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Abstract

The Association of American Feed Control Officials (AAFCO) presents analytical variations (AVs) for each specific nutrient that can partially
account for an inherent variability that occurs within and between laboratories. The AV was created using the AAFCO proficiency testing
(PT) program results and represent the coefficient of variation times 2 (2 CV). This study was performed to evaluate the published AVs within
the association’s Official Publication (OP) using AAFCO PT data from 2014 to 2020. This study also reevaluated the current AV values by
applying the concept of the measurement uncertainties including the expanded uncertainty (U), Horwitz value, and 2 CV for the assessment of
the label guarantees. Although greater variations were observed at lower concentrations, the majority of data points from the PT rounds showed
an acceptable reproducibility for the select analytical methods except for cobalt, fat (crude fat and acid hydrolysis fat), fiber (crude fiber, acid
detergent fiber, and neutral detergent fiber), moisture, and selenium where 2 CV was higher than the current AAFCO AV. Regression models
were developed based on the 95% tolerance interval of expanded uncertainty and 2 CV and were validated using the 2019-2020 AAFCO PT data.
The validation data fell within the expanded uncertainty and 2 CV model bounds indicating the new models were fit-for-purpose and accurately
characterized current AAFCO PT data. The present study results imply the AAFCO AV and its potential application need further study.

Keywords: analytical variability; animal feed; measurement uncertainty, Association of American Feed Control Officials (AAFCO); proficiency
test

1. Introduction

The Association of American Feed Control Officials (AAF-
CO) was established in 1909 as an advisory body comprised of
industry, state, and federal government agencies. A major func-
tion of AAFCO is to publish model laws and regulations, ingre-
dient definitions, and enforcement polices for states to regulate
the manufacture and sale of animal feeds [3]. The AAFCO Offi-
cial Publication (OP) introduced Permissible Analytical Varia-
tions (PAVs) in 1973 based on the Check Sample Program data
from 1956 to 1972. The PAVs were updated and changed to
Analytical Variations (AVs) in the 1986 OP that included cor-
responding analyte concentrations [2]. No record exists of the
data or statistical methods used to develop the AVs, however,
it is believed AVs only consider analytical error. The AVs ex-
plain inherent variability in select analytes while they do not
include the manufacturing variations [1]. The animal feed reg-
ulatory community has used the AVs as guidelines to help their
decisions on acceptability of feed products. However, they are
not intended to permit any deficiencies in analytical procedures
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and are also distinguished from tolerances or investigational al-
lowances, the latter of which include sampling error, and which
AAFCO hasn’t prescribed yet. A regulatory agency may use the
AVs to decide if the product is in compliance based on the prox-
imity of the test results to the label guarantee compared to the
AV. Many regulatory laboratories analyze potentially violative
products in duplicate. The use of replicates will impact the AVs
since increasing the number of replicates will smooth data [19].
The AVs are published within the association’s Official Publica-
tion (OP) and are accompanied with the following explanation
by the section editor: AVs are a measure of between-lab vari-
ance among laboratories when analyzing the same material for
the same analytes, at the same analyte concentration, using the
same method [3]. The limitations of AVs are discussed within
the OP.

Proficiency testing (PT), also called external quality assess-
ment, is a quality control technique commonly used by lab-
oratories with a quality system including regulatory laborato-
ries, commercial laboratories, diagnostic laboratories and oth-
ers pursuing accreditation under the ISO/IEC 17025 standard
[12, 24, 28]. The PT is conducted by distributing a test material
(usually reference material) by the PT provider to participating
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laboratories. The participants analyze the test material for the
target analyte without being informed of its concentration. The
participants return their results by a specified closing date and
the provider then evaluates the reported results by laboratory,
procedures used to measurement the analyte(s), and the values
for analytes, which may be a consensus mean or assigned mean.
The participants’ performance is reported by a z-score which
may be calculated using either a consensus or assigned mean
and standard deviation. AAFCO utilizes a consensus mean and
robust standard deviation that are estimated after excluding a
small portion of outliers. The International Organization for
Standardization (ISO) published a general guide in organizing
and performing the PT program as well as statistical methods
for data analysis and estimation [17]. The International Harmo-
nized Protocol for the Proficiency Testing of (Chemical) Ana-
lytical Laboratories has been published and revised in collabo-
ration of ISO, IUPAC, and AOAC international to better unify
the designs and methods of organizations and statistical features
of PT [26, 28].

