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ABSTRACT The purpose of this paper was to compile
all available literature comparing the relative perfor-
mance of 2-hydroxy-4-methylthio butanoic acid
(HMTBA) with DL-methionine (DLM) in broiler chickens
and using multiple regression techniques, to estimate the
predicted dose responses and relative performance of the
2 Met compounds for gain and feed conversion (FC). A
database was developed that contained all available
broiler studies in which HMTBA and DLM were both
present in the same study; weight gain was recorded;
Met addition, age of birds, and duration of study were
defined; and an unsupplemented control treatment was
present. Sixty-two references complied with these criteria
and included 100 experiments with 427 observations for
HMTBA and 411 for DLM. Multiple regression analysis
of the database was used to identify the experimental
and dietary conditions that contributed to the gain and
FC responses of each source of Met activity. All identified
variables contributed similarly to each Met source predic-
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INTRODUCTION

In poultry diets, Met is considered to be the first lim-
iting amino acid, and synthetic Met activity is typically
added either as DL-methionine (DLM) or as 2-hydroxy-
4-methylthio butanoic acid (HMTBA). Both products
are available in liquid [Alimet feed supplement (Novus
International, Inc., St. Louis, MO) contains 88% HMTBA;
AT88 (Adisseo, Antony Cedex, France) contains 88%
HMTBA; Liquidmeth (Degussa Hulls, Dusseldorf, Ger-
many) contains 40% DLM] and dry forms [MHA feed
supplement (Novus International, Inc.) contains 84%
HMTBA; DLM powder contains 99% DLM, various sup-
pliers]. Although both compounds provide Met precur-
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tion model and both gain and FC models described a
quadratic dose response. Under the average conditions
of the database, the predicted responses for gain and FC
models did not significantly differ between HMTBA and
DLM. However, a trend was observed (P ≤ 0.1) for the
peak gain response for HMTBA to be numerically greater
than DLM, suggesting benefits of HMTBA over DLM
in the region of supplementation that is commercially
relevant. The experimental and nutritional conditions that
contribute to the response to HTMBA and DLM were
identified and are discussed in the paper. This statistical
approach provided a means to summarize the results
obtained from a multitude of studies conducted over the
last 5 decades and has provided a meaningful estimate
of the relative performance of the 2 sources of Met activity.
The lack of differences between the 2 predicted models
under experimental and commercial conditions supports
an overall conclusion of equal performance of DLM and
HTMBA when compared on an equal molar basis.

sors to the animal, there are substantial differences be-
tween them with respect to chemistry, absorption
(Knight and Dibner, 1984), transport in the body (Lobley
et al., 2001), and metabolism by the tissues (Dibner,
2003). Extensive research evaluating the relative effi-
ciency of HMTBA and DLM as sources of Met activity
in broilers has generated a large number of studies over
the last 5 decades; however, no efforts have been made
to provide a comprehensive summary of all existing
literature in which the environmental and nutritional
factors that determine the response to HMTBA and DLM
could be evaluated.

Because HMTBA and DLM both provide Met activity,
it has been assumed that they both demonstrate the same
performance dose response. This assumption is evident
in several studies that have compared the relative perfor-
mance of the 2 Met source using slope ratio analysis in
which an asymptotic exponential curve with common
intercept and plateau was fitted over the mean response
to greater levels of the 2 Met sources (Jansman et al.,
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Figure 1. Distribution of the gain response to 2-hydroxy-4-methylthio
butanoic acid (HMTBA) and DL-methionine (DLM) across levels of sup-
plementation. Gain response to HMTBA and DLM supplementation
followed a quadratic response. Fifty percent of the observations fell in
the deficient region of the response curve, between 0.02 and 0.10%, and
98% of the observations fell in the levels of supplementation of 0.4%
or lower, resulting in a nonsymmetric distribution of levels of supple-
mentation with high frequency at the low levels of supplementation.

2003). This bioassay technique assumes that HMTBA is
a dilution of DLM and, therefore, both sources follow
similar asymptotic exponential response curves that
reach the same plateau response. There are several stud-
ies in the literature that either demonstrate different
dose response characteristics or that assumed a common
dose response but the published mean responses do not
support the assumption (Thomas et al., 1984; Schutte and
de Jong, 1996; Lemme et al., 2002; González-Esquerra
et al., 2004; Vázquez-Añón et al., 2003a,b,c). Given the
evidence for a different dose response, it is critical that
a statistically valid approach to compare the 2 Met
sources is used, such as one that allows the data from

Table 1. Quantitative nutritional, experimental, and performance variables extracted from the literature from
the 2-hydroxy-4-methylthio butanoic acid (HMTBA) and DL-methionine (DLM) databases

