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A B S T R A C T   

Background: To investigate how rapid changes in hydration affect urine color expressed in CIE L*a*b* colorspace. 
Methods: This study was a two-day crossover design where subjects (N = 30) came in one visit dehydrated, after a 
15 h overnight fluid deprivation, and rapidly rehydrated by drinking at least 1000 mL of water in 2 h. On the 
other visit subjects reported euhydrated and then rapidly dehydrated 2% by walking (3 mph) in a heat chamber 
(100◦F, 50% humidity) for 2 h. Urine samples on both days were collected pre- and post-dehydration/ 
rehydration. Urine osmolality, urine specific gravity, subjective urine color and objective urine color 
expressed in CIE L*a*b* colorspace were measured. 
Results: In the dehydration trial participants experienced a significant weight loss of approximately 2% of their 
starting, euhydrated body weight. The CIE urine color L*-value significantly decreased (− 2.3 units) while the b*- 
value significantly increased (16 units). Subjective urine color significantly increased (1 unit). Urine osmolality 
increased (25 mmol/kg) and urine specific gravity increased (0.002 g/mL) between the pre- and post- 
dehydration conditions, however, neither of these changes were statistically significant. In the rehydration 
trial participants had a significant 1.5% increase in body weight after the ingestion of water. Significant increases 
were observed in the CIE urine color L*-value (7 units) and a*-value (1.1 units), while the b*-value significantly 
decreased (− 24 units). Subjective urine color significantly decreased (− 3 units). Urine osmolality (− 600 mmol/ 
kg) and urine specific gravity (− 0.018 g/mL) significantly decreased between the pre- and post-rehydration 
conditions. 
Conclusions: Traditional markers of hydration, including urine osmolality and urine specific gravity, did not 
significantly change in the acute dehydration trial, suggesting that these values may not be responsive to rapid 
changes in hydration status. However, the CIE L*- and b*-values of urine color significantly decreased in the 
rapid dehydration trial and significantly increased in the rapid rehydration trial. Thus, the results of the current 
study suggest that urine color L*- and b*-values expressed in the CIE L*a*b* colorspace were more responsive to 
changes in hydration status during rapid dehydration than traditional indices of urine concentration and thus 
may be better markers under such conditions.   

1. Background 

Traditionally, hydration status has been measured via urine osmo
lality (UOSM) and urine specific gravity (USG). In addition, subjective 
urine color (Ucol) has also emerged as a marker of hydration status 
(Armstrong et al., 1994; Kavouras, 2002). More recently, a new objec
tive measure of urine color using spectrophotometry has been examined 
for its ability to predict hydration status (Belasco et al., 2020; Edwards 
et al., 2020; Zhang et al., 2017). 

A substantial amount of hydration research has used UOSM and USG 
(Armstrong et al., 2013; Oppliger et al., 2005), but few of these studies 
have looked at how these measures respond to rapid changes in hy
dration status over time. 

Until recently, urine color has traditionally been measured subjec
tively using a color match scale. Specifically, Armstrong et al. (1994) 
created a Ucol chart in which the sample is subjectively matched to one 
of eight colors that corresponds to hydration status (Armstrong et al., 
1994). Recently an objective method has been used to analyze color 
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using CIE L*a*b* colorspace (Belasco et al., 2020; Zhang et al., 2017). 
Both color analyzing methods have shown strong correlations (r > 0.7) 
to USG and UOSM (Belasco et al., 2020; Edwards et al., 2020; Zhang et al., 
2017; Armstrong et al., 2012; Kavouras et al., 2015; McKenzie et al., 
2015). 