The Harmonized Protocol recommends an examination of
z-scores given by z = (x − X)/σ, where x is the participat-
ing laboratory’s result, X is the assigned value of the test ma-
terial, and σ is the target value for standard deviation. The σ
parameter is the maximal permissible error among the labora-
tories. The z-score indicates the degree of deviation of a par-
ticipant result from the normal distribution of the mean and a
variance of σ2. The probability of the participant that has z-
score outside the range ±2 is only about 5% while the chance
of the value outside the range ±3 is below 1%. The PT provider
should initiate remedial action when large and consistent dis-
crepancies of the assigned value and the fitness-for-purpose-
based standard deviation with consensus values of the partic-
ipants occur. Horwitz proposed a simple equation for evaluat-
ing large data sets including those available from PT and col-
laborative trials: the relative standard deviation of an analytical
method among laboratories,RSDR (%) = 2(1−0.5logC), where C is
a concentration expressed in mass fraction of the analyte [10].
The Horwitz equation was derived based on data from many
inter-laboratory studies of the Association of Official Analytical
Chemists and seems to hold the general relationship between
the relative standard deviation among laboratories and concen-
tration, irrespective of matrix, analyte, and analytical method
[4, 10, 13, 25]. Laboratories that yield relative standard de-
viations much greater than the value obtained from the Hor-
witz equation may be considered performing in an unaccept-
able manner and should investigate the source of the discrep-
ancy. The Horwitz function has been experimentally verified
and found to be valid for a variety of analytes and analytical
conditions as well as under extensive statistical testing [12, 27].
Thompson and Lowthian [25] examined the consistency of Hor-
witz equation with the collaborative trial data used for develop-
ment of Horwitz equation and found that in the range of mass
factions of 10−6.92 to 0.1, called the Horwitz region, the esti-
mated values were close to those predicted by the equation.
However, the large discrepancy of the data with the predicted
values was observed at a lower concentration presumably due
to higher random variations at those concentrations [27].

The test procedure employed in analytical chemistry gen-
erally consists of 3 steps including sampling, sample prepara-
tion, and chemical analysis. The relative contribution of these
steps to the variation in analytical results have been extensively
studied by the authors [1, 7, 9, 29, 32]. The total variation:
σtotal = σsampling + σsampleprep + σanalytical. The variability asso-
ciated with different steps makes it hard to determine the true
concentration of a bulk lot and accurately classify lots for risk
management and regulatory decisions [7]. To reduce misclassi-
fication of sample lots, it is important to properly design sam-
pling plans and evaluate the variability characteristics associ-
ated with the test procedure [32]. In addition to the three steps,
the degree of heterogeneity of the material being sampled, sam-
ple mass/volume, and number of increments contribute to the
random error (measurement uncertainty) of analytical results
[20].

Measurement uncertainty (MU) is a parameter that is used
for expressing a measurement result with an associated level
of uncertainty due to a lack of knowledge [6, 11, 30]. Ac-
creditation bodies require an estimate of MU for testing lab-
oratories to comply with international quality standards such as
ISO/IEC 17025:2017 [16]. MU is one of the process compo-
nents to increase confidence in the measurement result rather
than an alternative validation procedure or doubt on the appro-
priateness of the result [6, 11, 30]. As a result of MU stemming
from random errors, all decisions should be followed by gains
or losses [8, 33]. MU may result from diverse sources which
can be easily quantified or very difficult to deal with in the
system, including measurement error, systematic error, natural
variation, inherent randomness, model uncertainty, and subject
judgement [22]. There are several approaches to calculate MU
that are very specific to the applying discipline and available
budget in order to obtain satisfactory estimates of MU [11, 31].
The most common and generally accepted approach is to carry
out the inter-laboratory study as described in the International
Harmonized Protocol or ISO/IEC protocols. As stated earlier,
the Horwitz equation to the anticipated concentration can be a
useful option to obtain rough calculations of among-laboratory
reproducibility, a within-laboratory repeatability, and expanded
measurement uncertainty even before starting the analysis of
the reported results. In some areas, suitable estimate of MU is
mean value ±2 standard deviation and 2 CV (coefficient of vari-
ation = SD/mean value x 100%) that is approximately equal to a
level of 95% confidence [6]. A combined standard uncertainty
uc(y) is a sum of the square root of the total variance of all the
uncertainty components and also estimated by other alternative
methods. An expanded uncertainty (U) that is obtained by mul-
tiplying the combined standard deviation by a coverage factor
(k) is frequently used to provide an interval within which a true
value of measurement likely fall. The coverage factor can be
chosen according to the level of the desirable confidence (e.g
k = 2 for 95% confidence interval) [6]. PT that is aimed to test
laboratory’s performance periodically can provide useful data
and information for estimating and evaluating the laboratory’s
measurement uncertainty using test items given under fulfilled
conditions and reasonable approaches because the laboratory
results should not deviate significantly from the robust mean

2 of 19



Journal of Regulatory Science | https://doi.org/10.21423/jrs-v10i1herrman Herrman et al.

over the number of PT rounds [6, 28].
For the last decade, AAFCO working group and committee

have been formed and reviewed the AV values using statistical
approaches for comparison, but no conclusions and reports have
been made. Typically, a feed product is sampled by a state feed
regulatory agency and shipped to the state feed laboratory to be
processed prior to the selection of a test portion. The test por-
tions are drawn from the analytical sample and tested. During
the series of processes, error propagates as the square root of
the sum of errors, so the largest errors have the greatest impact.
Error includes both random and systematic error (bias). There
are major errors that are not evaluated in proficiency testing in-
clude those associated with field sampling (primary sampling)
and laboratory sampling [6, 11]. Given the results and findings
described above, a need exists to re-evaluate the application of
AAFCO AVs and to explore alternative methods and models to
evaluate test results in context with the regulatory limit.

