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Abstract

The value of time-dependent toxicity (TDT) data in predicting mixture toxicity was examined. 

Single chemical (A and B) and mixture (A + B) toxicity tests using Microtox® were conducted 

with inhibition of bioluminescence (Vibrio fischeri) being quantified after 15, 30 and 45-min of 

exposure. Single chemical and mixture tests for 25 sham (A1:A2) and 125 true (A:B) combinations 

had a minimum of seven duplicated concentrations with a duplicated control treatment for each 

test. Concentration/response (x/y) data were fitted to sigmoid curves using the five-parameter 

logistic minus one parameter (5PL-1P) function, from which slope, EC25, EC50, EC75, asymmetry, 

maximum effect, and r2 values were obtained for each chemical and mixture at each exposure 

duration. Toxicity data were used to calculate percentage-based TDT values for each individual 

chemical and mixture of each combination. Predicted TDT values for each mixture were 

calculated by averaging the TDT values of the individual components and regressed against the 

observed TDT values obtained in testing, resulting in strong correlations for both sham (r2 = 

0.989, n = 25) and true mixtures (r2 = 0.944, n = 125). Additionally, regression analyses 

confirmed that observed mixture TDT values calculated for the 50% effect level were somewhat 

better correlated with predicted mixture TDT values than at the 25 and 75% effect levels. Single 

chemical and mixture TDT values were classified into five levels in order to discern trends. The 

results suggested that the ability to predict mixture TDT by averaging the TDT of the single agents 

was modestly reduced when one agent of the combination had a positive TDT value and the other 

had a minimal or negative TDT value.
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1. Introduction

Recent mixture toxicity research has been wide-ranging. Such research has included in vitro 

and in vivo studies (Boyd et al., 2013; Cedergreen et al., 2012; Coors et al., 2012), toxicity 

assessment using combined effects models (Crépet et al., 2013; Hertzberg et al., 2013; 

Moser et al., 2012; Rider et al., 2008; Webster, 2013), evaluating stressor impacts 

environmentally (Allan et al., 2012; Florian et al., 2013; Løkke 2010), risk assessment 

studies (Johnson et al., 2013; Løkke et al., 2013; Meek, 2013; Moore and Teed, 2013) and 

examining chemical reactivity within complex mixtures (Goel et al., 2013). Although the 

specifics of such research vary, the common goal is improving the ability to predict the 

effects of exposure to chemical mixtures.

The Microtox® acute test utilizes bioluminescence in the marine bacterium Vibrio fischeri to 

assess the toxicity of organic chemicals, effluents, and chemical mixtures. When at a 

sufficient concentration, toxicants will inhibit bioluminescence, which is read by a calibrated 

light meter, and the effect is determined relative to light emitted by the control samples. 

Since reduced bioluminescence can be the result of inhibition of bacterial metabolism, 

bacterial death, or both, it is effective for evaluating reversible and irreversible toxic effects 

that may be caused by a single toxicant or mixture of chemicals. The system allows the 

operator to read light levels for all vials prior to, during and at the end of chemical exposure.

The toxicity of a given chemical or chemical mixture to a living organism may increase, 

decrease, or remain the same over exposure time; any such change is referred to as time-

dependent toxicity (TDT). With Microtox® one can determine effects of a chemical on 

bacterial luminescence at up to three exposure times to observe such changes in toxicity. 

Those changes can be quantified and converted to a percentage basis to allow for 

comparison.

Log-linear plots of concentration/response (x/y) data collected over multiple exposure times 

allow one to visualize the magnitude of toxicity change for a given chemical (e.g., Dawson 

et al., 2011 -Fig. 2). In such plots a high level of TDT (e.g., 80%) shows that the 

concentration-response curve for a longer exposure duration is left-shifted from that of a 

shorter one. With a lower TDT level (e.g., 30%), while there is still a left-shift for the longer 

duration curve vs. the shorter one, the curves will be closer together. A chemical with no 

change in toxicity over exposure time (e.g., TDT = 0%) has x/y curves for the longer and 

shorter exposures that overlap. Chemicals with negative TDT values show reduced toxicity 

(i.e., some recovery) with increased exposure time, resulting in the curve for a longer 

exposure duration being slightly right-shifted from the shorter duration curve.

Initial examination of chemical mixture toxicity using Microtox®, as conducted herein, 

included a chemical reactivity perspective developed from results of work by Schultz et al. 

(2005). The initial study highlighted the importance of assessing changes in toxicity over 

exposure time (Dawson et al., 2006). Subsequent mixture studies evaluated TDT and 

mixture toxicity for: (a) selected soft electrophiles with a non-reactive chemical (Gagan et 

al., 2007), (b) Michael acceptors with varying levels of electro(nucleo) philic reactivity 

(Dawson et al., 2008), and (c) chemicals reactive by the bimolecular nucleophilic 
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substitution (SN2) mechanism (Dawson et al., 2010, 2011, 2014). Chemical selection in 

these studies considered relative reactivity levels (e.g., very fast to very slow or no 

reactivity) and TDT in order to assess combined effects against the dose-addition (e.g., Chen 

et al., 2001) and independence (Bliss, 1939) models of combined effects. These studies were 

conducted to examine whether the actual mixture toxicity observed (e.g., greater-than dose-

additive, dose-additive, less-than dose-additive) might be related to the agents having 

common or different reaction mechanisms, such as Michael addition, aliphatic substitution, 

aromatic substitution, or to a lack of reactivity. To date no clear mixture toxicity patterns 

have emerged from these studies, perhaps in part due to some chemicals having reversible 

toxicity at lower concentrations and irreversible toxicity at higher concentrations and/or to 

some chemicals being more rapidly reactive than others.

