat-related 
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illness, the determination of its severity can vary widely among evaluators. Over 60% of patients with heat-related 
illnesses who were transported by ambulance were categorized as mild3, which may overburden emergency 
medical care during the hot season. On the other hand, as we previously reported, even mild-to-moderate heat-
related illnesses can cause organ damage, such as acute kidney injury (AKI)7.

Recent studies have shown that heat-induced AKI, even with mild and transient elevations of serum creatinine 
(sCr), could result in chronic kidney disease (CKD), which is called “heat stress nephropathy (HSN)”8–10. The 
incidence of HSN appears to increase as global warming progresses10, although it is still underestimated because 
HSN is generally regarded as a CKD of unknown etiology when heat-induced AKI is not evident. Therefore, 
there is an urgent need to develop methods for the early and on-site identification of heat-induced organ damage, 
which could motivate patients to visit a hospital to prevent further organ dysfunction.

We recently reported that urinary liver fatty acid-binding protein (L-FABP), an established AKI biomarker, 
was elevated in patients with severe heat-related illness and in patients with kidney injury due to heat stress7. 
However, the assay of urinary L-FABP takes more time than multiorgan dysfunction may appear after heat stress. 
Currently, the L-FABP rapid semiquantitative assay kit has been developed, and several studies have reported its 
usefulness11–15. However, none of these studies focused on heat-related illness.

We also recently reported that carnitine insufficiency, which inhibits fatty acid oxidation (FAO) and decreases 
ATP production in tubular cells, is associated with heat-induced kidney injury16. As L-FABP transports fatty 
acids, which are the primary source of energy in the renal proximal tubules, we hypothesized that a rapid L-FABP 
detection kit could detect heat-induced organ damage and the elevated urinary L-FABP levels are associated 
with carnitine insufficiency.

To translate our recent findings into actual clinical practice for heat-related illnesses, we conducted a 
prospective observational study focusing on the prehospital detection of heat-induced organ damage using the 
L-FABP semiquantitative assay kit. We also examined the relationship between urinary L-FABP elevation and 
body temperature and/or carnitine insufficiency, which may underlie heat stress-induced organ damage.

Results
Characteristics of participants
A total of 81 individuals provided their informed consent and underwent a situational training exercise for heat 
load (Fig. 1a). After excluding 16 individuals based on the exclusion criteria, 65 participants were included in 
the analysis (Fig. 1b). All the participants were male. The median (IQRs) age and body mass index (BMI) were 
34 (26–42) and 23.4 (21.9–25.6), respectively. Eight (12.2%) participants received medication: two (3.0%) had 
hypertension, two (3.0%) had dyslipidemia, one (1.5%) had diabetes, and three (4.6) had other diseases (Table 
1). None of the participants had chronic kidney disease. On the days of the situational training exercise, the 
weather was sunny with average WBGTs > 29 °C (Supplemental Table S1 on line), which increased to > 40 °C 
with protective gear correction (+ 11 °C).

Association between detection of L-FABP by POC kit and incidence of heat-related illness
Nineteen of the 65 participants (29.2%) were L-FABP-positive according to the L-FABP POC kit after exposure to 
heat stress. There were no differences in age, BMI, or medical history between the L-FABP-positive and -negative 
groups (Table 1). Table 1 also shows the number of participants who had heat-related illness symptoms listed in 
the JAAM classification and heat-related organ damage as defined by the JAAM-HS-WG criteria. Eight (12.3%) 
participants had symptoms of heat-related illnesses, and 8 (12.3%) had heat-related organ damage. In this study, 
no participants had central nervous system (CNS) dysfunction or coagulopathy. The rate of heat-related illness 
symptoms did not differ between the L-FABP-positive and -negative groups. However, the rate of heat-related 
organ damage in the L-FABP-positive group was significantly higher than that in the L-FABP-negative group 
(31.6 vs. 4.3%, p = 0.006, Table 1).

We also investigated whether the L-FABP POC kit could detect heat-induced organ damage. Heat-induced 
organ damage was not detected using the heat-related illness symptoms listed in the JAAM classification (positive 
predictive value [PPV], 12.5%; negative predictive value [NPV] 87.7%; Risk ratio [RR] 1.02 (95% confidential 
interval [CI] 0.14–7.23); p = 1.00). However, we were able to detect heat-related illness using the L-FABP POC kit 
(PPV, 31.6%; NPV, 95.7%; RR, 7.26 [95% CI 1.61–32.8], p = 0.006). The L-FABP POC kit testing demonstrated a 
positive likelihood ratio of 3.29 and a negative likelihood ratio of 0.32 in detecting heat-induced organ damage.