2. Materials and Methods

2.1. Data collection and evaluation of AAFCO AVs

AAFCO proficiency test (PT) results from the 2014-2018
check sample program were used to evaluate the existing AV
values. In total there were 86 proficiency test reports used dur-
ing this period of the program. The reports included a wide
range of feed types to account for different nutrient compo-
sitions in animal feed. Animal feed PT items were sent out
monthly while the pet food ingredient PT items were sent on
a quarterly basis. The AAFCO PT results from participating
laboratories were submitted through the AAFCO online por-
tal for the program. The number of laboratories participating
in each of the 86 PT rounds offered during this period and the
number of analytes per round are reported in Table 1. For eval-
uation of the PT results, all 86 reports were combined to form
a single dataset and results exceeding a z-score of above 3 or
below -3 were excluded due to their high degree of influence
on mean and other statistics and thus may not appropriately
define the model. Eighteen analytes including two different
methods for fat analysis and three different methods for fiber
analysis were evaluated for current AAFCO AV values in this
study, along with their AAFCO AV applicability concentration
range for which the AV is applicable and the number of PT
test items whose concentrations fell outside that concentration
range. Therefore, the data deviated from the main data were
removed from the entire datasets before proceeding with an as-
sessment of the suitability of the AVs to explain the normal vari-
ance in the AAFCO PT program.

2.2. Estimation of measurement uncertainty

The descriptive statistics summarizing each of these 86 re-
ports were compiled and used to compare the proficiency test
results with the AAFCO AVs calculated for 15 nutrients and
18 analytes (Table S1). The AAFCO PT program has provided
the combined standard uncertainty uc(y) of the assigned value
through the PT rounds:

µc(y) =
1.25 · s

p

where 1.25 is the factor to adjust robust standard deviation
(s) to estimate of the normal standard deviation, and p is the
number of the participating laboratories in the PT round. How-
ever, for the present study, the relative standard deviation (co-
efficient of variation, CV), Horwitz value (RSDR), and the ex-
panded uncertainty (U) for each PT round and for each nutrient
were estimated as follows:

RS D =
s
X
· 100

RS DR = 2(1−0.5logC)

U =
2.0 · s

p

where X is the robust mean of the assigned value and C is
a concentration expressed in mass fraction of the analyte. Ex-
panded uncertainty (U) was calculated with a coverage factor
(k = 2) for 95% confidence interval. The robust means and
standard deviations were derived from ISO 13528:2005 [14].
A comparison was performed between the estimated measure-
ment uncertainties for each PT round.

2.3. Development and validation of new AV values
The dataset for each analyte was analyzed to develop new

AVs for a total of 18 analytes using SAS software (ver. 9.4,
SAS Institute, Cary, NC). The AAFCO PT program reported
several analytes (fat and fiber) under different analytical meth-
ods. Specifically, fat results were reported separately using
the methodology to analyze proficiency test items for crude fat
(Method 3) and acid hydrolysis (Method 13) fat and fiber results
were reported using the methodology to analyze proficiency test
items for crude fiber (Method 4), acid detergent fiber (Method
8), and neutral detergent fiber (Method 9). The separate re-
gression model analyzed results by an analytical method. The
AAFCO PT 2019-2020 datasets independent from those used
to develop the models to calculate revised AVs were used to
validate the revised AVs.

Microsoft SQL Server ver. 2014 database management sys-
tem (Microsoft Corporation, Redmond, WA) was used to sort
and retrieve data from the OTSC laboratory information man-
agement system (LIMS) that is built on Thermo Scientific Nau-
tilus ver. 9.3 software.

3. Results

3.1. An overview of the AAFCO PT results
Table 1 shows the distribution of AAFCO proficiency test

(PT) results by feed type with the number of participating lab-
oratories and the number of tested analytes from 2014 to 2018.
They were obtained for evaluation of AV values and develop-
ment of a regression model. In 2014, the number of laboratories
ranged from a high of 300 laboratories testing dry cat food to
a low of 47 laboratories testing canned cat food. The analyte
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Table 1: Description of datasets of proficiency test results from AAFCO check sample program

Year Feed Type
# of

laboratories submitting the PT results # of analytes

Min Max

2014

Beet pulp 5 155 45

Calf starter/grower, medicated 6 209 58

Canned cat food 5 47 40

Chicken starter, medicated 5 203 56

Dry cat food 6 300 56

Equine feed 7 213 58

Ewe developer gestation feed, medicated 10 214 35

Fish meal - menhaden 5 154 40

Horse mineral 6 135 55

Marine & animal protein concentrate 6 213 54

Medicated swine starter 5 211 62

Non-fat dried milk 5 149 35

Pelleted beef feed, medicated 5 216 55

Pelleted sheep concentrate, medicated 7 212 56

Potato flour 5 158 39

Poultry layer feed 5 212 54

Show pig primer, medicated 5 204 60

Swine grower, medicated 5 155 55

2015

Barley, pet food, 5 57 64

Beef supplement 5 208 42

Brewers dried yeast 5 57 46

Brown rice 5 52 60

Calf feed, medicated 5 215 62

Chick starter, medicated 5 224 62

Dairy feed, medicated 5 209 52

Distillers dried grains with solubles 5 210 62

Dog food 5 234 63

Equine feed 5 224 57

Fish food 5 199 60

Goat feed, medicated 5 212 60

Milk replacer, medicated 5 208 41

Pork and bone meal 5 59 46

Rabbit feed 5 217 59

Swine starter, medicated 5 196 61

Wine mineral and vitamin supplement 5 189 62

2016
Cattle feed supplement 5 174 67

Cattle mineral 5 137 59

Cheese powder, pet food 5 48 38
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Year Feed Type
# of