One feature of these studies, though, was the finding that the x/y data were well-fitted by a 

logistic function that incorporated four parameters: slope, asymmetry, EC50 and maximum 

effect. This approach involved modifying a 5-parameter logistic function by removing the 

minimum effect parameter. Therefore, this curve-fitting technique was referred to as the 

five-parameter logistic minus one parameter (5PL-1P) function (Dawson et al., 2012). The 

study showed that the 5PL-1P function typically gave improved fitting of x/y data vs. the 

standard four-parameter logistic function (which employed the minimum effect parameter 

but not the asymmetry parameter) and suggested that changes in slope, asymmetry, and 

toxicity over exposure time could be useful in predicting mixture toxicity.

A second feature of this Microtox® research was the testing of sham combinations. In 

mixture toxicity, a sham combination is defined as a test in which two separate stock 

solutions of a single chemical are tested as a mixture. This was done to assess whether the 

“sham mixture” would cause toxicity consistent with that predicted by the dose-addition 

model of combined effect (e.g., Dawson et al., 2010). In dose-addition the toxic effect can 

be predicted based simply on the level of increase in the dose applied. When a sham 

combination produces a dose-additive combined effect at both shorter and longer exposure 

durations, one can hypothesize that the TDT of the “mixture” should be about the average of 

the TDT values of the individual “components”. By extension then, it can be suggested that 

the same might hold for a “true” mixture showing dose-addition. If that is the case, then 

other questions arise, such as would this also be expected for: (1) a mixture that was not 

dose-additive and (2) a mixture in which one component had large changes in toxicity over 

time while the other component had minimal change in TDT or showed some recovery from 

the toxic effects (i.e., negative TDT)?

Therefore, in this report the data from published (Dawson et al., 2006, 2008, 2010, 2011, 

2014; Gagan et al., 2007) and unpublished Microtox® mixture toxicity experiments were 

compiled solely to assess the potential value of TDT determinations in predicting mixture 

toxicity. While combined effects were determined for all the combinations evaluated in this 

study, those results were not included herein because they were outside the scope of this 

paper. The specific question addressed in this study was: can TDT of binary mixtures (A + 

B) be well-predicted by averaging the individual TDT values of the mixture components, 

i.e., A and B?
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2. Materials and methods

2.1. Chemicals and reagents

Chemicals selected for toxicity testing (Table 1) were obtained from Sigma–Aldrich 

(Milwaukee, WI) at 95% to 99+% purity and used as received. Microtox® supplies (bacterial 

reagent, reconstitution solution and diluent) were obtained from Modern Water, Inc. (New 

Castle, DE).

2.2. Toxicity testing

A Microtox® 500 analyzer was used to determine inhibition of bioluminescence in the 

marine bacterium Vibrio fischeri following established procedures (Dawson et al., 2014). 

The experimental protocol used herein defines an experiment as consisting of three toxicity 

tests: chemical A-alone (A), chemical B-alone (B) and a mixture test (A + B). Some 

experiments were designed to be “sham” experiments, in which a single chemical was tested 

twice singly, from two separate preparations (A1 and A2), and as a “mixture” (A1 +A2).

Generally for an A + B combination, the chemical designated A had greater toxic potency 

than B, but this could vary due to differing levels of time-dependent toxicity of the 

individual chemicals over exposure time. Concentration selection for each agent, made 

based on results of preliminary testing, was intended to obtain an approximately equitoxic 

potency ratio (i.e., 1:1) after 30-min of exposure.

While seven, eight or nine concentrations were tested among the experiments reported 

herein; within an experiment each test always had the same number of duplicated 

concentrations and a duplicated control treatment. Concentrations tested were nominal, 

density corrected and prepared via serial dilution. Within an experiment a single dilution 

factor was used; being one of the following: 1.6, 1.75, 1.867 or 2.0. The dilution factor was 

selected to most effectively calculate EC25, EC50 and EC75 values, based on preliminary test 

results. The EC50 is the half-maximal effective concentration. The EC25 and EC75 are the 

one-quarter and three-quarters-maximal effective concentrations, respectively. Initial light 

readings were taken before chemical exposure. During exposure, readings were taken at 15, 

30 and 45-min. Microtox® Omni software automatically calculated % effect values for each 

concentration replicate at each exposure duration.

2.3. Curve fitting

With three exposure durations, each experiment produced nine concentration-response (x/y) 

curves (i.e., three each for A, B and A + B). These data were input to SigmaPlot® (v. 11.0; 

Systat Software, Chicago, IL) and fitted to sigmoid curves using the 5PL-1P function 

described previously (Dawson et al., 2012). This approach utilized four parameters: EC50, 

slope, maximum effect and asymmetry; the minimum effect parameter had been removed 

from the original 5PL function within the software.