With the use of the CIE L*a*b* colorspace, Zhang et al. (2017) found 
a strong correlation between UOSM and the b*-value (r = 0.86, p <
0.0001). They found that the b*-value showed good sensitivity (97.4%) 
and specificity (65.6%) for assessing those who were considered dehy
drated based on their UOSM (Zhang et al., 2017). These findings have 
been supported by the recent results of Belasco et al. (2020) who re
ported a significant 0.71 correlation between the b*-value and urine 
osmolality during various hydration states. Both of these studies 
examined the ability of objective urine color to assess hydration in 
comparison to UOSM and USG, however they did not systematically 
control hydration status as they only took random spot urine samples 
throughout the day (Belasco et al., 2020; Zhang et al., 2017). 

Many hydration studies have been done in the past using a variety of 
different methods, but few (Armstrong et al., 1998) have observed the 
ability of these measurements to capture rapid changes in hydration 
status. The purpose of the current study was to investigate how rapid 
dehydration and rehydration affect the different methods of hydration 
assessment including objective urine color expressed in the CIE L*a*b* 
colorspace. 

2. Materials and Methods 

The subjects for this study were 30 healthy volunteers (15 males, 15 
females) with a mean ± SD age of 26.4 ± 7.8 years. All methods were 
carried out in accordance with relevant guidelines and regulations. All 
experimental protocols were approved by the San Diego State University 
IRB. Prior to data collection all subjects read and signed an informed 
consent approved by the San Diego State University IRB (#HS-2018- 
0146). This study was a two-day crossover design where the participants 
reported to the lab under two different hydration conditions. The order 
of the two trials was randomized. At the start and end of each trial the 
subjects provided a urine sample and were weighed semi-nude to the 
nearest 0.1 kg. 

2.1. Dehydration trial 

Subjects reported to the lab euhydrated which was confirmed via 
UOSM (<600 mmol/kg). After initial measurements were taken subjects 
then walked on a treadmill at 3 mph for 2-h in a heat chamber set at 
100◦F and 50% humidity. Subjects were not allowed to ingest water 
during the trial. All subjects were able to complete the 2-hr dehydration 
trial in the heat. 

2.2. Rehydration trial 

Subjects reported to the lab dehydrated after a 15-h period of over
night fluid deprivation. They were also required to not exercise during 
the fluid deprivation period. The initial measurements were taken and 
then subjects were instructed to drink as much water as they desired, 
with a minimum requirement of consuming 1000 mL, over the next 2-h. 
At the end of the 2-h rehydration period the final measurements were 
taken. 

2.3. Urine samples 

The pre- and post-urine samples for each trial were used to measure 
urine osmolality (UOSM) with a Wescor (Logan, UT) model 5500 vapor 
pressure osmometer and urine specific gravity (USG) with a clinical 
refractometer. All urine samples were maximal void attempts with the 
subjects emptying their bladder completely as possible. Subjective urine 
color (Ucol) was also determined using the Armstrong 8-point scale by 

the same investigator under standardize fluorescent light which had an 
intensity of 1200 lux (Wardenaar et al., 2022). The urine samples were 
also measured on a HunterLab Vista spectrophotometer and the urine 
color quantified in CIE L*a*b* colorspace. The L*-value measures the 
lightness of the sample, ‘0’ indicating the darkest and ‘100’ indicating 
the lightest a sample could be. The a*-value measures how much red 
versus green is in the sample, positive values indicate more red and 
negative values indicate more green. The b*-value measures how much 
yellow versus blue is in the sample, the positive values indicate more 
yellow and negative values indicate more blue. On both the a*- and 
b*-value axes a value of ‘0’ indicates an absence of both colors repre
sented on that specific axis. A 3D graphic depiction of the CIE L*a*b* 
colorspace is shown in Fig. 1. 

2.4. Data analysis 

Relationships between pre- and post-data were determined using 
paired t-tests and multiple regression using an online statistical program 
(www.vassarstats.net). Data sets were tested for normal distribution 
using Kolmogorov-Smirnov D tests. Significance was set at a p < 0.05 
level. 

3. Results 

The mean ± SD anthropometric characteristics of the subjects are 
shown in Table 1. There was no significant difference in the responses 
seen between the men and the women during either the dehydration or 
rehydration trial, thus the data was pooled. 