laboratories submitting the PT results # of analytes

Min Max

2016

Dairy beef feed 5 199 38

Dry cat food 5 215 62

Goat feed 5 211 63

Lamb feed, medicated 5 198 63

Lamb meal 5 56 44

Llama feed 5 198 64

Molasses product, dehydrated 5 186 56

Oat flour 5 53 43

Poultry feed, medicated 5 201 64

Poultry/game bird feed 5 221 59

Swine feed, medicated 5 207 62

Tomato pomace, pet food 5 58 46

2017

Barley, pet food 5 61 45

Beef feed, medicated 5 191 61

Canola meal 5 57 42

Dairy beef feed, medicated 5 193 64

Dairy feed minerals 8 29 13

Dog food mineral 10 29 14

Dry dog food 5 188 60

Equine feed 5 192 62

Fish food, carnivore 5 191 55

Fish meal 5 197 57

Flaxseed meal 5 56 47

Lamb feed, medicated 6 192 58

Llama & alpaca mineral 5 129 56

Meat and bone meal 6 56 41

Milk replacer, medicated 5 193 59

Pheasant & turkey feed 5 189 56

Poultry layer feed, medicated 5 196 63

Swine feed, medicated 5 199 66

Swine feed, mineral 12 26 13

2018

Beef feed 5 187 64

Blood meal, pet food 5 51 38

Bone meal, pet food 5 60 14

Bone meal mineral 6 25 42

Brewers dried yeast 7 51 39
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Year Feed Type
# of

laboratories submitting the PT results # of analytes

Min Max

2018

Cattle feed, medicated 5 198 57

Chicken starter, medicated 5 192 59

Cottonseed meal 5 197 53

Dairy feed 7 26 14

Dry cat food 5 224 67

Equine crumbles 5 186 60

Equine feed 5 177 56

Fish feed, mineral 8 30 14

Lamb feed 5 193 60

Milk replacer 5 196 57

Pig feed, medicated 5 197 62

Poultry feed 6 204 37

Rabbit feed 5 202 56

Sweet potato powder, pet food 5 51 43

Swine feed, medicated 5 207 61

Turkey feed, mineral 9 27 14

number ranged from a high of 62 for swine starter to a low
of 35 analytes for ewe developer feed or non-fat dried milk in
the same period. In 2015, dog food items were analyzed by
234 participants (high) while brown rice exhibited the lowest
number of participating laboratories (52). The highest level of
participation was observed for dry cat food tested by 215 lab-
oratories and the low number of participating laboratories (48)
were for cheese powder in the 2016 PT activity. In 2017, the
medicated swine feed test items were tested by the most labo-
ratories (199) and mineral feed for swine involved the lowest
laboratories (26). During the 2018 AFFCO PT program, dry
cat feed products were the most tested items by the laboratories
(224) as observed in the 2014 and 2015 PT while the lowest
number of laboratories (27) participated in testing mineral feed
for turkey.

Table 2 shows the PT results for select 18 analytes with
their corresponding AAFCO AV concentration range applica-
ble to the AV, the number of datasets for each analyte, and the
percentage of datasets of PT test results outside the applica-
bility concentration range, based on the assigned value. If the
AAFCO AV applicability concentration for select analyte is at
the level of ppm (mg/kg) as selenium in Table 2, the AAFCO
PT test results for the analyte are most likely fall within the
AV applicability concentration range. Contrarily, the concen-
trations of all the PT test items for cobalt were lower and out
of the concentration ranges during the 2014-2018 AAFCO PT
rounds, indicating the AAFCO AV applicability concentration
range is out-of-date and needs to be replaced. Fat and fiber ana-

lytes also revealed higher percentages outside the concentration
range for the respective AV. The different testing methods for fat
and fiber showed the range of 16.3 and 30.8% outside the AV
concentration range through the PT rounds.

3.2. Measurement uncertainty quantification in the AAFCO PT
program

Since the publication of the AAFCO AVs, laboratories par-
ticipating in the AAFCO PT program that are ISO accredited
to the 17025 standard [15, 16] need to report analytical uncer-
tainty. The AAFCO PT program achieved ISO/IEC 17043:2010
accreditation in 2017, which necessitated a change in the PT
management systems and statistical approach to calculating and
reporting PT results. In addition to the quality management
practices, the instrumentation and analytical methods that are
reported to in the AAFCO PT program differ from those prac-
ticed when the AV concept was originally introduced and up-
dated. The organizations for chemists working in analytical
chemistry have provided general information and guides about
how to quantify measurement uncertainty using the PT data
[6, 18]. AAFCO also reports measurement uncertainties for
the assigned values for each analyte, which may be considered
to obtain one of the uncertainty components that are used for
comparing with the label guarantee. The laboratory’s participa-
tion in the PT program can largely help the laboratory fully and
correctly evaluate its measurement uncertainty. However, the
AAFCO PT data should be used to estimate the measurement
uncertainty only in the conditions in which the concentrations
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Table 2: Proficiency test (PT) results out of the current AAFCO AV applicability concentration range of selected analytes