Curve fitting was performed using:

y = max ÷ [1 + (xb ÷ x)slope]s
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wherein y = % effect, max = maximum effect, x = concentration, s = asymmetry. The 

variable xb was determined using:

xb = EC50× 10[(1÷slope)×log(2(1÷s)−1)]

Initial parameters for regressions were automatically estimated while employing three 

constraints: (a) EC50>0; (b) 0.1<s<10; and (c) max < 100. For any given test, when the 

initially calculated maximum effect values at 15,30 and 45-min differed by more than 2.5%, 

the mean of those maximum effect values was used as the constraint for max, thereby giving 

consistency in calculating TDT values (see below). For all single-chemical x/y data, EC25, 

EC50, EC75, slope, asymmetry and maximum effect values were calculated for each 

exposure duration. The quality of data fitting to the 5PL-1P function was assessed by 

calculating the coefficient of determination (r2).

For mixture x/y data, concentrations of chemical B were converted to concentration 

equivalents of chemical A. The conversion factor used to calculate those equivalent 

concentrations was determined by dividing the concentration of chemical A by the 

concentration of chemical B (Dawson et al., 2010). This permitted the total chemical 

concentration of the mixture to be made relative to those of chemical A alone, while 

allowing the plot of the mixture curve, at a given exposure duration, to be shown along with 

the actual concentrations used for chemical A and chemical B individually. The same curve-

fitting methods used for the individual chemicals were used for the mixture tests.

2.4. Calculation of TDT values

Calculations of TDT values quantified changes in toxicity over exposure time. Such 

calculations can be made using data from any exposure time series for which toxicity has 

been determined and at any effect levels selected. In this study, owing to toxicity 

measurements being taken at 15, 30 and 45min of exposure and to toxicity being calculated 

at the 25%, 50% and 75% effect levels, a variety of TDT values were calculated. In essence 

the TDT values calculated formed a 3 by 3 matrix across exposure time series (15–30, 30–

45, 15–45 min) and effect level (25%, 50%, 75%). Calculation of the various TDT values 

was based on the rationale and approach developed by Haber (1924) using the methodology 

described below.

Since toxicity was measured at three exposure durations, it was possible to calculate TDT 

values for each of three time series: (1) 15–30 min, (2) 30–45 min and (3) 15–45 min, when 

employing the appropriate time factor for the time series being assessed (Gagan et al., 2007). 

Three time factors were needed, one for each time series. These factors were calculated by 

dividing the difference between the later time (t2) and earlier time (t1) by t2. Hence, the 

factor for the 15–30 min series was 15/30 or 0.5, the factor for 30–45 min series was 15/45 

or 0.333, and the factor for the 15–45 min series was 30/45 or 0.667.

The following set of equations was then used to calculate TDT:

d = ECxt1
 − ECxt2

e = d ÷ (ECxt1 × ft1:t2)
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TDT = e × 100

in which ECx is the effect level, t2 is the later time of the exposure time series, t1 is the 

earlier time of that time series, and f t1:t2 is the appropriate factor (see above) for the time 

series under consideration. Using the 50% effect level for the 15–45 min time series to 

exemplify the TDT calculation process, the steps were: (a) subtraction of the 45-min EC50 

from the 15-min EC50; (b) dividing that difference by the product of the 15-min EC50 value 

and 0.667; and (c) multiplying that quotient by 100 to put it on a percentage basis. Hence, 

for a hypothetical chemical with a 15-min EC50 of 15 mg/L and a 45-min EC50 of 5 mg/L, 

the TDT at 50% effect for the 15–45 time series was 100%, as shown:

a. 15 mg/L – 5 mg/L =10 mg/L

b. 10 mg/L ÷ (15 mg/L × 0.667 = 1)

c. 1 × 100 = 100%

Values for TDT25 and TDT75 were calculated similarly using the respective time factor 

values (noted above) and EC25 or EC75 data, respectively.

Four sets of TDT values are reported herein: (1) the mean TDT15–45 values, which were 

calculated by adding the values at the 25%, 50% and 75% effect levels for the 15–45 min 

time series and taking the average, and the: (2) mean TDT25, (3) mean TDT50, and (4) mean 

TDT75 values. In each of the latter three cases these were calculated by averaging the 

TDT15–30, TDT30–45, and TDT15–45 values at the appropriate effect level. Note that for 

simplicity and readability throughout, that mean TDT15–45 values are referred to simply as 

mean TDT, whereas the mean TDT25, mean TDT50 and mean TDT75 values are referred to 

as TDT25, TDT50 and TDT75 values, respectively.

For each experiment, mean TDT values for A and B were averaged to obtain a predicted 

mixture mean TDT value. Linear regression analyses were then conducted to evaluate 

predicted mixture mean TDT values against those obtained experimentally (i.e., observed 

mixture mean TDT values). Separate regressions were run for the 25 sham (A1+A2) and 125 

true (A + B) combinations.

Likewise, separate regressions of predicted vs. observed TDT were performed for the 

TDT25, TDT50, and TDT75 data; again considering sham and true mixtures separately.

As a quality control measure, test-to-test variability of TDT values was assessed on 

individual chemicals for which at least five separate tests had been conducted. Mean, 

standard error, and 95% confidence intervals for those TDT values were determined.