Variable n1 Mean SD Minimum Maximum

Year of publication 427 1,989 11.97 1,952 2,005
Number of experiments per study 427 1.69 1.06 1 7
Age of bird at start of study, d 427 6.61 7.53 0 42
Age of bird at end of study, d 427 31.17 11.17 14 58
Duration of study, d 427 24.56 11.91 6 49
Bird number per pen 400 19.19 30.02 1 250
Number of replicates per treatment 383 5.53 2.87 2.00 24.00
Dietary CP, % 318 19.90 2.65 10 26.48
Dietary Cys, % 371 0.30 0.10 0.08 1.12
Dietary energy, Mcal/kg 301 3,132 168.42 2,457 3,489
Dietary Lys, % 314 1.16 0.15 0.618 1.53
Dietary Arg, % 170 1.35 0.21 0.73 1.94
Dietary calcium, % 177 0.91 0.09 0.66 1.20
Dietary available P, % 126 0.45 0.05 0.29 0.53
Met in the control diet, % 375 0.28 0.05 0.1 0.41
Level of supplementation, % 427 0.15 0.19 0.02 2.00
Gain of control, g 427 799.86 710.36 6.4 3,258
Gain response to HMTBA, g 427 144.57 129.88 −225.68 953.1
Gain response to DLM, g 411 159.75 148.23 −724.51 941.60
FI of control,2 g 424 1,676 1,532 53.31 5,973
FI response to HMTBA, g 424 119.76 155.88 −352.56 1,173
FI response to DLM, g 408 134.49 194.22 −1,001 1,632
FC of control3 424 2.16 0.87 1.25 8.33
FC response to HMTBA 424 −0.39 0.73 −6.33 0.38
FC response to DLM 408 −0.37 0.56 −6.64 0.71
Mortality, % 30 1.81 2.24 0 8.57

1N = number of observations.
2FI = feed intake.
3FC = feed conversion.

each source to define its own response curve model and
determine relative performance of HMTBA and DLM
by comparing the predictions of each model.

Multiple regression analysis as described by Neter et
al. (1985) is a statistical approach used in a variety of
animal nutrition fields (Thompson et al., 1993, Rosen,
1995; Doepel et al., 2004; Hristov et al., 2004) to identify
and quantify factors that contribute to the prediction of
a response using previously published information. All
available test data can be integrated into a nutritional
model, in which the experimental and nutritional condi-
tions of each study are taken into account in the analysis
(Rosen, 1995). It also allows for comparison of results
obtained over a long period of time in a single compre-
hensive analysis. Incorporation of all available literature
in such a way allows for a broader inference space than
that obtained from a single study. Neither are there any
a priori assumptions regarding the relative dose re-
sponse of either source of Met activity, allowing the data
for each to dictate the best model that will predict the
response. It also identifies and quantifies the contribu-
tion of the different nutritional and experimental condi-
tions to the Met response. The analysis goes beyond
providing a single efficacy value for HMTBA and DLM,
which in the case of different dose responses leads to
invalid conclusions. Rather, by providing predictions
for the selected use conditions with associated standard
errors, contrasts of the predicted performance from
HMTBA and DLM supplementation can be tested to
determine probabilities for differences to occur between
the 2 Met sources.
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Table 2. Quantitative nutritional and experimental variables extracted from the literature from the 2-hydroxy-
4-methylthio butanoic acid (HMTBA) and DL-methionine (DLM) databases

Frequency Frequency
Variable Observations, n of variable 0, % of variable 1, %

Type of cage
Battery (0), pen (1) 327 75.23 24.77

Type of facility
Research (1), commercial (0) 417 0 100

Type of house
Open (0), controlled environment (1) 277 15.52 84.48

Type of water system
Nipple system (1), others (0) 74 71.62 28.38

Antibiotic treatment
Absence (0), presence (1) 366 70.49 29.51

Coccidiostat treatment
Absence (0), presence (1) 366 73.22 26.78

Reported sick birds
Absence (0), presence (1) 417 98.80 1.20

Ambient temperature
Thermoneutral (1), heat stress (0) 417 16.31 83.69

Mixed sex
Mix or straight run (1), rest (0) 345 81.74 18.26

Female
Females (1), rest (0) 345 94.49 5.51

Male
Males (1), rest (0) 345 81.74 18.26

Form of HMTBA
Dry (1), liquid (0) 427 71.43 28.57

Form of DLM
Dry (1), liquid (0) 411 6.08 93.92

Process feed
Pellet (1), mash + unreported (0) 427 81.97 18.03

Mash feed
Mash (0), pellet (1) 178 56.74 43.26

Despite years of study, there remains today some con-
troversy regarding the relative bioefficacy of these 2
sources of methionine activity. Given the disparity in
the estimates of bioefficacy of these 2 products, it ap-
pears that the nutritional and experimental conditions
employed may play a role in the range of reported con-
clusions. The purpose of this paper was to compile all
available literature comparing the relative performance
of HMTBA and DLM in broiler chickens and using multi-
ple regression techniques, quantify the contribution of
nutritional and experimental conditions to the response
to Met, and estimate the predicted dose response and
relative efficacy of the 2 Met sources for gain and feed
conversion (FC).

MATERIALS AND METHODS

Compilation of the Available
Literature into a Database

Extensive research has been done since the 1950s in
which the performance response to HMTBA and DLM
supplementation has been evaluated and compared in
growing broilers. A survey of the available scientific
publications (full papers and abstracts) was done by
accessing the NERAC database from 1950 to 2004. Cer-
tain unpublished reports available to the authors were
also included in the database and are provided in the
appendix section with the list of references.