Analytea
AAFCO

Concentration
range (%)b

Total No. of
datasetsc

Out of AAFCO AV applicability
concentration ranged

n %

Ash 2-88 86 6 7.0

Calcium 0.5-25 86 4 4.7

Cobalt 0.01-0.16 78 78 100.0

Fat (Method 3) 3-20 86 14 16.3

Fat (Method 13) 86 28 32.6

Fiber (Method 4) 2-30 86 25 29.1

Fiber (Method 8) 82 11 13.4

Fiber (Method 9) 80 18 22.5

Iron 0.01-5.00 86 14 16.3

Lysine 0.5-4.0 83 14 16.9

Magnesium 0.01-15.0 86 0 0.0

Manganese 0.01-15.0 86 42 48.8

Moisture 3-40 83 1 1.2

Phosphorus 0.5-20.0 86 11 12.8

Potassium 0.04-8.00 86 0 0.0

Protein 10-85 86 10 11.6

Selenium ppm 86 0 0.0

Zinc 0.002-6.00 86 2 2.3
a Methods 3 and 13 for fat analysis are for determination of crude fat and acid hydrolysis fat, respectively. In the meantime,
Methods 4, 8, and 9 for fiber analysis are for determination of crude fiber, acid detergent fiber, and neutral detergent fiber,
respectively.
b The current AAFCO concentration range of analyte that the AV can apply for.
c The total number of datasets of proficiency test results.
d The number of AAFCO datasets with mean values out of the concentration range of analytes defined in the AAFCO official
publication.

of PT test items cover the routine analytical range of actual reg-
ulatory samples and the variation in the PT test results among
the participating laboratories is minimal which should provide
the low uncertainty of the assigned value [5, 6]. Therefore, the
quality and suitability of the PT test items such as sufficient ho-
mogeneity and stability are critical and should be assessed prior
to the distribution of the test items to the participating laborato-
ries [14].

3.3. Comparison and analysis of expanded uncertainty esti-
mates

The relative expanded uncertainties and relative standard
deviations estimated based on the AAFCO PT 2014-2018 data
are presented in Table 3, along with the current AAFCO AV.
Figures 1 and S1 also show the relationship between relative
expanded uncertainty and analyte concentration and compari-

son of the uncertainty with 2 CVs and the relative standard de-
viations (Horwitz values) predicted by Horwitz equation. Table
3 shows that the relative expanded uncertainties of most an-
alytes were below 5%. The range for the uncertainty values
through the PT rounds was wide due to higher imprecision at
lower concentrations and for those rounds outside the AAFCO
AV applicability concentration ranges. The predicted Horwitz
values were generally in good agreement with the observed
relative standard deviations (RSDs) for most analytes includ-
ing ash, calcium, cobalt, iron, lysine, magnesium, manganese,
phosphorus, potassium, protein, and zinc within the AAFCO
AV applicability concentration range of the analytes (Figures
1 and S1). The majority of dataset points from the PT rounds
that falls within the Horwitz band and fulfills 0.5 – 2.0 times
of the Horwitz values indicate that the reproducibility preci-
sion of the analytical methods employed in the PT rounds are
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Figure 1: A scatter plot of assigned values of select analytes (magnesium, moisture, protein, and selenium) vs relative expanded
uncertainties and relative standard deviations estimated or predicted using the 2014-2018 AAFCO Proficiency Test data: AV,
analytical variation (%); RSD, relative standard deviation (%); Horwitz, relative standard deviation (%) predicted by Horwitz
equation; and 2*CV, two times coefficient of variation (%).

considered acceptable and successful [23, 27]. However, the
larger discrepancy at the lower concentrations and outside the
AAFCO AV applicability concentration ranges were also ob-
served. For those analytes, the relative expanded uncertainties
of the assigned values were smaller than the Horwitz values
within the AAFCO AV applicability concentration range. The
expanded uncertainty for fat, fiber, and moisture was close to
the Horwitz values in the AAFCO AV applicability concentra-
tion range. The inconsistency in the magnitude of measurement
uncertainty among analytes through the PT rounds indicates
that the contribution of analytical imprecision varies among an-
alytes and methods. The previous study also implies that more
reliable measurement uncertainties may be obtained after the
laboratory acquired the minimum number of test results and
participated in the minimum consecutive trials [21].

3.4. Comparison and analysis of 2 CV estimates

Analytical laboratories often utilize 2 CVs to assign upper
and lower warning limits and three CVs are designated as con-
trol chart limits using working controls (often reference mate-
rial) to monitor intra-laboratory variation. For PT programs,
a laboratory that is continuing to report analytical results with

greater or less than 2 CVs implies a systematic error and needs
to investigate the entire analytical process for corrective ac-
tion(s) to remove or minimize the systematic error. The sum-
mary performance statistics for a PT round report a CV that
is approximately double the test/reference material CV. In the
2014-2018 AAFCO PT data, the AV in the defined concentra-
tion range appeared to be larger than other relative standard de-
viations for most analytes, except for cobalt, fat, fiber, moisture,
and selenium where the calculated variability (2 CV) exceeded
the AAFCO AV (Figures 1 and S1). The higher 2 CV over
the AAFCO AV implies the published values in the OP for se-
lect analytes poorly explain the inter-laboratory variability by
the AV and need to reflect the current practice of the laborato-
ries. For those analytes, the high percentages of PT test items
out of the AAFCO AV applicability concentration ranges co-
incided with significantly higher 2 CVs over the AAFCO AV.
The PT data also showed the expanded uncertainties for most
of these analytes do not meet the ISO criteria against the stan-
dard deviation for PT (U ≤ σPT ) (Table 3). These observa-
tions indicate a need to reevaluate/model new AVs for those an-
alytes. On the other hand, if PT participating laboratories em-
ploy diverse analytical methods to report the results for a single
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Table 3: Comparison of relative interlaboratory standard deviations and uncertainty calculated using the 2014-2018 AAFCO
Proficiency Test (PT) data with those predicted by Horwitz equation