2.5. TDT classification

After determining mean TDT values for A, B and A + B in each experiment, those values 

were grouped into one of five TDT classes: (a) full (TDT > 100%), (b) high (TDT = 70–

100%), (c) moderate (TDT = 30–69%), (d) low (TDT = 0–29%), or (e) negative (TDT < 

0%).
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3. Results

3.1. Logistic curve-fitting

For all experiments, the 5PL-1P function was used for initial fitting of x/y data, with the 

quality of fitting being assessed by the r2 value for each test (A, B, A + B) at each exposure 

duration (15, 30, 45-min). For all x/y curves, whether single chemical or mixture or whether 

part of a sham or true combination, the r2 values are independent of each other. Overall, 

98.5% of r2 values were ≥0.9900 and 92.4% were ≥0.9950. Fully 40% (540/1350) of x/y 

curves had an r2 of 0.9990 or higher with 5PL-1P fitting. The overall mean r2 (±s.d.) was 

0.9980 (±0.0022) and the median value was 0.9988 (Table 2). The mean r2 values were not 

normally distributed, as they could fall much farther below the mean than they could rise 

above it. Therefore, the Kruskal–Wallis One Way Analysis of Variance on Ranks test was 

used to determine significance across median values, for each exposure duration. For A, B 

and A + B, the median r2 values were not statistically different from each other at any 

common exposure duration (Table 2).

3.2. TDT

As noted above, toxicity that changes over time is time-dependent toxicity. Log-linear plots 

of x/y data collected over multiple exposure times allow one to visualize the magnitude of 

toxicity change for a given chemical. For example, in Fig. 1 typical x/y curves derived from 

the 5PL-1P function were compared for two chemicals, bromoacetonitrile (BRAN) and 3-

chloro-2-butanone (3C2B). The 15, 30 and 45-min curves for BRAN showed greater 

separation than those for 3C2B; with the curves for the longer exposure durations being left-

shifted from the 15-min curve. Differences in separation of the 15- and 45-min curves were 

quantified as a higher TDT value for BRAN (106%) than for 3C2B (67%).

3.3. Mixture toxicity - regression of observed TDT vs. predicted TDT

In this study, both sham (A1 +A2) and true (A + B) combinations were evaluated and mean 

TDT values for each single chemical and mixture test were determined (Tables 3 and 4). 

Separate linear regressions of predicted mixture mean TDT vs. observed mixture mean TDT 

values for both sham and true mixtures resulted in r2 values of 0.989 and 0.944, respectively 

(Table 5, rows 1 and 2; Fig. 2a, b). In addition to the regressions, separate linear regressions 

(predicted TDT vs. observed TDT) were performed on the TDT25, TDT50 and TDT75 

values; with the sham and true mixtures being analyzed separately. The best correlations 

were obtained for TDT50 (sham = 0.988, true = 0.950; Table 5, rows 10 and 11). Respective 

comparisons of predicted vs. observed TDT for TDT25 (Table 5, rows 6 and 7) and TDT75 

(Table 5, rows 14 and 15) values showed somewhat lower r2 values.

Consistency of mean TDT values among chemicals for which at least five separate tests had 

been conducted (n = 24) resulted in standard error values ranging from ±0.3 to ±7.7 (mean = 

2.0; median = 1.6) and 95% confidence intervals between ±0.7% and ±17.1% (mean = 

4.7%; median = 3.6%) (Table 6).
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3.4. TDT classification

Single chemical mean TDT values obtained for each of the sham and true combinations 

were separated into five classes: mean TDT: (a) >100% or full TDT, (b) 70–100% or high 

TDT, (c) 30–69% or moderate TDT, (d) 0–29% or low TDT, and (e) <0% or negative TDT. 

For the mixtures, a comparison of the mean deviation (%) of observed TDT vs. predicted 

TDT by TDT level, separated by sham and true combinations, showed that the larger 

average deviations tended to be associated with chemicals that had mean TDT values that 

were the furthest apart, e.g., a chemical having full TDT being paired with a chemical 

having low TDT, and, especially, when a chemical with a positive TDT value was combined 

with one having a negative TDT (Table 7).

As a consequence of this finding an additional set of regression analyses was performed on 

predicted TDT vs. observed TDT data for the true mixtures only. True mixtures were 

separated into two groups: (1) when A and B had the same TDT classification (e.g., full vs. 

full) or (2) when A and B had different TDT classifications (e.g., full vs. low). Regressions 

were run for each group. These regressions were conducted separately, for mean TDT, 

TDT25, TDT50 and TDT75 values (Table 5, rows 3 and 4, 8 and 9, 12 and 13 and 16 and 17, 

respectively). In each case the r2 values were higher when chemicals A and B in the pairing 

had the same TDT classification, with TDT50 values producing the best correlations (same 

TDT class = 0.984, different TDT class = 0.919; Table 5). The n values for the same and 

different TDT classifications are different among the mean TDT, TDT25, TDT50 and TDT75 

analyses, because the TDT classification for some agents were different at the various effect 

levels.

As stated above, higher average differences between predicted TDT and observed TDT were 

noted when a chemical having a positive TDT value was paired with one having a negative 

TDT value. To evaluate this finding more fully, 27 true mixtures that contained either 3-

methyl-2-butanone (3M2B) or dibromoacetonitrile (DBRAN) were removed from the 

regression analyses. Both of those chemicals had low or negative TDT values. Since 3M2B 

had been paired with chemicals having mean TDT values across all five TDT classifications, 

removal of those pairing was deemed an effective way to assess how much impact the 

positive-negative TDT pairings had on the predictability of mixture TDT. For DBRAN, 

mean TDT values were always between −14 and 6% (Table 4), but those values are 

misleading because DBRAN was so highly reactive that toxicity was produced very quickly 

and did not change much after 15 min. Together, removal of these 27 data sets from the 

regression improved the correlation between predicted mixture TDT and observed mixture 

TDT (r2 = 0.964; Table 5 - row 5, Fig. 2c).