The criteria for inclusion of the studies in the database
were purposely kept broad to incorporate the greatest
representation of the available information. The criteria
included: (1) that both HMTBA and DLM were present
in the study. This guaranteed that the prediction equa-
tions for the 2 sources were derived from the same exten-
sive sample of genetic, nutritional, and experimental
circumstances, (2) BW or gain was the primary measure
required to evaluate performance, (3) the level of supple-
mentation of both sources was defined, (4) there was
some indication of the duration of the study and age of
the birds, and (5) an unsupplemented control or basal
treatment was present in the study.

A total of 62 references that provided 100 different
experiments complied with the selection criteria just de-
scribed and were used to build the database. A list of
variables was identified and extracted from each of the
100 experiments as described in Tables 1 and 2. Descrip-
tive variables such as bird gender (sex), physical form
of Met source, sick birds, and type of facilities were
converted into indicator variables, 0 or 1, for use in the
regression analyses. An indicator variable estimated the
average effect of the classification it represented on the
performance variable when simultaneously taking into
account the other independent variables in the model.
In the case of bird gender, the majority of the studies
were run with males, followed by mixed sex, and a very
small proportion of studies with females only. A male
indicator variable was defined such that a value of 1
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Table 3. Description of the parameter estimates, SE, and probabilities associated with the independent variables
of the DLM (DL-methionine) gain response prediction model that were identified as significant using the multiple
regression analysis of the available DLM database

Parameter
Variable estimate SE P-value Partial R2

Intercept −19,094 1,533.35 <0.0001 0
Gain of control, g −0.25 0.022 <0.0001 0.069
Met of basal diet, % −1,083.29 191.34 <0.0001 0.051
Age of bird at start, d −12.01 0.87 <0.0001 0.038
Age of bird at end, d 18.86 1.29 <0.0001 0.036
Level supplemented, % 1,181.62 241.63 <0.0001 0.042
Level supplemented,2 % −2,280.43 722.07 0.0018 0.036
Year of publication 9.09 0.74 <0.0001 0.075
Dietary lysine, % 319.35 64.45 <0.0001 0.075
Dietary CP, % 12.43 3.68 0.0008 0.029
Dietary energy, Mcal/kg 0.12 0.044 0.0042 0.018
Process feed 70.14 16.15 <0.0001 0.047
Antibiotic 66.93 12.20 <0.0001 0.038

indicated that males were used and 0 if not, and a
mixed indicator variable had the value of 1 if both males
and females were used and 0 if not.

The information from each study was entered into a
database. Entries and calculations were independently
cross-checked to ensure proper filing of the data and
to prevent repetition. Performance variables like feed
intake (FI) or FC were generated from FC and BW gain
or FI and BW gain, respectively, if they were not re-
ported. The performance variables were all expressed
as BW gain (grams), FI (grams), and FC for the entire
study period. An average weighted nutrient profile was
calculated taking into account FI and the reported di-
etary nutrient composition of each of the feeding phases
of a given study, by using this equation: Average
weighted nutrient profile = Σi (FIi × % Dietary Nutri-
enti)/Σi FIi; in which i = feeding phase (starter,
grower, finisher).

It was found that the dependent performance vari-
ables (gain and FC from HMTBA and DLM treatments)
were highly correlated (0.98) with the control perfor-

Table 4. Description of the parameter estimates, SE, and probabilities associated with the independent variables
of the 2-hydroxy-4-methylthio butanoic acid (HMTBA) gain response prediction model that were identified as
significant using the multiple regression analysis of the available HMTBA database

Parameter
Independent variable estimate SE P-value Partial R2

Intercept −11,156 1,401.91 <0.0001 0.000
Gain of control, g −0.13 0.018 <0.0001 0.064
Met of basal diet, % −855.39 166.51 <0.0001 0.018
Age of bird at start, d −7.91 0.71 <0.0001 0.031
Age of bird at end, d 10.82 1.12 <0.0001 0.027
Level supplemented, % 1,157.03 185.83 <0.0001 0.097
Level supplemented,2 % −2,051.57 553.21 0.0003 0.046
Year of publication 5.30 0.69 <0.0001 0.067
Dietary CP, % 12.42 2.91 <0.0001 0.069
Dietary energy, Mcal/kg 0.119 0.03 0.0005 0.017
Form of HMTBA −32.96 12.32 0.008 0.025
Diet process 44.53 12.73 0.0006 0.059
Antibiotic 37.49 11.54 0.0013 0.009
Coccidiostat −25.13 11.62 0.0315 0.018
Dietary Lys, % 113.84 52.13 0.029 0.017
Dietary Cys, % −267.01 110.08 0.016 0.057

mance variables. Such a high correlation would impair
any further evaluation of other independent variables.
Consequently, new dependent variables were created
called treatment performance response variables that
described the effect of Met supplementation relative to
the control. The dependent variables were generated
as described:

HMTBA gain response = HMTBA gain − control gain,
HMTBA FC response = HMTBA FC − control FC,
DLM gain response = DLM gain − control gain,
DLM FC response = DLM FC − control FC.

