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ABSTRACT

Dairy ration formulation to meet protein and amino
acid requirements with the National Research Council
Nutrient Requirements of Dairy Cattle (NRC, 2001)
model depends on accuracy of predicting feed passage
rates out of the rumen. The NRC (2001) passage rate
(Kp) equations were evaluated for validity and sensitiv-
ity to input variables in predicting supplies of rumen
degraded protein, rumen undegraded protein, and me-
tabolizable protein. The database used in the develop-
ment of the 3 Kp equations (for dry forage, wet forage,
and concentrate) was used to independently derive the
3 equations using a meta-analysis technique. To extract
quantitative relationships between statistically sig-
nificant input variables and rate of passage, a random
coefficients model that used each study effect as a ran-
dom variable was used. The database was comprised
of studies that only used rare earth markers. Outliers
were identified by acceptance criteria defined a priori
or the difference in fit statistic (DFFITS) value; 319,
63, and 139 treatment means were used to develop the
Kp equations for dry forage, wet forage, and concen-
trate, respectively. We found that the sign of the regres-
sion coefficient for concentrate content in diet dry mat-
ter in the equation for Kp dry forage was inverted; it
should be positive. A sensitivity analysis was conducted
with a spreadsheet version of the NRC (2001) model
developed for this study, using the Monte Carlo tech-
nique. The sensitivity analysis indicated that all Kp
predictions were the most sensitive to variation in DM
intake, and thus accurate measurement of DM intake
is the most important factor in predicting Kp. Predic-
tions for protein supply (rumen degraded protein, ru-
men undegraded protein, and metabolizable protein)
were sensitive to variability in amount of feed crude
protein (CP, %DM), digestion rate (Kd) of the B fraction
of feed CP (%/h), and the Kp for concentrate (%/h), due
to the high proportion of dietary CP in lactating dairy
rations coming from concentrates. The sensitivity anal-
ysis indicated that accurate determinations of DMI, the
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Kd of the B fraction of feed CP, and feed CP are the
most important variables needed to predict MP supply
in lactating dairy cows with the NRC (2001) model. We
conclude that the empirical Kp equations in the model
are suitable for predicting passage rate in lactating
dairy cows. More accurate predictions of Kp will require
the development of a more mechanistic model that ac-
counts for more of the biologically important variables
(e.g., physical property of particles, liquid flow, and
timely variation of intake) affecting passage rate.
Key words: passage rate, nutrient requirement, diet
formulation, 2001 NRC model

INTRODUCTION

The protein model published by the NRC (2001) is
being used to update dairy ration formulation programs
to improve their accuracy in predicting dietary protein
and amino acid requirements to reduce nitrogen excre-
tion and feed cost per kilogram of milk. In this model,
the prediction of MP supplied by feeds in the diet de-
pends on the prediction of feed passage rate from the
rumen. The NRC (2001) published 3 new equations to
predict rate of passage for dry forage, wet forage, and
concentrate in dairy cattle. However, it is not possible
to evaluate the adequacy of these equations in repre-
senting the published data because little documenta-
tion on their development was provided, and the equa-
tions were not evaluated.

The objectives of this study were 1) to determine the
adequacy of the passage rate equations developed by
the 2001 Dairy NRC, 2) to conduct sensitivity analyses
to identify the most important inputs that need to be
measured in applying these equations in ration formu-
lation programs, and 3) to demonstrate the impact that
the passage rate equations in the NRC (2001) model
have on model predictions of RDP and RUP supplied
by the diet.

MATERIALS AND METHODS

Development of the NRC (2001) Passage
Rate Equations

Database Construction. The database used to de-
velop the passage rate equations for NRC (2001) con-
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tained 1,271 treatment means (observations) from 275
published experiments conducted with dairy and beef
cattle. The experiments were published between Janu-
ary 1980 and February 1999 in the following journals:
Animal Feed Science and Technology, Animal Produc-
tion (continued in 1995 as Animal Science), British
Journal of Nutrition, Canadian Journal of Animal Sci-
ence, Grass and Forage Science, Journal of Animal Sci-
ence, and Journal of Dairy Science. A total of 810 obser-
vations in the database measured either forage or con-
centrate Kp; DMI or DMI as a percentage of BW and BW
were reported or could be calculated from information
given. Data were excluded for use in equation develop-
ment for this study using the same criteria as was used
by the NRC (2001) committee: 1) if BW was less than
100 kg (16 observations were excluded), 2) if concen-
trate was more than 90% of dietary DM (61 observations
were excluded), and 3) if internal markers (e.g., acid-
insoluble ash, NDF, or lignin) or external markers other
than rare earths were used or if the marker were ap-
plied to TMR and not to at least one individual compo-
nent of the diet (224 out of 673, 41 out of 170, and
27 out of 38 observations in forages, concentrates, and
fibrous byproducts, respectively).