Finally, to further compare the regressions for the sham, true and true minus 3M2B- and 

DBRAN-containing mixtures, 95% prediction intervals were calculated. For the sham 

mixtures (Fig. 2a) at an observed mean TDT of 50.0%, the regression line gave a predicted 

TDT value of 49.1% with the 95% prediction interval being 37.4–60.8%. For all 125 true 

mixtures (Fig. 2b) at an observed mean TDT of 50.2%, the predicted mixture TDT was 

46.9% and the 95% interval was 29.1–64.6%. For the 98 true mixtures remaining once 

3M2B- and DBRAN-containing mixtures were excluded (Fig. 2c), at an observed mean 
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TDT of 50.2%, the predicted mixture TDT was 47.2%, with the 95% prediction interval 

being 33.8–60.5%.

4. Discussion

4.1. Curve-fitting

Logistic regression is commonly used to evaluate fitting of toxicity data to a sigmoid curve. 

Herein, the 5PL-1P function typically gave high quality curve-fitting of the x/y data, as only 

19/1350 curves had an r2 below 0.9900. Of those nineteen, eighteen were single chemical or 

mixture curves that contained one of three chemicals: 1-bromo-2,4-dinitrobenzene (BDNB), 

1-chloro-2,4-dinitrobenzene (CDNB) and ethyl fluoroacetate (EFAC). However, tests of 

each of these chemicals alone more often gave 5PL-1P-derived curves with r2 values 

≥0.9900 (BDNB – 30/33 = 90.9%, CDNB – 20/27 = 74.1%, EFAC – 21/27 = 77.8%). The 

results confirm the finding from an earlier report (Dawson et al., 2012) that the 5PL-1P 

function is well-suited to fitting Microtox®-derived toxicity data to sigmoid curves.

4.2. TDT

Mixture toxicity studies that include assessing changes in toxicity over time are becoming 

recognized as being important (Broerse and van Gestel, 2010; Cetojevic-Simin et al., 2013; 

Schnug et al., 2013; Tarantini et al., 2011). The previous Microtox® studies noted earlier 

typically reported TDT values for the 15–30, 30–45 and 15–45 min exposure durations; but 

generally just using EC50 data (i.e., TDT50) in TDT calculations (e.g., Dawson et al., 2008). 

In this study, TDT values were also calculated at the 25% (TDT25) and 75% (TDT75) effect 

levels, as a means of incorporating data from a larger segment of the x/y curves. With those 

additional TDT values being available, mean TDT values were assessed to include TDT 

information from a range of effect levels along the x/y curves rather than at just the 

midpoint.

4.3. Mixture toxicity - regression of observed TDT vs. predicted TDT

In this study, after the visual observation that mean TDT values for mixtures appeared to be 

about midway between those for chemicals A and B alone, the predicted mean TDT for a 

given mixture was calculated by taking the average of the mean TDT values for the 

individual components of the mixture. The mixture toxicity data were divided into two sets: 

“sham” mixtures (as a control) and “true” mixtures. They were separated because it was 

hypothesized that TDT for a sham mixture would be close to the average of its individual 

components, as sham combinations typically show dose-additive toxicity irrespective of 

TDT level (Dawson et al., 2010, 2011). The high r2 value obtained herein for observed vs. 

predicted TDT of sham combinations (0.989) is consistent with that hypothesis.

To determine whether such a correlation existed for the true mixtures, linear regression 

analysis of observed mean TDT vs. predicted mean TDT was then conducted. This analysis 

also showed a strong correlation (r2 = 0.944). These mixtures included combinations that 

were dose-additive, greater-than dose-additive and less-than dose-additive (e.g., Dawson et 

al., 2010, 2011, 2014 and unpublished data), so the high correlation was not the result of all 

the mixtures having the same category of combined effect.
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Additionally, TDT values were evaluated by effect level (25, 50 and 75%). While TDT50 

values gave better predicted vs. observed TDT values for mixture toxicity, high quality (i.e., 

r2 values >0.900) equations were typically obtained for regression of TDT25 and TDT75 

data. There was no pattern to TDT values across these effect levels, for example TDT25 

values were not always lower than those for the higher effect levels, or vice versa, for the 

single chemical and mixture x/y curves as a whole. This is likely a result of the chemicals 

tested having different rates of chemical reactivity and some of the chemicals being non-

reactive. For individual chemicals with intermediate levels of TDT, it is possible that toxic 

effects are due to both inhibition of metabolism and cell death.

4.4. TDT classification

The finding that mixture TDT can be well-predicted by averaging the mean TDT of the 

individual components was examined more fully by sorting TDT values for the chemicals 

into five TDT classes. One might expect that two chemicals having the same relative level 

of TDT would show mixture TDT at about the average of the single chemical TDT values. 