Evaluation of the Environmental
and Nutritional Factors that Contribute
to the Response to HMTBA and DLM

The second step of this process was to identify and
quantify the contribution of level of supplementation,
and nutritional and environmental conditions to the re-
sponse to each Met source using multiple regression
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Table 5. List of observations identified as outliers by 2-hydroxy-4-methylthio butanoic acid (HMTBA) and DL-methionine (DLM) gain predic-
tion models

Studentized Source Gain of control Gain response
Reference residual Influence of Met Level, % treatment, g to Met, g

Müller and Mack, 1999 5.70 0.95 DLM 0.15 1,144 834
Müller and Mack, 1999 6.85 1.18 DLM 0.20 1,144 942
González-Esquerra et al., 2005 4.24 1.49 HMTBA 0.12 1,844 673
González-Esquerra et al., 2005 4.34 1.54 HMTBA 0.15 1,844 694
González-Esquerra et al., 2005 4.41 1.57 HMTBA 0.17 1,844 711
Müller and Mack, 1999 7.73 1.84 HMTBA 0.20 1,144 875
Müller and Mack, 1999 8.82 2.27 HMTBA 0.27 1,144 953

analysis of the existing published information.Once the
database was generated for each Met source, the gain
and FC prediction models for each Met source were built
using PROC REG of SAS (SAS, 2003) with the STEPWISE
option. The criterion for entry and exclusion of the inde-
pendent variables was set at a probability of P < 0.05
and P > 0.1, respectively. To determine a suitable initial
model, 3 key criteria were used during the regression
process: first, the predicted model had relevant biologi-
cal meaning; second, the inclusion or exclusion of the
variable improved the R-square (R2); and third, the num-
ber of observations used to generate the model was
higher than one-third of the total observations in the da-
tabase.

Once the initial model was chosen, the stepwise pro-
cess began. At a given step any observation(s) with an
absolute value for their studentized residual >4 or the
absolute value of their influence statistic >2 were defined
as outliers and removed from the next iteration of the
analysis. The purpose of these criteria was to ensure
inclusion of the broadest range of observations without
including values that were clearly outside the average
of the database. The next iteration of model fitting used
the data set without the previously identified outliers.
This process continued until no more outliers were de-
tected. In all cases, removing the outliers significantly
improved the R2 of the prediction models.

Since a major objective of this work was to compare
the responses associated with the 2 Met sources, several
scenarios were defined and used to predict the dose
response for each Met source using the gain and FC
prediction models. A set of predicted values for each

Table 6. Description of the parameter estimates, SE, and probabilities associated with the independent variables
of the 2-hydroxy-4-methylthio butanoic acid (HMTBA) feed conversion response prediction model that were
identified as significant using the multiple regression analysis of the available HMTBA database

Parameter
Variable estimate SE P-value Partial R2

Intercept 5.838 1.4734 <0.0001 0.00
Feed conversion of control −0.4525 0.01438 <0.0001 0.61
Level supplemented, % −2.1103 0.3241 <0.0001 0.04
Age of bird at end, d 0.00891 0.00077 <0.0001 0.15
Level supplemented,2 % 3.9254 0.9888 <0.0001 0.01
Dietary energy, Mcal/kg −0.00016 0.000048 0.0008 0.01
Year of publication −0.056 0.0007 0.0021 0.01
Dietary lysine, % −0.25821 0.06319 <0.0001 0.01
Process feed −0.04264 0.01733 0.0145 0.01

model accompanied by 95% confidence intervals and
SE was generated. The differences between predicted
values for each of the 2 Met source models were com-
puted for each dependent variable and varying supple-
mentation levels from 0.02 to 0.4%. Significance of the
differences was determined by t-test analysis with P-
values ≤0.05 considered significant, and P-values >0.05
but ≤0.10 considered trends.

RESULTS AND DISCUSSION

Compilation of the Available
Literature into a Database

Description of the nutritional, management, experi-
mental, and performance variables of the database are
presented in Tables 1 and 2. The compilation of available
results presented in the database represent more than 5
decades of research with the earliest published study
comparing DLM and HMTBA in 1952 and the most re-
cent data published in early 2005; 33, 24, and 25% of the
observations were published in the ’80s, ’90s, and the
last 5 years, respectively.

The average conditions of the database represented
studies carried out in controlled environmental research
facilities in which male birds were placed during the
first week of age in battery cages and fed starter and
grower mash diets to 31 d of age that were deficient in
Met and Cys but adequate in other nutrients. Addition
of Met activity averaged 0.15% with an overall improve-
ment over basal in gain and FC with Met supplementa-
tion of 19 and 17%, respectively.



VÁZQUEZ-AÑÓN ET AL.698

Table 7. Description of the parameter estimates, SE, and probabilities associated with the independent variables
of the DL-methionine feed conversion response prediction model that were identified as significant using the
multiple regression analysis of the available DLM database

Parameter
Variable estimate SE P-value Partial R2

Intercept 4.343 1.5060 0.0043 0
Feed conversion of control −0.5167 0.016 <0.0001 0.57
Age of bird at end of study, d 0.0098 0.0008 <0.0001 0.22
Level supplemented, % −2.0918 0.3291 <0.0001 0.035
Level supplemented,2 % 4.1187 1.0146 <0.0001 0.009
Form of DLM −0.17304 0.0481 0.0004 0.003
Dietary energy, Mcal/kg −0.00017 0.000047 0.004 0.0077
Dietary lysine, % −0.41779 0.06447 <0.0001 0.003
Coccidiostat −0.0563 0.0144 0.0001 0.002
Year of publication −0.00123 0.000735 0.0958 0.004
Process feed −0.05178 0.01795 0.0042 0.004

The range of HMTBA and DLM supplementation was
between 0.02 and 2.0%; however, 98% of the observa-
tions fell in the levels of supplementation less than 0.4%
with only 8 and 10 observations from DLM and HMTBA,
respectively, above 0.4%. These resulted in a skewed
distribution of levels of supplementation with very low
frequency at the high levels of supplementation as de-
scribed in Figure 1. A decision was made to exclude the
observations that contained levels of supplementation
higher than 0.4% from the analysis. These observations
were well outside the range of the rest of the data, and
the levels were so high as to result in substantially nega-
tive effects on performance and were identified as outli-
ers and highly influential observations, particularly for
DLM. Therefore the final HMTBA and DLM database
contained 417 and 403 observations, respectively.