Association between L-FABP detection by POC kit and the changes in kidney and liver injury 
markers
We investigated the relationship between L-FABP POC kit-positive cases and markers of kidney and liver injury. 
Although the level of blood urea nitrogen (BUN) was similar (Fig.  2a), the L-FABP-positive group showed 
significantly increased serum Cr levels after heat exposure (pre-stress vs. post-stress, p < 0.01) and showed 
significantly higher serum Cr levels at post-stress than those of the L-FABP-negative group (p < 0.01, Fig. 2b). 
Similarly, the L-FABP-positive group showed a significantly decreased eGFR (p < 0.01) after heat exposure and 
showed a significantly lower eGFR at post-stress in comparison to the L-FABP-negative group (p < 0.01, Fig. 2c). 
The L-FABP-positive group also showed significantly higher serum T.bil levels at post-stress in comparison to 
the L-FABP-negative group (p < 0.05, Fig. 2d), although the serum T.bil levels before and after heat exposure 
in the L-FABP-positive group did not differ to a statistically significant extent (Fig. 2d). The levels of serum 
aspartate aminotransferase (AST) and alanine aminotransferase (ALT) did not differ between the L-FABP groups 
(Fig. 2e,f). Although no difference was observed between the results of L-FABP in the post-stress measurement, 
there was a significant increase in serum sodium (Na) and a significant decrease in serum potassium (K) due to 
heat exposure (Table 2).
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Fig. 1.  Study design. (a) Study protocol. First, participants answered the questionnaire and initial blood 
and urine samples were collected. Within one week afterward, participants carried out a situational training 
exercise while in chemical protective gear, which included (1) carrying patients on a stretcher for 50 m, 
(2) ascending and descending stairs, (3) running on an obstacle course, and (4) simulated area chemical 
decontamination. During the situational training exercise, 20 participants had their rectal temperature 
measured. After finishing the training circuit (2–16 h later), participants were asked about their symptoms by 
questionnaire and blood and urine samples were collected. Urinary L-FABP was assessed by the L-FABP POC 
kit immediately on-site. (b) Flow chart of participant selection. Eighty-one male participants who were well-
trained gave their informed consent and enrolled in the study. Of the 81 participants, 5 were excluded because 
they performed the situational training exercise on a day with a relatively low wet bulb globe temperature 
(WBGT) of < 29 °C. One participant had a poor physical condition prior to heat stress and 10 did not provide 
post-heat stress samples. We excluded these participants. Sixty-five participants were ultimately included in the 
final analysis.
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Correlation between L-FABP and changes in sCr and T.bil
We also investigated the correlation between urinary L-FABP and changes in serum Cr (ΔsCr) and T.bil (ΔT.
bil), which were calculated as the level after heat exposure minus the level before heat exposure. Urinary L-FABP 
levels were evaluated by measuring the test line intensity of the L-FABP POC kit. We confirmed that urinary 
L-FABP levels were significantly higher in the L-FABP-positive group than in the L-FABP-negative group 
(Supplementary Fig. S1 on line). We found that urinary L-FABP levels were positively correlated with ΔsCr 
(ρ = 0.30, p = 0.01, Fig. 3a), but not with ΔT.bil (Fig. 3b).

We performed subclass analyses when samples were collected (at 2, 6, and 16  h, Fig.  3c). The baseline 
characteristics of the participants are presented in (Table 3). There were three (14.3%), three (27.3%), and 13 
(39.4%) L-FABP-positive participants at 2, 6, and 16 h, respectively. The urinary L-FABP levels did not differ 
between the 2- and 6-h groups after heat exposure while the level of the 16-h group was significantly lower than 
the levels in the 2- and 6-h groups (Fig. 3d). In contrast, ΔsCr values after heat exposure were significantly higher 
in the 6-h group than in the 2- and 16-h groups (Fig. 3e). Although correlations between urinary L-FABP and 
ΔsCr were observed in the 2- and 16-h groups (Fig. 3f,h), urinary L-FABP only showed a positive correlation 
with ΔsCr in the 6-h group (ρ = 0.63, p = 0.04, Fig. 3g).