In contrast, it might be expected that when a chemical with full TDT (i.e., >100%) was 

tested with one having negative TDT (i.e., TDT <0%) the difference between observed and 

predicted TDT for the mixture would show more variability. This was the case. From Table 

7 it can be seen that when two chemicals had the same relative mean TDT level (e.g., high 

TDT with high TDT, low TDT with low TDT) the average difference between observed and 

predicted TDT was low, typically being less than ±5%. The greatest average difference was 

observed for the situation in which a chemical having full TDT was given with one having 

negative TDT (±16.2%). As a result of this finding, the average difference between 

predicted mean TDT and observed mean TDT for the mixtures was evaluated further by 

examining whether the individual chemicals in a given mixture: (a) had the same TDT level 

(e.g., high TDT with high TDT) or (b) different TDT levels (e.g., high TDT with low TDT) 

(Table 5). The same comparative analyses were also done for TDT at three effect levels (i.e., 

TDT25, TDT50 and TDT75; Table 5).

These latter regressions showed that better correlations were obtained when the agents in the 

combination had the same TDT level. In fact, the mean TDT analysis for true mixtures 

containing agents that had the same TDT level resulted in a better correlation (r2 = 0.993; 

Table 5, row 3) than did the sham combinations (r2 = 0.989; Table 5, row 1). While 

predictability of mean TDT was lower for true mixtures containing chemicals from different 

TDT classes, it was still good (i.e., r2 ≥ 0.900). Results for the TDT50 regression for true 

mixtures showed a very high level of predictability (r2 = 0.984; Table 5, row 12). The same 

general pattern was observed at the TCT25 and TDT75, although predictability was 

somewhat lower for mixtures containing chemicals from different TDT classes (TDT25, r2 = 

0.844) and (TDT75, r2 = 0.861).

Data from Table 7 showed that the largest average differences between predicted mixture 

TDT and observed mixture TDT were found in true mixtures in which one chemical had a 

positive mean TDT and the other chemical had a negative mean TDT. To evaluate this 

finding further, combinations of true mixtures containing either 3M2B or DBRAN were 

removed from the regression (Table 5, row 5). The results strongly suggested that predicting 

Dawson et al. Page 10

Toxicology. Author manuscript; available in PMC 2015 December 04.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



mean TDT for mixtures by taking the average of the mean TDT of the individual chemicals 

in the mixture will be the most challenging when a positive TDT chemical (i.e., a reactive 

toxicant) is combined with a chemical having negative TDT (such as chemicals which are 

toxic solely by disrupting membrane integrity for a time before being accommodated by the 

organism and beginning recovery).

When one knows the TDT of the individual chemicals in the mixture, calculating TDT of 

the mixture should most often be a straightforward process. The major issue for this 

approach comes when one does not have TDT information for the chemicals. Preliminary 

analyses (not shown) suggest that curve-fitting parameters such as slope, asymmetry or the 

difference between slope and asymmetry can be used to help classify chemicals by TDT 

level. While more data is needed to assess this idea, it is suggested that such information, 

when coupled with physico-chemical parameters and/or reactivity rate constant data for the 

individual chemicals could help to classify each agent by its TDT level without having to 

conduct time-course studies. Such studies when conducted using a rapid, lower-cost assay 

like Microtox® offer potential to further advance the field of mixture toxicity prediction.

4.5. Further study

An aspect of this research that requires additional study is environmental relevance, such as 

evaluating the observed TDT correlations at concentrations of chemicals actually present in 

an aquatic setting. The primary purpose of developing the current data set was to discern any 

relationships between TDT, combined effects and organic chemical reaction mechanisms 

(and/or lack of chemical reactivity). Studies examining environmental relevance will require 

a different experimental design than used herein. It should be possible, however, to calculate 

TDT at lower effect levels (e.g., TDT5 or TDT10) for chemicals A, B and A + B and 

determine whether observed vs. predicted mixture TDT values are still well-correlated. 

While such an evaluation may be useful, it should be noted that examining the effects of 

including and excluding the asymmetry parameter in curve-fitting the x/y data may be 

needed, since that parameter frequently affects fitting at lower effect levels.

A second aspect of this work requiring further study is development of a more detailed 

mechanistic rationale for the value of TDT in toxicity prediction for mixtures. It is likely 

that the larger deviations between observed and predicted TDT noted above are associated 

with pairs of agents that are likely to exert toxicity via different modes/mechanisms of 

action. The working hypothesis for this idea is that those differences appear to be reflected 

by differences in slope of the x/y curves, especially for combinations that produce mixture 

toxicity that is not dose-additive.

5. Conclusions

Time-dependent toxicity assessment of individual chemicals provided information useful for 

predicting mixture toxicity. Mixture TDT was well-predicted simply by averaging the TDT 

values of the individual components of binary combinations. While this finding requires 

confirmation with additional sets of toxicity data and/or evaluation using other toxicity 

assays, it appears to provide a simple way of estimating mixture toxicity when the TDT of 

the individual chemicals is known. Scientists interested in obtaining the concentration-
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response data used to generate the TDT values presented herein are invited to contact the 

corresponding author.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

This study was supported in part by grants 2 R15 ES08019-03 and −04 from the National Institute of 
Environmental Health Sciences (NIEHS), National Institutes of Health (NIH). Its contents are solely the 
responsibility of the investigators and do not represent the official views of the NIEHS, NIH. Additional support for 
chemical and reagent purchases was provided by an award from the International QSAR Foundation. The Choose 
Ohio First scholarship program provided additional support for one student (H.B.).