Given a desire to apply results of this type of research
to commercial practice, it would appear that more re-
search should be conducted in the future with chickens
grown to market weights, under commercial manage-
ment conditions, and fed pelleted diets with levels of
Met nearer the levels of expected use. It is also clear
from this review of the literature that a more thorough
description of diets and study conditions in the pub-
lished literature would make these types of compilations
more accurate.

Evaluation of the Experimental
and Nutritional Conditions that
Determine Gain and FC
Response to HMTBA and DLM

The second step of this analytical process was to iden-
tify and quantify the contribution of the experimental

Table 8. List of observations identified as outliers by 2-hydroxy-4-methylthio butanoic acid (HMTBA) and DL-
methionine (DLM) feed conversion (FC) prediction models

Studentized Source of FC of FC resonse
References residual Influence Met Level, % control to Met

Tipton et al., 1965 −6.42 −4.92 DLM 0.4 3.36 −1.74
Tipton et al., 1965 −5.43 −1.95 DLM 0.2 3.36 −1.45
Tipton et al., 1965 −6.32 −4.83 HMTBA 0.4 3.36 −1.84
Tipton et al., 1965 −4.38 −1.64 HMTBA 0.2 3.36 −1.5
Picard, 1979 4.11 1.52 HMTBA 0.03 4.08 −0.92

and nutritional conditions to the response to each Met
source. Prediction models for each Met source were con-
structed using STEPWISE regression analysis of the cre-
ated database. The independent variables included in
the initial model were: control value of the dependent
variable, level of supplementation, level of supplemen-
tation2, age of the bird at start and end, year of publica-
tion, form of Met source, males, type of cage, presence
of coccidiostat, presence of antibiotic, feed processing
(pellet vs. mash), dietary CP, energy, Lys, basal Met,
and Cys. These variables represented the environmental
and nutritional conditions of the studies included in the
database that were not highly correlated with each other
and resulted in no less than 200 observations per vari-
able. Quadratic terms were only included for level of
supplementation, and no interactions among indepen-
dent variables were evaluated.

Gain Prediction Models for HMTBA and DLM. The
derived prediction models for gain response to DLM
and HMTBA supplementation are described in Tables
3 and 4, respectively. The DLM gain prediction model
consisted of 12 independent variables that were also
present in the HMTBA model. The HMTBA gain model
contained 3 additional variables including Met form,
presence of coccidiostat, and dietary Cys.

The final DLM gain model was computed using 275
observations that represented 68% of the database. Two
observations were identified as outliers (Table 5), and
126 observations had missing values for at least one of
the significant independent variables and were removed
from the analysis. The final HMTBA gain model was
computed using 278 observations that represented 66%
of the HMTBA database. Five observations were identi-
fied as outliers (Table 5), and 134 had missing values
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Figure 2. Comparison of the dose response predictions of 2-hydroxy-
4-methylthio butanoic acid (HMTBA) and DL-methionine (DLM) gain
models under the average conditions of the database. The dose response
predictions from each Met source gain models were compared under
the average conditions of the database. The values entered in the model
for each independent variable were: age of bird at start of study = 6.7
d: age of bird at end of study = 31 d; gain of control = 799 g; basal
Met = 0.28%; dietary Cys = 0.30%, dietary Lys = 1.17%, dietary energy =
3,135 kcal/kg; dietary CP = 19.90%; year of publication = 1989; liquid
form of HMTBA; dry form of DLM; level of supplementation from 0.02
to 0.4%; mash diets; and absence of antibiotic and cocciodiostat. No
significant differences were observed between HMTBA and DLM gain
predictions. However, as the dose response approached the peak re-
sponse (0.22 to 0.25%), there was a trend (P ≤ 0.1) for higher gains for
HMTBA than DLM.

and were removed from the analysis. The outliers identi-
fied by the HTMBA and DLM gain models were observa-
tions from Müller and Mack (1999) and González-Es-
querra et al. (2005). The gain responses to Met supple-
mentation reported in these 2 studies were numerically
higher than the rest of the observations in the database
and could not be predicted by either the HMTBA or
DLM gain models.