Association between the detection of L-FABP by POC kit and carnitine insufficiency
We recently showed that carnitine insufficiency was associated with heat-induced kidney and/or liver damage 
and demonstrated that carnitine supplementation prevented heat-induced kidney injury by preserving the 
FAO pathway and enhancing ATP production16. As L-FABP is a cell membrane transporter of fatty acids, we 
examined whether the expression of L-FABP is associated with carnitine insufficiency. Although serum total 
and free carnitine levels did not differ between the L-FABP-positive and-negative groups (Fig. 4a,b), the serum 
acylcarnitine levels in the L-FABP-positive group were significantly higher than those in the L-FABP-negative 
group (p < 0.05, Fig. 4c). The acyl-to-free carnitine (AC/FC) ratio was significantly higher in the L-FABP-positive 
group, which indicated carnitine insufficiency (p < 0.05, Fig.  4d). The difference remained significant after 
adjusting for age, BMI, baseline serum Cr, and T.bil (p = 0.008).

All L-FABP negative L-FABP positive p value

N 65 46 19

Age 34 (26, 42) 35 (25, 46) 34 (26, 40) 0.63

BMI (kg/m2)§ 23.7 ± 2.4 23.4 ± 2.3 24.3 ± 2.5 0.16

sBP (mmHg)§ 120.9 ± 8.8 120.8 ± 9.5 121.1 ± 7.1 0.91

dBP (mmHg)§ 73.6 ± 10.7 73.2 ± 11.5 74.4 ± 8.8 0.68

Exercise habit (min/week) 120 (60, 180) 120 (60, 180) 150 (70, 240) 0.16

Water intake (mL/day) 1000 (500, 1500) 1000 (500, 1500) 1250 (500, 2000) 0.27

Medical history, N (%) 8 (12.2) 7 (15.2) 1 (5.3) 0.42

 Hypertension 2 (3.0) 2 (4.3) 0 (0.0)

 Dyslipidemia 2 (3.0) 2 (4.3) 0 (0.0)

 Diabetes 1 (1.5) 1 (2.2) 0 (0.0)

 Others 3 (4.6) 2 (4.3) 1 (5.3)

History of heat-related illness, N (%) 22 (33.9) 19 (41.3) 3 (15.8) 0.08

Heat-related illness symptom positive (JAAM classification) 8 (12.3) 7 (15.2) 1 (5.3) 0.42

 JAAM Grade I 6 (9.2) 5 (10.9) 1 (5.3)

 JAAM Grade II 2 (3.1) 2 (4.3) 0 (0.0)

 JAAM Grade III 0 (0.0) 0 (0.0) 0 (0.0)