3.1. Dehydration trial 

Table 2 presents the mean pre-to post-measures during the dehy
dration trial. Participants experienced a significant weight loss of 
approximately 2% (range = 1.3–3.0%) of their starting body weight. The 
L*-value significantly decreased from 96.39 ± 4.23 to 94.01 ± 7.57 
(− 2.38 units) while the b*-value significantly increased from 14.21 ±
9.70 to 20.01 ± 12.42 (16 units, see Fig. 2). Subjective Ucol significantly 
increased from 2.83 ± 1.23 to 3.73 ± 1.57 (1 unit). UOSM increased from 
413 ± 274 to 439 ± 277 (25 mmol/kg) and USG increased from 1.012 
± 0.008 to 1.014 ± 0.009 (0.002 g/mL) between the pre- and post- 
dehydration samples, however neither of these changes were statisti
cally significant. 

Fig. 1. 3D depiction of CIE L*a*b* color space. (For interpretation of the ref
erences to color in this figure legend, the reader is referred to the Web version 
of this article.) 
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3.2. Rehydration trial 

Table 3 presents the mean pre-to post-measures during the rehy
dration trial. Participants had a significant 1.5% (range = 0.7–3.5%) 
increase in body weight from 69.17 ± 9.08 to 70.27 ± 9.06 kg after the 
ingestion of water. The L*-value significantly increased from 91.68 ±
4.85 to 98.52 ± 1.03 (7 units) and the a*-value significantly increased 
from − 2.27 ± 1.37 to − 1.18 ± 0.78 (1.1 units), while the b*-value 
significantly decreased from 30.55 ± 9.49 to 6.54 ± 4.80 (− 24 units, 
see Fig. 3). Subjective Ucol significantly decreased from 5.10 ± 0.995 to 
1.90 ± 0.61 (− 3 units). UOSM significantly decreased from 818 ± 162 to 
201 ± 106 (− 617 mmol/kg) and USG significantly decreased from 
1.024 ± 0.004 to 1.005 ± 0.003 (− 0.019g/mL) between the pre- and 
post-rehydration samples. 

3.3. Statistical analysis 

During the individual dehydration and rehydration trials the b*- 
value was significantly correlated with UOSM (r = 0.828 and 0.861, 
respectively). When pooling the data across both trials the b*-value 
likewise had a strong correlation with UOSM (r = 0.846). To further 
understand the relationship between the CIE L*a*b* variables and UOSM 
standardized beta coefficient values were calculated. The significant 
predictors of UOSM were found to be the b*-value (Beta = 0.7204, p <
0.01) and the a*-value (Beta = − 0.01889, p < 0.01). The L*-value was 
not shown to be a significant predictor of UOSM (Beta = − 0.0701, p <
0.37). The beta coefficients determined that the b*-value was the most 
significant predictor, followed by the a*-value, and then the L*-value. A 
hierarchy multiple regression model was performed to determine the 
CIE L*a*b* variables ability to predict UOSM. This model was determined 
to be significant in its prediction of UOSM (F (3,116) = 107.68, p < 0.0001, 
adjusted R2 = 0.729). The adjusted R2 shows that more than 72% of the 
variance in UOSM is because of the CIE L*a*b* predictor variables. 

Likewise, during the individual dehydration and rehydration trials 
the b*-value was significantly correlated with USP (r = 0.874 and 0.545, 
respectively). When pooling the data across both trials the b*-value also 
had a strong correlation with USG (r = - 0.897). To further understand 
the relationship between the CIE L*a*b* variables and USG, standard
ized beta coefficient values were calculated. Significant predictors of 
USG were found to be the L*-value (Beta = − 0.1511, p < 0.02), the a*- 
value (Beta = − 0.1782, p < 0.003), and the b*-value (Beta = 0.7284, p 
< 0.01). The beta coefficients determined that the b*-value was the most 
significant predictor, followed by the a*-value, and then the L*-value. A 
hierarchy multiple regression model was performed to determine the 
CIE L*a*b* variables ability to predict USG. This model was determined 
to be significant in its prediction of USG (F (3, 116) = 110.19, p < 0.001, 
adjusted R2 = 0.816). The adjusted R2 shows that more than 81% of the 
variance in USG is because of the CIE L*a*b* predictor variables. 