Analytea AAFCO
AV (%)b

Horwitz (%)c 2 CV (%)d Relative expanded
uncertainty (%) ≥ 0.3σPT

e

Ave Range Ave Range Ave Range n %

Ash 45/x+3 2.8 1.1-4.2 5.7 1.3-31.0 0.6 0.2-5.0 17 19.8

Calcium 14/x+6
/10/12

4.1 2.4-8.0 13.4 6.7-49.7 1.6 0.7-9.5 21 24.4

Cobalt 25 16.0 9.0-36.3 51.0 15.9-172.8 13.2 3.5-53.0 78 100.0

Fat (Method 3) 10 3.4 1.7-6.0 31.5 3.9-258.5 4.7 0.3-66.7 24 27.9

Fat (Method 13) 3.1 1.6-4.7 27.6 4.8-111.4 4.5 0.8-27.9 27 31.4

Fiber (Method 4) 30/x+6 3.4 1.7-6.0 43.7 9.3-239.6 7.2 0.9-56.5 24 27.9

Fiber (Method 8) 3.1 1.5-4.7 40.1 8.2-220.0 9.4 1.2-89.8 32 39.0

Fiber (Method 9) 2.5 1.4-4.4 34.7 6.7-207.7 8.4 0.9-73.4 42 52.5

Iron 25 7.3 4.0-17.7 24.6 9.9-209.2 3.7 1.4-54.0 21 24.4

Lysine 20 4.1 2.9-6.4 12.2 4.2-67.7 3.3 1.0-25.6 83 100.0

Magnesium 20 5.2 3.9-9.0 12.0 3.1-53.2 1.5 0.7-9.3 21 24.4

Manganese 30 9.2 5.2-25.3 20.7 8.2-242.7 3.7 1.0-80.9 21 24.4

Moisture 12 3.0 2.8-3.6 18.7 6.2-98.8 5.1 1.4-37.4 83 100.0

Phosphorus 3/x+8 4.2 3.1-7.0 10.0 6.5-23.0 1.1 0.5-3.9 86 100.0

Potassium 15 4.1 3.3-5.8 12.0 8.1-47.4 1.5 0.8-8.3 21 24.4

Protein 20/x+2 2.2 1.0-3.7 4.0 1.3-35.5 0.4 0.2-5.1 1 1.2

Selenium 25 17.2 10.0-31.7 41.5 5.7-238.4 11.5 2.3-138.2 86 100.0

Zinc 20 7.7 4.6-12.6 17.7 8.5-132.9 2.5 1.1-32.2 21 24.4
a Methods 3 and 13 for fat analysis are for determination of crude fat and acid hydrolysis fat, respectively. In the meantime,
Methods 4, 8, and 9 for fiber analysis are for determination of crude fiber, acid detergent fiber, and neutral detergent fiber,
respectively.
b AV(%) represents current AAFCO analytical variation (AV, %). x = % guarantee. Calcium: (14x+6), 10, and 12 % at the
ranges of 0.5-25%, 10-25%, and <<10%, respectively.
c Relative standard deviation (%) predicted by Horwitz equation
d 2 CV, two times of coefficient of variations (relative standard deviation).
e The number of dataset with standard deviation for proficiency testing greater than ISO 13528 (2005) criteria (0.3 σPT )

analyte and thus multiple methods are associated with a sin-
gle AV, inter-laboratory variation and measurement uncertainty
could be larger. Robust mean and standard deviations could be
also biased by using defective methodology. Under these condi-
tions, the calculated expanded uncertainty of the assigned value
is more likely to not fully meet the ISO criteria.

3.5. Development of statistical models for evaluation of the PT
data

The AAFCO PT data were used to develop and validate the
possible alternative models to reevaluate the current AV values
and to better understand the relationship between measurement
uncertainty and analyte concentration. For the statistical mod-
eling of the AAFCO PT data, a 95% tolerance interval was ap-
plied. This means that we can claim with 95% confidence that
the true measurement uncertainty would fall within that toler-
ance interval.

A one-sided upper tolerance interval was used to construct
the model that was applied for predicting and determining the
external validity of the AAFCO values. During the develop-
ment of the models for measurement uncertainty, a greater vari-
ance at lower concentrations were observed indicating that the
AV values in some of the analytes were more dependent on con-
centrations (Figures 1 and S1). At lower concentrations, the ex-
panded uncertainty and other relative standard deviations were
more spread out than at the higher concentrations. In the statis-
tical modeling procedure, a simple linear regression line was fit
to the data points and then the tolerance interval was found. The
tolerance interval was not a single value, but a curved line was
fitted to the interval. Another issue in developing the model for
reevaluation of the AAFCO AV was that the concentrations of
some analytes did have neither a high correlation with estimated
measurement uncertainty values nor normal distributions. That
part of the problem was solved by removing outliers or using a
log-normal transformation.
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Table 4: A new regression model developed on the 2014-2018 AAFCO PT data for determination of new AV values of select
analytesa