Heat-related organ damage positive 8 (12.3) 2 (4.3) 6 (31.6) 0.006

 CNS dysfunction (GCS ≤ 14) 0 (0.0) 0 (0.0) 0 (0.0) 1.00

 Liver injury (T.bil ≥ 1.2 mg/dL) 6 (9.2) 1 (2.2) 5 (26.3) 0.007

 Kidney injury (sCr ≥ 1.2 mg/dL) 2 (3.1) 1 (2.2) 1 (5.3) 0.51

 Coagulopathy (DIC score ≥ 4) 0 (0.0) 0 (0.0) 0 (0.0) 1.00

Table 1.  Participant characteristics. Data are presented as the median and interquartile range (IQRs) or N 
(%). Pairwise group comparisons were performed by Mann–Whitney U test. BMI body mass index, sBP 
systolic blood pressure, dBP diastolic blood pressure, JAAM Japanese association of acute medicine, CNS 
central nervous system, GCS, glasgow coma scale, TB total bilirubin, sCr serum creatinine, DIC disseminated 
intravascular coagulation. §Data are presented as the mean ± standard deviation (SD) and analyzed using one-
way ANOVA as they are normally distributed. Categorical data were analyzed using a Fisher’s exact test. The 
JAAM was used to classify heat-related illness severity using symptoms after heat exposure as follows: grade I, 
dizziness, faintness, slight yawing, or muscle cramps; grade II, headache, vomiting, fatigue, or sinking feeling; 
and grade III, impaired orientation6.
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Fig. 2.  Changes in kidney and liver injury markers according to the results of the L-FABP POC kit. (a) Blood 
urea nitrogen (BUN), (b) serum creatinine, (c) estimated glomerular filtration rate (eGFR), (d) total bilirubin 
(T.bil), (e) serum aspartate aminotransferase (AST), and (f) serum alanine aminotransferase (ALT). Dots are 
presented for each individual and straight lines from pre-stress to post-stress connect the median values. Bars 
show the interquartile range (IQR). Data were analyzed by a mixed effects analysis with age and body mass 
index (BMI) as confounding variables. L-FABP, liver fatty acid-binding protein. *p < 0.05, **p < 0.01 vs. pre-
stress. †p < 0.05, ††p < 0.01 vs. L-FABP-negative.
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Association between the detection of L-FABP by POC kit and changes in core temperature
Finally, we investigated whether L-FABP POC kit-positive cases were associated with changes in core temperature 
during heat exposure. Of the 65 participants, 20 gave their consent for the measurement of their rectal temperature 
(Fig. 5a). Their characteristics are presented in Supplemental Table S2 on line. Of the 20 participants, 12 (60%) 
were L-FABP-negative and eight (40%) were L-FABP-positive. As shown in Fig. 5b, changes in core temperature 
from baseline (ΔTc) in the L-FABP-positive group increased significantly and quickly in comparison to the 
L-FABP-negative group (p = 0.001).

Discussion
The principal finding of this study was that the L-FABP POC kit enabled the detection of heat-induced organ 
damage more reliably than heat-related symptoms, which are generally used for field identification of heat-
related illness severity. Detecting elevated L-FABP in the prehospital setting was able to identify mild and 
asymptomatic organ damage due to heat stress, thereby helping prevent severe and/or chronic organ damage by 
allowing for early therapeutic intervention. Furthermore, we showed that positive cases of the L-FABP POC kit 
are involved in elevating core temperature and carnitine insufficiency, which may be the underlying mechanisms 
of heat-induced organ damage.

Previous studies have reported that even mild organ damage due to heat stress can cause prolonged organ 
dysfunction10. One reason could be that, as shown in this study, patients with mild heat-induced organ damage 
have no or only mild symptoms and thus may not seek medical attention, which results in prolonged organ 
dysfunction due to lack of appropriate treatment. We demonstrated that the L-FABP POC kit could detect HRI-
induced organ damage with a positive likelihood ratio of 3.29 and a negative likelihood ratio of 0.32. Given that 
the pre-test probability of heat-related illness-induced organ damage is estimated to be 30–40% in exertional 
heat-related illness5,7,17, when a patient who feels unwell in a hot environment undergoes L-FABP POC testing 
and the result is positive, the post-test probability is elevated to 59–69%, whereas for a negative result, the 
post-test probability decreased to 12–17%. Consequently, on-site screening with this kit would enable medical 
providers to make more informed decisions for athletes, laborers, and military personnel who feel somewhat 
unwell in hot environments, encouraging them to visit medical facilities for further examination and early 
treatment, which could prevent prolonged organ dysfunction.

High body temperature leads to direct cytotoxic effects and inflammatory responses that cause multiple organ 
dysfunctions5,10. We, as well as other investigators, have demonstrated that heat stress can cause mitochondrial 
injury in tubular cells16,18. Mitochondrial injury was shown to lead a decrease in ATP production that exacerbates 
tubular damage, worsens the inflammatory response, and inhibits repair, resulting in kidney fibrosis in an 
AKI experimental model19. We also recently reported the association between heat-related organ damage and 
carnitine insufficiency, which inhibits fatty acid oxidation, which is the main energy source in tubular cells16. 
The L-FABP-positive group showed a high AC/FC ratio (Fig. 4d), suggesting that an increase in urinary L-FABP 
results from an increase in the demand for fatty acids to enhance ATP production in tubular cells, because 
L-FABP is a transporter of fatty acids in tubular cells. Further clinical studies are needed to investigate whether 
carnitine supplementation can positively affect the levels of urinary L-FABP and heat stress resilience.

The L-FABP-positive group also exhibited a high core temperature (Fig. 5). To our knowledge, this is the first 
report to show an association between L-FABP expression and high body temperature. We believe that there 
are two possible mechanisms through which hyperthermia leads to an increase in urinary L-FABP levels. One 
reason is that the expression of L-FABP may increase due to energy imbalance caused by hyperthermia-induced 
mitochondrial damage and high energy demands during high-intensity exercise, as mentioned above. Second, 
L-FABP may be increased to scavenge reactive oxygen species (ROS) induced by hyperthermia20. Further studies 
should be conducted to test these hypotheses.