4. Discussion 

In the dehydration trial participants lost on average 2% of their body 
weight after walking in the heat chamber for 2-h without ingesting any 
fluids. Whereas in the rehydration trial participants gained approxi
mately 1.5% of their body weight after consuming water for 2-hr. It was 
hypothesized that all of the hydration indices would significantly 
respond in the appropriate direction during each trial. However, while it 
was observed in the rapid rehydration trial (Table 3) that all variables 
responded as expected, the same could not be said for the rapid dehy
dration trial (Table 2). In that trial, subjective and objective urine color 
indices responded as expected, but Uosm and USG were slow to respond, 
suggesting that urine concentration indices do not reflect rapid changes 

Table 1 
Participants overall characteristics. N = 30.  

Characteristic Mean ± SD 

Age (year) 26.4 ± 7.8 
Height (cm) 171.7 ± 7.9 
Weight (kg) 69.5 ± 9.0 
BMI (kg/m2) 23.3 ± 3.3  

Table 2 
Mean ± SD of all variables, measured pre- and post-dehydration.   

Pre-Dehydration Trial Post-Dehydration Trial 

Body weight (kg) 69.94 ± 9.06 68.56 ± 9.07* 
Subjective Urine Color (units) 2.83 ± 1.23 3.73 ± 1.57* 
L*-value (units) 96.39 ± 4.23 94.01 ± 7.57* 
a*-value (units) − 1.98 ± 1.27 − 2.22 ± 1.36 
b*-value (units) 14.21 ± 9.70 20.01 ± 12.42* 
Urine Specific Gravity (g/mL) 1.012 ± 0.008 1.014 ± 0.009 
Urine Osmolality (mmol/kg) 413 ± 274 439 ± 277 

*Indicates significant (p < 0.05) difference between the pre- and post-measures. 

Fig. 2. Mean ± SD b* value pre- and post-rehydration. *p < 0.05.  

Table 3 
Mean ± SD of all variables, measured pre- and post-rehydration.   

Pre-Rehydration Trial Post-Rehydration Trial 

Body weight (kg) 69.17 ± 9.08 70.27 ± 9.06* 
Subjective Urine Color (units) 5.10 ± 0.995 1.90 ± 0.61* 
L*-value (units) 91.68 ± 4.85 98.52 ± 1.03* 
a*-value (units) − 2.27 ± 1.37 − 1.18 ± 0.78* 
b*-value (units) 30.55 ± 9.49 6.54 ± 4.80* 
Urine Specific Gravity (g/mL) 1.024 ± 0.004 1.005 ± 0.003* 
Urine Osmolality (mmol/kg) 818 ± 162 201 ± 106* 

*Indicates significant (p < 0.05) difference between the pre- and post-measures. 

Fig. 3. Mean ± SD b* value pre- and post-dehydration. *p < 0.05.  
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in hydration status. Thus, the results of the current study illustrate that 
the b*-value of CIE L*a*b* colorspace is not only a good indicator of 
hydration, but it is also better able to respond to rapid changes in hy
dration than other established measurements. 

During the dehydration trial UOSM and USG both experienced 
changes in the expected positive direction, however, these changes were 
of a much smaller magnitude than expected and thus did not reach 
significance. Specifically, mean UOSM at the start of the dehydration trial 
was 413 ± 274 mmol/kg and only increased to 439 ± 277 mmol/kg 
(Table 2) following rapid dehydration. With such a rapid and large 
change in hydration status, as evidenced by the significant change in 
body weight, to have such a small, and nonsignificant, change in UOSM 
was unexpected. Similarly, USG had a small change with dehydration as 
the mean was 1.012 ± 0.008 g/mL at the start of the trial and by the end 
only increased to 1.014 ± 0.009 g/mL (p > 0.05). Based on such data it 
appears that during rapid dehydration following exercise in the heat, 
UOSM and USG are not able to accurately capture the change in hydration 
status. Such a conclusion agrees with the past findings of Popowski et al. 
(2001) who reported that UOSM and USG were slow to respond during 
acute dehydration. CIE L*a*b* colorspace values were more responsive 
to changes in hydration status during rapid dehydration and thus may be 
better markers under such conditions. 