Analyteb

2 CV Expanded uncertainty (U)

A B r2 A B r2c

Ash 9.9 -0.007 > 0.99 1.1 -0.006 > 0.99

Calcium 18.9 -0.01 > 0.99 2.6 -0.005 > 0.90

Cobalt 89.1 -0.006 > 0.99 21.9 -0.01 > 0.99

Fat (Method 3) 64.0 -0.038 > 0.95 10.6 -0.01 > 0.95

Fat (Method 13) 56.3 -0.033 > 0.95 9.2 -0.029 > 0.95

Fiber (Method 4) 79.2 -0.006 > 0.95 15.2 -0.005 > 0.95

Fiber (Method 8) 80.7 -0.026 > 0.95 22.8 -0.005 > 0.95

Fiber (Method 9) 87.1 -0.006 > 0.99 21.4 -0.005 > 0.99

Iron 33.3 -0.006 > 0.95 4.2 -0.000006 > 0.90

Lysine 19.5 -0.039 > 0.99 6.0 -0.02 > 0.95

Magnesium 15.5 0.040 > 0.90 2.2 -0.107 > 0.95

Manganese 24.3 -0.006 > 0.90 6.1 -0.0004 > 0.99

Moisture 78.3 -0.006 > 0.99 17.9 -0.104 > 0.95

Phosphorus 13.0 -0.006 > 0.95 7 1.7 -0.005 > 0.99

Potassium 24.0 -0.105 > 0.99 2.8 -0.005 > 0.99

Protein 8.5 -0.009 > 0.99 0.6 -0.005 > 0.99

Selenium 96,8 -0.011 > 0.99 19.7 -0.005 > 0.99

Zinc 26.0 -0.006 > 0.99 4.6 -0.00005 > 0.99
a Regression model, 2CV (or U) = A·eBx

b Methods 3 and 13 for fat analysis are for determination of crude fat and acid hydrolysis fat, respectively. In the meantime,
Methods 4, 8, and 9 for fiber analysis are for determination of crude fiber, acid detergent fiber, and neutral detergent fiber,
respectively.
c Coefficient of determination (r2) values were estimated base on the upper bound of tolerance interval for new AV values.

Tolerance intervals are similar to confidence intervals, but
the tolerance interval is a percent bound for the range of data,
and confidence intervals are for one particular parameter of the
data (e.g. mean). For the present study, a 95% tolerance inter-
val was used. Therefore, at least 95% of the estimated measure-
ment uncertainty values fall within that tolerance interval. The
tolerance interval was also chosen to avoid overfitting the data.
A new optimal AV value for each analyte could be determined
based on the results of the 95% tolerance interval.

Although lower concentrations showed higher variability
than higher concentrations in some analytes, the calibration mod-
els developed on the AAFCO 2014-2018 data showed a good
linearity between analyte concentration and the estimated mea-
surement uncertainties: expanded uncertainty and 2 CV regard-
less of the type of analyte (Table 4). Separate models were
created for fat (crude fat and acid hydrolysis) and fiber (crude
fiber, acid detergent fiber, and neutral detergent fiber) because
different methods do not test for the same analyte. In fact, the

AVs in the AAFCO OP were established only for specific ana-
lytical methods. Therefore, different methods for fat and fiber
should not be grouped together. Many analytes in the AAFCO
PT programs do not still have an AV calculation including some
minerals (e.g. arsenic, chromium, and lead), vitamin Bs, vita-
min D, vitamin E, and mycotoxins.

3.6. Validation and evaluation of the models
For the validation of the models, the AAFCO 2019-2020

PT dataset were used to confirm the reliability and validity of
estimated measurement uncertainties and their regression mod-
els from the previous years’ PT data (Figures 2 and 2S). The
assigned values and robust standard deviation of the validation
PT data fell between the expanded uncertainty and 2 CV mod-
els in most analytes that showed lower expanded uncertainty
and similar RSD and Horwitz values (Figures 1 and 1S). How-
ever, the standard deviations accompanied by the assigned val-
ues were somewhat larger and fell within the wider predictive
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Figure 2: A scatter plot of the assigned value and its standard deviation obtained from the validation data and a regression line of
the expanded uncertainty (solid line) and 2 CV (dashed line) models for fat (method 3), magnesium, protein, and selenium. Error
bars represent standard deviations of the assigned value.

intervals of the expanded uncertainty models over the concen-
tration ranges for some analytes (e.g. cobalt, fiber, moisture,
and selenium) whose 2 CV values are greater than the current
AAFCO AV. This can be attributed to a significant variation
in laboratory measurements through the PT rounds and thus
the estimated uncertainties used for developing the regression
models, as particularly seen in selenium. Meanwhile, with the
developed regression models for fat PT data, the standard devi-
ation range of the assigned value fell within the predictive in-
terval of expanded uncertainty model at higher concentrations
while it likely exceeded the predictive uncertainty interval at
lower concentrations (Figure 2). These analytes appeared to
have had greater difficulties and inconsistency in analyzing PT
test items at the lower concentrations.