Urinary L-FABP levels were positively correlated with ΔsCr after heat stress, especially at 6 h after heat stress 
(Fig. 3). Urinary L-FABP increases as early as 4 h and decreases at 12 h after cardiac surgery21. In line with 

Pre-stress Post-stress

L-FABP negative L-FABP positive L-FABP negative L-FABP positive

Glucose (mg/
dL) 90 (86, 98) 92 (83, 94) 89 (82, 94) 92 (83, 94)

Na (mmol/L) 141 (141, 143) 142 (140, 143) 143 (141, 144)* 142 (142, 144)*

K (mmol/L) 4.3 (4.1, 5.3) 4.8 (4.2, 5.3)† 4.1 (3.9, 4.3)** 4.0 (4.0, 4.2)**

CK (U/L) 149 (116, 208) 175 (154, 224) 147 (106, 232) 193 (139, 235)

Hct (%) 45.3 (43.5, 46.9) 45.0 (43.3, 46.8) 44.9 (43.5, 46.3) 45.8 (44.4, 47.7)

PT (sec) 12.2 (11.9, 12.9) 11.9 (11.7, 13.0) 12.0 (11.7, 12.7) 11.9 (11.5, 12.6)

APTT (sec) 28.4 (26.8, 29.6) 29.4 (27.6, 32.2) 28.4 (26.4, 29.6) 29.4 (27.7, 30.9)

CRP (mg/dL) 0.04 (0.02, 0.10) 0.05 (0.02, 0.12) 0.05 (0.02, 0.07) 0.05 (0.03, 0.15)

Table 2.  Changes in variables between L-FABP-positive and L-FABP-negative patients. Data are presented as 
the median and interquartile range (IQR). Comparisons among groups were performed using a mixed effects 
analysis with Tukey’s post hoc test. Age and body mass index were included as confounding variables in the 
mixed effects analysis. CK creatine kinase, Hct hematocrit, PT prothrombin time, APTT activated partial 
thromboplastin time, CRP C-reactive protein. *p < 0.05; **p < 0.01 vs. pre-stress. †p < 0.05 vs. L-FABP negative.
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previous study, we observed that urinary L-FABP levels were significantly lower in the 16 h group than in the 2- 
or 6 h groups (Fig. 3d). Given that ΔsCr was highest in the 6 h group (Fig. 3e), urinary L-FABP at an early time 
(2–4 h) after heat exposure might be useful for not only detection but also prediction of heat-induced AKI. The 
predictive ability of urinary L-FABP for heat-induced AKI should be examined in further studies.

Several limitations associated with the present study warrant mention. First, our findings have resulted 
from some artifacts of relative homogeneity; the participants were all male, relatively young, and only Japanese. 
One report showed that there was no marked difference in urinary L-FABP concentrations between males and 
females22. Further research should focus on more diverse groups, such as women, the elderly, children, and 
other ethnic groups. Vulnerable populations, such as children, older adults, pregnant women, and those with 
chronic health conditions, are all at risk of heat-related illness23, and studies focusing on these populations would 
contribute to public health initiatives aimed at preventing heat-induced organ damage. Second, the sample size 
was small and may not have provided sufficient statistical power. In particular, only two participants experienced 
kidney damage after heat stress. A large prospective study is required to reach a definitive conclusion. Third, 
we defined kidney and liver injuries as serum Cr ≥ 1.2  mg/dL and serum T.bil ≥ 1.2  mg/dL, respectively, in 
accordance with the JAAM-HS-WG criteria. In the current study, we could not find any participants who met 
the Kidney disease improving global outcomes (KDIGO) criteria for AKI24 or the American Association for the 
Study of Liver Diseases (AASLD) criteria for acute liver injury25. However, we should focus on detecting mild 
organ damage caused by heat stress to prevent future organ dysfunction. Therefore, we used the JAAM-HS-
WG criteria to detect mild organ damage. Fourth, although we demonstrated the associations between elevated 
urinary L-FABP levels and heat-induced organ damage (Fig. 3) and elevated core body temperature (Fig. 5), 
we were unable to directly demonstrate the performance of the L-FABP POC kit for distinguishing the severity 
or stage of heat-induced organ damage, partly because of the lack of patients with severe heat-related illness. 
Further studies should be planned to include more diverse severity patients with heat-related illness to evaluate 
the correlation between L-FABP POC kit results and the severity of heat-induced organ damage.