References

Allan SE, Smith BW, Tanguay RL, Anderson KA. Bridging environmental mixtures and toxic effects. 
Environ. Toxicol. Chem. 2012; 31:2877–2887. [PubMed: 23001962] 

Bliss CI. The toxicity of poisons applied jointly. Ann. Appl. Biol. 1939; 26:585–615.

Boyd J, Vrana JA, Williams HN. In vitro approach to predict post-translational phosphorylation 
response to mixtures. Toxicology. 2013; 313:113–121. [PubMed: 23146764] 

Broerse M, van Gestel CAM. Mixture effects of nickel and chlorpyrifos on Folsomia candida 
(Collembola) explained from development of toxicity in time. Chemosphere. 2010; 79:953–957. 
[PubMed: 20334890] 

Cedergreen N, Sørensen H, Svensen C. Can the joint effect of ternary mixtures be predicted from 
binary mixture toxicity results? Sci. Total Environ. 2012; 427–428:229–237.

Cetojevic-Simin DD, Armakovic SJ, Sojic DV, Abramovic BF. Toxicity assessment of metoprolol and 
its photodegradation mixtures obtained by using different type of TiO2 catalysts in the mammalian 
cell lines. Sci. Total Environ. 2013; 463–464:968–974.

Chen JJ, Chen YJ, Rice G, Teuscher LK, Hamernick K, Protzel A, Kodell R. Using dose addition to 
estimate the cumulative risks from exposures to multiple chemicals. Regul. Pharmacol. Toxicol. 
2001; 34:35–41.

Coors A, Dobrick J, Möder M, Kehrer A. Mixture toxicity of wood preservative products in the fish 
embryo toxicity test. Environ. Toxicol. Chem. 2012; 31:1239–1248. [PubMed: 22488763] 

Crepet A, Héraud F, Béchaux C, Gouze ME, Pierlot S, Fastier A, Leblanc J, Le Hégarat ChL, 
Takakura N, Fessard V, Tressou J, Maximilien R, de Sousa G, Nawaz A, Zucchini-Pascal N, 
Rahmani R, Audebert M, Gaillot V, Cravedi JP. The PERICLES research program: an integrated 
approach to characterize the combined effects of mixtures of pesticide residues to which the French 
population is exposed. Toxicology. 2013; 313:83–93. [PubMed: 23603198] 

Dawson DA, Pöch G, Schultz TW. Chemical mixture toxicity testing with Vibrio fischeri: combined 
effects of binary mixtures for ten soft electrophiles. Ecotox. Environ. Safety. 2006; 65:171–180.

Dawson DA, Allen JL, Schultz TW, Pöch G. Time-dependence in mixture toxicity with soft 
electrophiles: 2. Effects of relative reactivity level on time-dependent toxicity and combined 
effects for selected Michael acceptors. J. Environ. Sci. Health A. 2008; 43:43–52.

Dawson DA, Jeyaratnam J, Mooneyham T, Pöch G, Schultz TW. Mixture toxicity of SN2-reactive soft 
electrophiles: 1. Evaluation of mixtures containing α-halogenated acetonitriles. Arch. Environ. 
Contam. Toxicol. 2010; 59:532–541. [PubMed: 20405282] 

Dawson DA, Mooneyham T, Jeyaratnam J, Schultz TW, Pöch G. Mixture toxicity of SN2-reactive soft 
electrophiles: 2. Evaluation of mixtures containing ethyl α-halogenated acetates. Arch. Environ. 
Contam. Toxicol. 2011; 61:547–557. [PubMed: 21452006] 

Dawson DA, Genco N, Bensinger HM, Guinn D, Il’Giovine ZJ, Schultz TW, Pöch G. Evaluation of an 
asymmetry parameter for curve-fitting in single-chemical and mixture toxicity assessment. 
Toxicology. 2012; 292:156–161. [PubMed: 22210403] 

Dawson et al. Page 12

Toxicology. Author manuscript; available in PMC 2015 December 04.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Dawson DA, Pöch G, Schultz TW. Mixture toxicity of SN2-reactive soft electrophiles: 3. Evaluation 
of ethyl α-halogenated acetates with α-halogenated acetonitriles. Arch. Environ. Contam. Toxicol. 
2014; 66:248–258. [PubMed: 24368709] 

Florian M, Yan J, Ulhaq S, Coughlan M, Laziyan M, Willmore W, Jin X. Northern contaminant 
mixtures induced morphological and functional changes in human coronary artery endothelial cells 
under culture conditions typifying high fat/sugar diet and ethanol exposure. Toxicology. 2013; 
313:103–112. [PubMed: 23384447] 

Gagan EM, Hull MW, Schultz TW, Pöch G, Dawson DA. Time dependence in mixture toxicity with 
soft electrophiles: 1. Combined effects of selected SN2- and SNAr-reactive agents with a nonpolar 
narcotic. Arch. Environ. Contam. Toxicol. 2007; 52:283–293. [PubMed: 17253098] 

Goel S, Evans-Johnson JA, Georgieva NJ, Boysen G. Exposure profiling of reactive compounds in 
complex mixtures. Toxicology. 2013; 313:145–150. [PubMed: 23219592] 

Haber F. Zur Geschichte des Gaskrieges. Fünf Vorträge aus den Jahren 1920–1923. Springer, Berlin. 
1924:76–92.