3.7. Limits and challenges of the AAFCO AV
The observations and findings from the present study im-

ply most of the current AV values may be appropriate while the
AV values of some analytes needs to be re-examined. As re-
ported in the previous studies [12, 25] and most experts agree,
the present study also showed the measurement uncertainty de-
creased as analyte concentration increased and a greater vari-
ance was observed at lower analyte concentrations following

the Horwitz function. Besides, certain analytes clearly demon-
strated a better suitability of fitness to the concept of establish-
ing the AAFCO AV than others through the PT data. This can
be explained by the fact that the AVs are unique to analyte of
interest, analyte concentration, sample matrix, and analytical
method. There should be also other influential factors on the
AVs including unique analytical variations associated with each
individual method and laboratory procedure. However, such in-
formation is difficult to be extracted from the given PT data.

4. Conclusion

The objective of this study was to evaluate the current AV
value which has not been performed since 1986 and the data
and statistical methodology used to create the AV value are
no longer available. While the current conversation within the
AAFCO is that a need exists to consider a global estimation
error including a total variability associated with primary sam-
pling, laboratory sampling, and testing – this paper serves to
benchmark the current functionality of AAFCO AVs. This study
revealed that many of the AVs are currently applicable for their
intended purpose while the analytical methods for cobalt, fat,
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fiber, moisture, and selenium presented a challenge. The es-
timated new AVs created using regression modeling and vali-
dated using measurement uncertainties did not fit the AVs for
the these analytes. Despite improvements with new AVs, some
analytes still remain a challenge to measure within the expanded
AVs. For these and existing AVs – pursuit of investigational al-
lowances that consider primary sampling and laboratory sam-
pling error may not offer the solution some within the regula-
tory and regulated community expect. The revised AVs based
on recent AAFCO PT results appeared to better capture and
represent analytical variability for select analytes. However,
the hypothesis drawn from the current study results and find-
ings needs to be tested as well as the suitability of the revised
AVs proposed in this paper to actual regulatory data.

The present study also provided useful information about
the measurement uncertainties of the select analytes relevant to
the current AAFCO AVs, which would allow the PT provider
and participating laboratories to identify and recognize analytes
required for improvement of participating laboratory’s perfor-
mance or analytical methodologies. The observations and find-
ings from the present study also indicated that the current AV
values could be considered acceptable while the analytical meth-
ods employed in the AAFCO PT rounds are in general precise
and reproducible. The AAFCO PT program is still one of the
best ways to trace and estimate the uncertainty of the analytical
results of feed regulatory agencies’ laboratory.
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8. Supplemental Data

Table S1: Descriptive statistics of the proficiency test results of each nutrient

Mean Standard
Error Median Standard

Deviation Kurtosis Skewness Range Count

Ash, % 12.78 1.36 8.02 12.64 11.35 3.06 1.25-76.61 86

Calcium, % 2.79 0.38 1.39 3.49 5.71 2.30 0.01-17.89 86

Cobalt, mg/kg 6.00 1.15 1.81 10.11 9.20 2.93 0.06-52.59 77

Fat (Method 3), % 5.28 0.52 3.68 4.85 15.46 3.08 0.18-34.83 86

Fat (Method 13), % 7.32 0.67 5.22 6.17 8.60 2.50 0.60-39.18 86

Fiber (Method 4), % 6.42 0.68 4.43 6.29 5.35 1.90 0.19-36.67 86

Fiber (Method 8), % 9.11 0.86 6.58 7.76 3.33 1.60 0.32-42.64 82

Fiber (Method 9), % 18.13 1.22 17.52 10.92 -0.28 0.52 0.57-50.02 80

Iron, mg/kg 711.33 156.91 344.95 1455.11 28.99 5.08 3.51-10593.0 86

Lysine, % 1.45 0.14 1.06 1.23 11.67 2.84 0.129-8.28 83

Magnesium, % 0.33 0.03 0.25 0.30 10.90 2.81 0.01-1.94 86

Manganese, mg/kg 211.88 41.54 104.54 385.19 15.16 3.69 0.34-2345.47 86

Moisture, % 7.77 0.23 8.27 2.13 -0.37 -0.41 2.19-12.16 83

Phosphorus, % 1.21 0.14 0.764 1.29 13.56 3.26 0.08-8.61 86

Potassium, % 1.13 0.06 1.05 0.58 3.08 1.25 0.22-3.60 86

Protein, % 26.36 1.82 20.77 16.91 3.57 1.71 1.73-93.44 86

Selenium, mg/kg 1.70 0.21 0.83 1.97 6.38 2.33 0.08-10.36 86

Zinc, mg/kg 567.77 101.37 176.95 940.09 5.03 2.42 4.78-3821.6 86
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Figure S1(A)
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Figure S1(B)
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Figure S1(C)

Figure S1 A-D : A scatter plot of assigned values of select analytes (ash, cobalt, phosphorus, calcium, fat (methods 3 and 13), fiber
(methods 4, 8, and 9), iron, lysine, manganese, potassium, and zinc) vs relative expanded uncertainties and standard deviations
estimated or predicted using the 2014-2018 AAFCO Proficiency Test data: AV, analytical variation (%); RSD, relative standard
deviation (%); Horwitz, relative standard deviation (%) predicted by Horwitz equation; and 2*CV, two times coefficient of variation
(%).
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Figure S2(A)
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Figure S2(B)
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Figure S2(C)

Figure S2 A-D : A scatter plot of the assigned value and its standard deviation obtained from the validation data and a regression line
of the expanded uncertainty (dashed line) and 2 CV (solid line) models for select analytes. Error bars represent standard deviations
of the assigned value.
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