In conclusion, we demonstrated that the L-FABP POC kit can detect kidney and liver damage due to 
heat-related illness. The underlying mechanisms of L-FABP elevation may involve high core temperature and 
carnitine insufficiency due to heat exposure. We envision using the L-FABP POC kit as a screening test to make 
heat-induced organ damage “visible” in prehospital settings. This may be useful for decision-making in relation 
to further medical examinations and early definitive care for preventing prolonged organ dysfunction, such as 
HSN.

Materials and methods
Study design
This prospective observational study focused on the utility of the L-FABP rapid assay kit in the identification 
of heat-induced organ damage. Eighty-one well-trained Japan ground self-defense force (JGSDF) personnel 
were enrolled in this study. These personnel perform high-intensity training during the summer months with 
protective gear, which adds + 11 °C to wet-bulb globe temperature (WBGT). This study was approved by the 
Research Ethics Committee of JSDF Central Hospital (approval# 04–008) and the National Defense Medical 
College (approval# 4817) and conducted in compliance with the Declaration of Helsinki.

After obtaining their informed consent in written format, all participants underwent a pre-stress medical 
check and initial sample collection. Within one week, participants carried out a situational training exercise 
while in chemical protective gear, which involved (1) carrying a patient on a stretcher for 50 m, (2) ascending 
and descending stairs, (3) running on an obstacle course, and (4) simulated area chemical decontamination. The 
participants took approximately 15 min to complete the exercise. It was planned that participants would visit us 
for medical checks and sample collection 2–16 h later. Urinary L-FABP levels were also assessed on-site using 
the L-FABP point-of-care (POC) kit (Timewell Medical, Tokyo, Japan). (Fig. 1a).

Five participants who performed the situational training exercise on a day with a relatively low WBGT 
(≤ 29 °C) were excluded so that the WBGT would exceed 40 °C with protective gear correction (+ 11 °C). Eleven 
participants were excluded from the analysis due to a poor physical condition on the exercise day (n = 1) or the 
lack of blood and/or urine samples (n = 10). We ultimately analyzed data from 65 participants for comparison of 
heat-induced organ damage between L-FABP-positive and L-FABP-negative participants (Fig. 1b).

In this study, we also divided the patients into three subgroups to identify changes in the correlation between 
the L-FABP concentration and heat-induced organ damage at each time point of sample collection. The 3 
subgroups were as follows: at 2, 6 and 16 h after heat stress had finished (Fig. 3c).

Furthermore, the core temperature during heat exposure was measured using a continuous rectal 
thermometer in participants who agreed to the measurement (n = 20, Fig. 5a). We compared the time course of 
the core temperature during heat stress between L-FABP-positive and L-FABP-negative groups.

Sample measurement and data collection
Complete blood counts were evaluated within three hours of sample collection at the laboratory of self-defense 
force (SDF) Central Hospital. Serum and urinary samples collected were stored at -80 °C in the Laboratory of 
GSDF Chemical School, thawed, and analyzed at the Laboratory of JSDF Central Hospital the following week. 
The detail methods are presented in Supplementary Table S3 on line. The estimated glomerular filtration rate 
(eGFR) was calculated using the Japanese equation for eGFR for sCr26. Serum carnitine levels were measured 
using the enzyme cycling method (SRL, Tokyo, Japan). Past history (including past heat-related illness events), 
medications, exercise habits, and amounts of water consumed were assessed using a questionnaire. The core 
temperature was measured every minute during the situational training exercise using a continuous rectal 
thermometer (LT-8A, Gram Corp., Saitama, Japan).
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L-FABP semiquantitative assay kit
L-FABP POC kits assess the levels of urinary L-FABP semi-quantitatively using a lateral flow immunoassay. 
After conjugating urine samples with pretreatment agents, the specimens were dropped onto the kit and the 
test lines were assessed 15 min later. The results were defined using the test line as follows: negative, no test 
line appeared (corresponding L-FABP concentration less than 12.5 ng/mL); low-positive, the test line appeared 
weakly (corresponding L-FABP concentration between 12.5 ng/mL and 100 ng/mL); high-positive, the test line 
appeared strongly (corresponding L-FABP concentration is greater than 100 ng/mL). In this study, we described 
low and high positivity as positive. We also quantified the levels of urinary L-FABP using a CHR-631 Rapid 
Test Reader (Kaiwood Technology, Taiwan City, Taiwan), which can measure the test line intensity in relative 
light units (RLU). Analytical validity was previously reported to be significantly correlated with ELISA values 
(R2 = 0.9985)11,15.
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Definition of heat-induced symptoms (JAAM classification)
The JAAM was used to classify heat-related illness severity using symptoms after heat exposure as follows: grade 
I, dizziness, faintness, slight yawing, or muscle cramps; grade II, headache, vomiting, fatigue, or sinking feeling; 
and grade III, impaired orientation6. We asked the participants about the above symptoms using a questionnaire 
when they visited us after experiencing heat stress.