The variables present in both gain prediction models
that positively contributed to the overall Met response

Figure 3. Comparison of the dose response predictions of 2-hydroxy-
4-methylthio butanoic acid (HMTBA) and DL-methionine (DLM) feed
conversion (FC) models under the average conditions of the database.
The dose responses from each Met source FC models were compared
under the average conditions of the database. The values entered in
the model for each independent variable were: age of bird at start of
study = 6.7 d; age of bird at end of study = 31 d; FC of the control
treatment = 2.16; basal Met = 0.28%; dietary Cys = 0.30%; dietary Lys =
1.17%; dietary energy = 3,135 kcal/kg; dietary CP = 19.90%; year of
publication = 1989; dry form of DLM; level of supplementation from
0.02 to 0.4%; mash diets; and absence of antibiotic and cocciodiostat. No
differences were observed between the predictions of the 2 FC models.

were level of supplementation, age of bird at end of
study, year of study, dietary Lys, CP and energy, pel-
leted diets, and presence of antibiotics in the diet. How-
ever, as gain of control, dietary basal Met, and age at
start of study increased, the gain response to Met de-
creased. All variables contributed similarly to the predic-
tion model, as reflected by the even contribution of each
partial R2 to the total R2. The adjusted R2 for the total
models was 0.57 and 0.51 for the HMTBA and DLM gain
models, respectively.

The HMTBA gain model predicted a higher response
to HMTBA liquid than the dry HMTBA-calcium form.
Both forms have been extensively studied, such that 71%
of the HMTBA database contained the liquid form and
29% contained the dry calcium form. The significance
of the Met form effect is most likely related to when the
2 forms of HMTBA were evaluated and what form was
commercially available at the time the study was con-
ducted. All of the earlier studies used the calcium salt
or dry form (MHA feed supplement), the only available
form prior to 1979. Most of the contemporary studies
used only the liquid free acid form (Alimet feed supple-
ment or AT88), which today represents 50% or more
of the total methionine activity available to the animal
industry. Consequently, the prediction of a greater gain
response to HMTBA liquid vs. HMTBA dry is con-
founded by the improvements in bird gain observed in
the last 20 years associated with progress made in bird
genetics, management, and feeding regimes and does
not reflect actual differences between the 2 forms of
HTMBA. None of the studies in which the dry and liquid
forms of HMTBA were compared (Thomas et al., 1983,
1984; van Weerden and Schutte, 1982) observed such a
difference in activity.

The amount of Cys in the diet was also identified as
a contributing factor in defining the response to HMTBA
but not to DLM. The gain response to HMTBA increased
as the basal diet became more deficient in Met and Cys.
However, the gain response to DLM is only affected by
Met. The role of Cys in the response to HMTBA and
DLM has not been extensively studied. Thomas et al.
(1983) found no differences between Met sources when
varying the levels of Cys in the diet. More recent work
by Pillai et al. (2004) using commercial-type diets found
improvements in the response to HMTBA addition in
diets that contained adequate levels of Cys during the
starter phase. However, during the grower and finisher
phase, no differences were observed in the response to
HMTBA or DLM with varying levels of Cys (Pillai et
al., 2005). These results suggest that further research
would be warranted to better understand the role of Cys
in the DLM and HMTBA gain response.

The gain model predicted a reduction in HMTBA gain
response when coccidiostat was present in the diet.
However, coccidiostat was not identified as a significant
variable in the DLM gain model. Dietary inclusion of
monensin or salinomycin has been associated with
growth depression in young broilers with compensatory
growth occurring with drug withdrawal (McDougald
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and McQuistion, 1980). Poor feathering and feather pick-
ing associated with ionophore use led to the hypothesis
that these drugs increased the Met requirement of the
broiler, and reports of reduced Met absorption in the
presence of Eimeria infections (Ruff, 1974) appeared to
support this hypothesis. However, work to define the
impact of specific coccidiostats on Met requirements
have indicated monensin (Murillo et al., 1976; Patel et
al., 1980) and salinomycin (Leeson and Summers, 1983)
had no impact on Met requirement per se; however,
lasalocid has been reported to exert a Met-sparing effect
in broilers (Patel et al., 1980). In each of these cases,
however, the Met source was DLM and the relative ef-
fects of HMTBA in the presence of coccidiostats have not
been studied. Although further study of this observation
may prove interesting, the coccidiostat variable contrib-
uted only 3% to the total R2 of the HMTBA model and
would therefore not be expected to play a large role in
the HMTBA response.

FC Prediction Models for HTMBA and DLM. The
final prediction models for FC response to HMTBA and
DLM supplementation are described in Tables 6 and 7,
respectively. For HMTBA, the FC prediction model was
composed of 8 independent variables also present in
the DLM FC model. In addition, the DLM FC model
contained 2 more variables including Met form and pres-
ence of coccidiostat.

The final DLM FC model was computed using 274
observations that represented 68% of the database. Two
observations were identified as outliers (Table 8), and
127 observations had missing values for at least one of
the significant independent variables and were removed
from the analysis. The final HMTBA FC model was com-
puted using 282 observations that also represented 68%
of the HMTBA database. Three observations were identi-
fied as outliers (Table 8), and 132 had missing values
and were removed from the analysis. The outliers identi-
fied by the HTMBA and DLM FC models were observa-
tions from Tipton et al. (1965) and Picard (1979). The FC
response to Met supplementation reported in these 2
studies was significantly higher (Tipton et al., 1965) or
lower (Picard, 1979) than the rest of the observations in
the data set and could not be predicted by either of the
2 FC models.