Other measurements during the rapid dehydration trial had signifi
cant responses as was expected. The subjective Ucol and the b*-value 
both significantly increased while the L*-value significantly decreased 
(Table 2). These measures, which had faster reactions than UOSM and 
USG to the rapid dehydration condition, suggest that various indices of 
urine color may be a better indicators of hydration status during rapidly 
changing conditions. 

During the rehydration trial UOSM and USG significantly decreased 
between pre- and post-trial measurements. Participants initially had a 
mean UOSM of 818 ± 162 mmol/kg and after ingesting 1000 mL or more 
of water it significantly decreased to 201 ± 106 mmol/kg (Table 3). The 
mean USG was 1.024 ± 0.004 g/mL which also significantly decreased 
to 1.005 ± 0.003 g/mL (Table 3). Both of these changes illustrate that 
during rapid fluid intake these measurements of urine concentration are 
able to capture the fluctuations in hydration status. Ucol and all variables 
of CIE L*a*b* colorspace had significant responses to rehydration as 
well (Table 3). Thus, it appears that during rapid rehydration most 
measurements of hydration are able to respond to changes in hydration 
status. However, the above points need to be tempered by the fact that it 
remains questionable as to how much whole-body hydration is actually 
improved during rapid (i.e., 2-h) oral rehydration with water (Arm
strong et al., 1998). 

Dehydration and rehydration would appear to effect urine color in a 
myriad of ways that are not completely understood. However, renal 
water handling clearly plays a significant role by diluting or concen
trating urobilin in the resulting urine (Foot and Fraser, 2006). Dehy
dration, either from acute exercise or water deprivation, leads to 
profound urine concentration due to a significant increase in plasma 
arginine vasopressin from the posterior pituitary as a result of increases 
in plasma osmolality. The increased arginine vasopressin, after binding 
to V2 receptors in the basolateral membrane, significantly increases 
facilitated water reabsorption from the collecting duct, thus decreasing 
urine production and increasing urine concentration and color. 
Conversely, rehydration can rapidly decrease plasma arginine vaso
pressin leading to a profound diuresis with highly diluted (i.e., colorless) 
urine (Foot and Fraser, 2006; Stachenfeld et al., 1996). 

Limitations of the current study include that medications and 
nutrition were not controlled which can affect both urine color and 
hydration (Ellis et al., 2016; Wardenaar et al., 2012). The study popu
lation was relatively young and healthy, due to the IRB requirements to 
participate in prolonged exercise in the heat, thus these findings require 
replication with a broader population. Also, during the acute dehydra
tion trial, the subjects were not allowed to consume any fluid during the 
2-h of exercise. This is not the typical situation during real life 

dehydration as usually some degree of voluntary rehydration occurs, 
thus attenuating the loss of body fluids. Lastly, only 30 subjects partic
ipated in the study and therefore a larger sample size would be war
ranted in future trials. 

4.1. Conclusion 

In conclusion, all of the different measures of hydration measured in 
the current study were able to capture the changes during rapid rehy
dration. However, UOSM and USG, were inadequate in capturing the 
changes in hydration status during rapid dehydration. Interestingly, 
both subjective and objective measures of urine color were more 
responsive to the rapid changes during rapid dehydration. The findings 
of this study suggest that the CIE L*a*b* colorspace was more responsive 
to changes in hydration status during rapid dehydration than traditional 
indices and thus may be better markers under such conditions. 
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