Definition of heat-induced organ damage
Heat-induced organ damage was defined using the JAAM Heatstroke Working Group (JAAM-HS-WG) criteria, 
which were recently established by analyzing data from a nationwide registry for heat-related illness in Japan6. 

Fig. 3.  Correlation between levels of urinary L-FABP and changes in serum creatinine and total bilirubin. 
(a,b) Correlation between the levels of urinary L-FABP and changes in (a) serum creatinine (ΔsCr), (b) total 
bilirubin (ΔT.bil). Data were analyzed using Pearson’s correlation coefficient. (c) A flow chart of subgroup 
analysis. Participants were divided into 3 subgroups according to the time of sample collection: 2, 6, and 
16 h after heat stress had finished. (d,e) Urinary L-FABP levels (d) and changes in serum creatinine levels (e) 
according to the time of sample collection. Dots represent individual participants. Box-and-whisker plots: 
within each box, horizontal lines denote the median values; boxes extend from the 25th to the 75th percentile 
of each group’s distribution of values; vertical extending lines denote adjacent values (i.e., the most extreme 
values within the 1.5 interquartile range [IQR] of the 25 and 75th percentile of each group). Data were 
analyzed using the Mann–Whitney U-test. **p < 0.01; ***p < 0.001. (f–h) Correlation between the levels of 
urinary L-FABP and changes in serum creatinine at 2 (f), 6 (g), and 16 h (h) after heat stress. L-FABP showed 
a significant positive correlation with ΔsCr, especially at 6 h after heat stress. Each dot represents an individual 
participant. Data were analyzed using Spearman’s correlation coefficient.

◂

Time after heat stress

p value2 h 6 h 16 h

N 21 11 33

Age 27 (24–41) 28 (26–34) 38 (33–46) 0.03

BMI (kg/m2)§ 23.5 ± 2.1 24.3 ± 2.9 23.6 ± 2.4 0.60

sBP (mmHg)§ 119.9 ± 9.9 118.5 ± 9.6 122.4 ± 7.8 0.36

dBP (mmHg)§ 72.9 ± 14.3 68.6 ± 9.6 75.7 ± 7.7 0.16

BUN (mg/dL) 13 (11, 16) 13 (13, 16) 15 (13, 17) 0.14

Serum Cr (mg/dL) 0.96 (0.88, 1.09) 0.96 (0.92, 0.97) 0.90 (0.84, 0.98) 0.23

eGFR (mL/min/1.73 m2) 73.9 (67.4, 87.3) 78.7 (74.4, 83.5) 74.8 (70.2, 81.0) 0.57

Serum AST (U/L) 20 (18, 22) 20 (19, 22) 23 (19, 27) 0.38

Serum ALT (U/L) 18 (13, 26) 19 (15, 24) 18 (14, 27) 0.97

Serum T.Bil (mg/dL) 0.81 (0.68, 1.05) 0.87 (0.71, 1.05) 0.75 (0.60, 0.94) 0.32

Exercise habit (min/week) 120 (45, 180) 150 (80, 240) 120 (65, 205) 0.63

Water intake (mL/day) 1000 (500, 1250) 1000 (500, 1125) 1000 (500, 2000) 0.54

L-FABP POC positive 3 (14.3) 3 (27.3) 13 (39.4) 0.15

Heat-related illness symptom 
positive (JAAM classification) 3 (14.3) 4 (36.4) 1 (3.0) 0.02