The variables present in the FC models for both Met
sources that positively contributed to the overall Met
response were FC of the control, level of supplementa-
tion, year of publication, pelleted diets, dietary energy,
and Lys. As the age of the bird at end of study increased,
FC response decreased. The FC of the control treatment
contributed more than 65% to the total R2, followed by
age of the birds at the end of the study, which contrib-
uted 25%. The rest of the variables each had a very small
contribution to the total R2. This is somewhat different
from the gain prediction models, in which all variables
of the model contributed relatively similarly to the total
R2. The FC of the control treatment also played an im-
portant role in defining the response to supplemental
Met, such that the higher the FC of the control, the

higher the response to either of the Met sources. The
final adjusted R2 was 0.84 and 0.87 for the HMTBA and
DLM FC models, respectively, also somewhat higher
than that obtained in the gain prediction models.

The DLM FC model predicted that the presence of
coccidiostat in the diet would improve the response to
DLM. Although this observation may be worthy of fur-
ther study, the contribution of the coccidiostat variable
to the total R2 was only 0.2% and not likely to play an
important role in the DLM FC response.

It is not clear why Met form was included in the DLM
FC model. The DLM FC model predicted that DLM sup-
plementation in the form of the liquid Na salt would
result in poorer FC than the dry form of free DLM.
There were only 6 studies published in the last 30 years
(Guttridge and Lewis, 1964; Thomas et al., 1983, 1984;
Kirchgessner and Steinhart, 1984; Garlich, 1985; Schmidt
et al., 1997) that evaluated the efficacy of Na salt of DLM
and complied with the selection criteria and represent
only 6% of the DLM database. In none of these cases
was there a conclusion that the response to the liquid
form of Met was different from the dry form, and thus
it may be more reflective of the scarcity of the data
relative to the dry form of DLM.

Evaluation of the Gain and FC Dose
Response Curves for HMTBA and DLM

To evaluate and compare the dose response predic-
tions from each of the 2 models, a scenario was defined
that represented the average conditions in the HTMBA
and DLM databases under which the prediction models
were generated. These values would therefore provide
the greatest accuracy for the resulting predictions. The
values entered in the model for each of the independent
variables were: age at start = 6.7 d, age at end = 31 d,
gain of control = 799 g, FC of the control treatment =
2.16, basal Met = 0.28%, dietary Cys = 0.30%, dietary
Lys = 1.17%, dietary energy = 3,135 kcal/kg, dietary
CP = 19.90%, year of publication = 1989, liquid form of
HMTBA, dry form of DLM, level of supplementation
from 0.02 to 0.4%, mash diets, and absence of antibiotic
and cocciodiostat. The resulting dose responses and
standard errors of the predictions for gain and FC are
presented in Figures 2 and 3, respectively.

For both Met sources, the quadratic term for level
of supplementation was significant in the gain and FC
models, indicating that Met supplementation followed
a quadratic response. The level of supplementation re-
quired to reach maximum gain was 0.28% ± 0.05 and
0.26% ± 0.05 for HMTBA and DLM, respectively. For
the FC model, the maximum FC response was achieved
when level of supplementation was 0.27% ± 0.04 and
0.25% ± 0.04 for HMTBA and DLM, respectively. Given
the average sulfur amino acid content for the basal diet
of 0.58%, the total sulfur amino acid content at which
the peak gain response was achieved would be between
0.84 and 0.86%, which is comparable to the values sug-
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Figure 4. Comparison of the dose response predictions of 2-hydroxy-
4-methylthio butanoic acid (HMTBA) and DL-methionine (DLM) gain
models under the conditions defined by Agri Stats, Inc. (2004). The gain
dose responses from each Met source were compared under the feed
nutrient profile and management practices reported by Agri Stats, Inc.
(2004). The values entered in the model for each independent variable
were: age of bird at start of study = 1 d; age of bird at end of study =
45 d; FC of control = 1.95 g; basal Met = 0.4%; dietary Cys = 0.32%;
dietary Lys = 1.08%; dietary energy = 3,183 kcal/kg; dietary CP =
19.12%; year of publication = 2004; liquid form of HMTBA; level of
supplementation from 0.02 to 0.4%; pellet diets; and presence of antibi-
otic and cocciodiostat. No differences were observed between HMTBA
and DLM gain predictions across levels of supplementation.

gested by NRC (1994) for a 31-d-old broiler fed a 3,135
Mcal/kg and exhibiting normal feed consumption.

When the predicted values of the 2 Met source models
were compared, no significant differences were found
for gain or FC under the average conditions of the data-
base. This would suggest that the relative performance
of HMTBA and DLM are not different. In the portion
of the dose response curve with the low levels of supple-

Figure 5. Comparison of the dose response predictions of 2-hydroxy-
4-methylthio butanoic acid (HMTBA) and DL-methionine (DLM) feed
conversion (FC) models under the conditions defined by Agri Stats, Inc.
(2004). The FC dose responses from each Met source were compared
under the feed nutrient profile and management practices reported
by Agri Stats, Inc. (2004). The values entered in the model for each
independent variable were: age of bird at start of study = 1 d; age of
bird at end of study = 45 d; gain of control = 2,500 g; basal methionine =
0.4%; dietary Cys = 0.32%; dietary Lys = 1.08%; dietary energy = 3,183
kcal/kg; dietary CP = 19.12%; year of publication = 2004; dry form of
DLM; level of supplementation from 0.02 to 0.4%; pellet diets; and
presence of antibiotic and cocciodiostat. No differences were observed
between HMTBA and DLM FC predictions across levels of supplemen-
tation.