Hertzberg RC, Pan Y, Li R, Haber LT, Lyles RH, Herr DW, Moser VC, Simmons JE. A four-step 
approach to evaluate mixtures for consistency with dose addition. Toxicology. 2013; 313:133–144.

Johnson LA, Welch B, Whitfield SM. Interactive effect of pesticide mixtures: predators and 
environmental regimes on the toxicity of two pesticides to red-eyed tree frog larvae. Environ. 
Toxicol. Chem. 2013; 32:2379–2386. [PubMed: 23804394] 

Løkke H. Novel methods for integrated risk assessment of cumulative stressors—results from the 
NoMiracle project. Sci. Total Environ. 2010; 408:3719–3724. [PubMed: 20580411] 

Løkke H, Ragas Ad MJ, Homstrup M. Tools and perspectives for assessing chemical mixtures and 
multiple stressors. Toxicology. 2013; 313:73–82. [PubMed: 23238274] 

Meek ME. International experience in addressing combined exposures: increasing the efficiency of 
assessment. Toxicology. 2013; 313:185–189. [PubMed: 23146753] 

Moore DRJ, Teed RS. Risks of carbamate and organophosphate pesticide mixtures to salmon in the 
Pacific northwest. Integr. Environ. Assess. Mgmt. 2013; 9:70–78.

Moser VC, Padilla S, Simmons JE, Haber LT, Hertzberg RC. Impact of chemical proportions on the 
acute neurotoxicity of a mixture of seven carbamates in preweanling and adult rats. Toxicol. Sci. 
2012; 129:126–134. [PubMed: 22649187] 

Rider CV, Furr J, Wilson VS, Gray LE. A mixture of seven antiandrogens induces reproductive 
malformations in rats. Int. J. Androl. 2008; 31:249–262. [PubMed: 18205796] 

Schnug L, Jakob L, Hartnik T. The toxicity of a ternary biocide mixture to two consecutive earthworn 
(Eisenia fetida) generations. Environ. Toxicol. Chem. 2013; 32:937–947. [PubMed: 23371808] 

Schultz TW, Yarbrough JW, Johnson EL. Structure-activity relationships for glutathione reactivity of 
carbonyl-containing compounds. SAR QSAR Environ. Res. 2005; 16:313–322. [PubMed: 
16234173] 

Tarantini A, Maitre A, Lefebvre E, Marques M, Rajhi A, Douki T. Polycyclic aromatic hydrocarbons 
in binary mixtures modulate the efficiency of benzo[a] pyrene to form DNA adducts in human 
cells. Toxicology. 2011; 279:36–44. [PubMed: 20849910] 

Webster TF. Mixtures of endocrine disruptors: how similar must mechanisms be for concentration 
addition to apply? Toxicology. 2013; 313:94–102. [PubMed: 23146757] 

Dawson et al. Page 13

Toxicology. Author manuscript; available in PMC 2015 December 04.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Fig. 1. 
Toxicity data for bromoacetonitrile alone (BRAN – upper graph) and 3-chloro-2-butanone 

alone (3C2B – lower graph) plotted at 15, 30 and 45-min of exposure. Each graph shows the 

change in toxicity over time, with BRAN having a greater left-shift of the curves upon 

increased exposure time vs. that for 3C2B. The differences in time-dependent toxicity 

(TDT) and concentration-response curve parameters between the two chemicals are shown 

by the larger TDT value, steeper slope values and lower asymmetry (s) values (given for 15 

and 45-min) for BRAN vs. 3C2B.
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Fig. 2. 
Linear regression plots of observed mixture time-dependent toxicity (TDT) values (%) vs. 

predicted mixture TDT values for (a) sham and (b) true mixtures and for (c) true mixtures 

excluding those that contained either 3-methyl-2-butanone (3M2B) or dibromoacetonitrile 

(DBRAN).
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Table 6

Average time-dependent toxicity (TDT) values for 24 chemicals tested singly at least five times.

Chemical n Average TDT ±std. err. ±95% CI

2HEA 5 97.9 2.3 6.4

3C24P 6 91.4 1.3 3.3

3C2B 7 60.6 1.8 4.4

3M2B 24 −12.8 1.9 4.0

BDNB 11 111.8 0.8 1.9

BRAN 17 105.9 0.3 0.7

CDNB 9 117.0 1.2 2.7

BRAN 15 108.3 0.5 1.1

DBRAN 7 −1.3 2.8 7.0

DEM 7 43.5 2.8 6.9

EA 6 61.2 2.3 6.0

EAC 8 −25.6 3.0 7.1

EBAC 16 119.7 0.7 1.6

ECAC 17 91.5 1.1 2.3

EFAC 9 24.6 1.6 3.6

EIAC 11 123.5 7.7 17.1

EP 9 105.4 1.8 4.0

IAN 15 103.7 0.5 1.0

M2BP 12 72.9 1.6 3.5

M2CA 7 109.6 0.5 1.3

MC 10 32.4 2.8 6.3

MVK 9 96.2 1.4 3.2

PN 6 23.7 1.4 3.5

TCLAN 6 49.3 5.4 14.0
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