 JAAM Grade I 2 (9.5) 3 (27.3) 1 (3.0)

 JAAM Grade II 1 (4.8) 1 (9.0) 0 (0.0)

 JAAM Grade III 0 (0.0) 0 (0.0) 0 (0.0)

Heat-related organ damage 
positive 0 (0.0) 2 (18.2) 6 (18.2) 0.08

 CNS dysfunction (GCS ≤ 14) 0 (0.0) 0 (0.0) 0 (0.0)

 Liver injury (T.Bil ≥ 1.2 mg/dL) 0 (0.0) 0 (0.0) 6 (18.2)

 Kidney injury (sCr ≥ 1.2 mg/dL) 0 (0.0) 2 (18.2) 0 (0.0)

 Coagulopathy (DIC score ≥ 4) 0 (0.0) 0 (0.0) 0 (0.0)

Table 3.  Participant characteristics according to the time of sample collection. Data are presented as the 
median and interquartile range (IQR) or N (%). Pairwise group comparisons were performed by Mann–
Whitney U test. BMI body mass index, sBP systolic blood pressure, dBP diastolic blood pressure, BUN blood 
urea nitrogen, Cr creatinine, eGFR estimated glomerular filtration rate, AST alanine aminotransferase, ALT 
alanine aminotransferase, T.bil total bilirubin, JAAM Japanese association of acute medicine, CNS central 
nervous system, GCS glasgow coma scale, T.bil total bilirubin, sCr serum creatinine, DIC disseminated 
intravascular coagulation. §Data are presented as the mean ± standard deviation (SD) and analyzed using one-
way ANOVA. Categorical data were analyzed using a Fisher’s exact test.
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Heat-related illness was defined by the presence of at least one of the following abnormalities during and/or 
after exposure to heat stress, when other obvious causes were excluded: (1) Glasgow Coma Scale (GCS) ≤ 14, (2) 
sCr ≥ 1.2 mg/dL, (3) serum total bilirubin (T.bil) ≥ 1.2 mg/dL, and JAAM disseminated intravascular coagulation 
(DIC) score27 ≥ 4. In line with these criteria, we defined kidney and liver injuries due to heat stress as sCr ≥ 1.2 mg/
dL and serum T.bil ≥ 1.2 mg/dL, respectively.

Statistical analyses
The normality of data was tested using the Shapiro–Wilk test in the visual inspection of quantile–quantile (QQ) 
plots. Continuous data were presented as median and interquartile range (IQR) or mean ± standard deviation 
(SD). Pairwise group comparisons were performed using the Mann–Whitney U test or one-way analysis of 
variance (ANOVA) according to the normality of data. Multiple comparisons were performed using the 
Kruskal–Wallis test. Categorical data were analyzed using Fisher’s exact test. Comparisons of data with repeated 
measurements (e.g., comparisons between pre- and post-stress) were performed using a mixed effects analysis 

Fig. 4.  Levels of carnitine according to the results of the L-FABP POC kit. Levels of (a) total carnitine, (b) 
free carnitine, (c) acyl carnitine, and (d) AC/FC ratio according to the results of the L-FABP POC kit. The 
levels of acyl carnitine and AC/FC ratio were significantly higher in the L-FABP-positive group than in the 
L-FABP-negative group. Each dot represents an individual participant. Box-and-Whisker plots, within each 
box, horizontal lines denote the median values; boxes extend from the 25 to the 75th percentile of each group’s 
distribution of values; vertical extending lines denote adjacent values (i.e., the most extreme values within 
the 1.5 interquartile range [IQR] of the 25 and 75th percentile of each group). Data were analyzed using the 
Mann–Whitney U-test. *p < 0.05.
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with Tukey’s post hoc test. Age and body mass index (BMI) were included as confounding variables in the mixed-
effects analysis. Changes in core temperature were compared using mixed-effects analysis with adjustment for 
age, BMI, and pre-stress core temperature. A correlation analysis was performed using Spearman’s correlation 
analysis. The correlation coefficients are presented as ρ values. Statistical significance was set at P < 0.05. All 
statistical analyses were performed using the JMP software program (version 15; SAS Institute, Cary, NC, USA).

Data availability
The data underlying this article will be shared on reasonable request to the corresponding author.
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