mentation, the differences between the predictions of the
2 models were smallest. However, as the dose response
curve approached the peak response (from 0.22 to
0.25%,) there was a trend (P ≤ 0.1) for higher gains for
HMTBA than for DLM. For the FC model, the magnitude
of the differences between the predictions of the 2 mod-
els was generally smaller than for the gain model. The
standard errors associated with the predictions also in-
creased at and beyond the peak response, which is likely
related to the fact that most of the studies in which the
Met sources were compared have evaluated levels of
supplementation below the peak response, providing a
relative lack of data at commercial levels of supplemen-
tation.

These results provide clear evidence that the maxi-
mum response is defined as a peak rather than a plateau
and supplementation beyond the peak response results
in reduced gain and increased FC. The fact that very
high levels of either Met source can result in reduced
performance has been previously described (Tipton et
al., 1966; Boebel and Baker, 1982). More recent studies
have also demonstrated a quadratic rather than an as-
ymptotic exponential response with levels of supple-
mentation closer to commercial practices (Vázquez-
Añón et al., 2003a; Batal et al., 2004). This is in contrast
to the commonly employed practice of estimating the
maximum response to Met using an asymptotic expo-
nential model (Jansman et al., 2003). It is possible that
the quadratic nature of the Met dose response has been
overlooked due to the preponderance of available data
in the most deficient part of the dose response curve
where the peak response might not have been reached
or exceeded.

In addition, the models indicated that the conse-
quences of supplementation of HMTBA beyond the peak
response were numerically less negative than for DLM.
There have been previous reports that DLM supplemen-
tations at levels well above requirements cause a greater
reduction in broiler performance than HMTBA (Baker
and Boebel, 1980; Vázquez-Añón et al., 2003a). The trend
for numerical differences between the predictions of the
2 gain models at and above requirements has been pre-
viously observed in broilers (Vázquez-Añón et al.,
2003b,c) and turkeys (González-Esquerra et al., 2004)
and might be explained by the differences in chemistry,
mechanism, and site of absorption (Knight and Dibner,
1984), transport in the body (Lobley et al., 2001) and
metabolism by the tissues (Dibner, 2003) of the 2 Met
sources.

An additional prediction scenario was created that
represented current commercial conditions using the
feed nutrient profile and feeding practices reported by
Agri Stats, Inc. (2004). The values entered in the model
for each of the independent variables were age of bird
at start of study = 1 d; age of bird at end of study = 45
d; gain of control = 2,500 g; FC of control = 1.95; basal
Met = 0.4%; dietary Cys = 0.32%; dietary Lys = 1.08%;
dietary energy = 3,183 kcal/kg; dietary CP = 19.12%;
year of publication = 2004; liquid form of HMTBA; level
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of supplementation from 0.02 to 0.4%; pelleted diets;
and presence of antibiotic and cocciodiostat. The re-
sulting dose responses and standard errors of the predic-
tions for gain and FC are present in Figures 4 and 5,
respectively. When the predicted values of the 2 Met
source models were compared, no significant differences
were found. These results suggest that under commer-
cial conditions, the relative performance of HMTBA and
DLM would not be different. However, it must be under-
stood that the accuracy of these prediction models dete-
riorates when running scenarios that use values for the
independent variables that are substantially different
from the average value of the database. Additional re-
search needs to be done to confirm any directional differ-
ences suggested for the 2 Met sources.

Conclusions

The relative efficacy of HMTBA and DLM has been
studied for more than 5 decades. Although both com-
pounds are sources of Met activity, their chemical struc-
ture, manner and site of absorption, transport in the
body, and conversion to L-Met are quite different. There
have been individual studies that have demonstrated
performance differences under specific conditions that
have favored each compound, which has led to some
controversy as to their relative efficacy. The purpose of
the work reported herein was to compile all available
literature comparing these compounds such that a pre-
diction model could be derived for each Met source,
taking into consideration the multitude of studies that
have been conducted over time. No prior assumptions
were made as to the relative activity of the compounds
or the expected dose response, and models were devel-
oped for each compound independently. It is of interest
that the shapes of the gain and FC curves were very
similar for each Met source and the predicted gain and
FC responses did not differ significantly between the 2
compounds. The estimates of peak response for each
compound were also similar and in agreement with pub-
lished NRC (1994) recommendations for total sulfur
amino acid requirements of broiler chickens. A trend (P
≤ 0.10) for a better gain response to HMTBA at the peak
of the dose response curve requires additional research
to confirm. The results also clearly indicated that the
gain and FC response was quadratic for each Met source.
Given that Met supplementation beyond peak response
may result in reduced gain and FC performance and the
relative paucity of data in the peak response portion
of the response curve, additional work to define the
maximum gain and FC response to each Met source
would be useful. Furthermore, these results support the
conclusion that the relative performances of HMTBA
and DLM are not different and that the multiple regres-
sion technique employed in this evaluation is an effec-
tive tool to estimate Met response and factors that con-
tribute to it from a wide range of publications.
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