Statistical Models and Algorithms Used to De-
velop the Passage Equations. The same procedures
used for developing the equations published by the
Dairy NRC Committee (NRC, 2001) were used in this
study. The variables used in equation development
were chosen based on 3 criteria: 1) could be measured
or calculated routinely in the field, 2) had a variance
inflation factor less than 10 (Neter et al., 1996), and 3)
were statistically favored over other possible candi-
dates. Dry matter intake as percentage of BW was more
significant than actual DMI and BW when trial varia-
tion was added as a random variable. The selected vari-
ables were DMI as percentage of BW (DMIpBW), con-
centrate as percentage of diet DM (ConcpDM), and
NDF content as percentage of forage DM (NDFF; forage
Kp prediction equation only). These variables were lin-
early related with the response variable (i.e., Kp) based
on preliminary analysis using partial regression.

Significant independent variables for each equation
to predict Kp of dry forage (hay and pasture), wet forage
(silage) and concentrate were identified by using the
backward elimination procedure of multiple regression,
which was done using PROC GLM of SAS (SAS Insti-
tute Inc., Cary, NC) with trial effect as a random vari-
able. In this step, trial was assumed an additive effect.
Nonsignificant (P > 0.05) main effects and interactions
were removed sequentially from the model. When an
acceptable model was generated, 37 observations in dry
forages were eliminated due to lack of information of
NDFF. With 344, 68, 129, and 11 observations for dry
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forages, wet forages, concentrates, and fibrous byprod-
ucts, respectively, the difference in fits statistic
(DFFITS) was estimated and used as the basis for omit-
ting outliers. Data points with absolute values of
DFFITS ≥ 0.4 (a conservative value based on Neter et
al., 1996) were omitted. When more than one absolute
value of DFFITS was greater than 0.4, data correspond-
ing to the largest value was omitted first, and the model
was refitted to examine whether any other absolute
value of DFFITS remained ≥ 0.4. The above procedure
continued until no apparent outlier was observed. To
prevent the erroneous removal of acceptable observa-
tions, data that previously were omitted were added
back sequentially to the model and reevaluated. With-
out outliers, the variables eliminated previously were
added and reassessed for statistical significance. After
acceptable equations for predicting Kp for concentrate
and dry and wet forages were obtained, they were ap-
plied to data for fibrous byproducts. Paired t-test analy-
ses showed that the predicted mean of Kp of fibrous
byproducts was significantly lower than the observed
mean when the equation for predicting Kp for dry forage
was used. In contrast, the predicted mean Kp of fibrous
byproducts was not significantly different from the ob-
served mean when the equation for predicting Kp of
concentrates was used. Thus, data for fibrous byprod-
ucts were pooled with concentrate data and the model
was refitted according to the same criteria discussed
previously. The final database used to develop the pas-
sage equations for dry forage, wet forage, and concen-
trate feeds included 319, 63, and 139 treatment means,
respectively. Descriptive statistics for the data used for
predicting the passage rate for dry forage, wet forage,
and concentrates are shown in Table 1.

A random coefficient model (Littell et al., 1999) was
fitted for the prediction equations generated by the pro-
cedure described above again using the MIXED proce-
dure of SAS (SAS Institute Inc, Cary, NC) with an
unstructured variance-covariance matrix. Individual
study, which is fundamentally random (St-Pierre,
2001), was treated as a random class variable. The
model, thus, had a variance component of random study
effect for the intercept and slope of each predictor vari-
able. The parameter estimates show the relationship
between each predictor variable and response variable
(i.e., Kp independent of covariance within a study and
among studies). Because no interactions between inter-
cept and coefficients were significant, a variance struc-
ture that models a different variance component for
each random effect without interactions was used to
estimate the parameters. The final prediction equations
were composed of solutions for the fixed effects of the
predictor variables. The linear model for the random
coefficient model used in this study is shown below:
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Table 1. Descriptive statistics of the data used to develop the passage rate equations in NRC (2001)

No. of
observations Mean SD Maximum Minimum

Dry forage
BW, kg 319 380.2 164.8 745.5 117.0
DMI, kg/d 319 9.3 5.4 26.8 2.7
DMI, % of BW 319 2.5 0.7 4.1 1.0
Concentrate, % of diet DM 319 19.3 19.8 85.0 0.0
NDF of forage, % of DM 319 66.5 10.8 82.7 36.1
Kp for concentrate, %/h 319 3.6 0.8 5.8 2.0

Wet forage
BW, kg 60 572.3 107.5 721.0 277.0
DMI, kg/d 60 17.2 6.5 25.3 4.6
DMI, % of BW 63 2.9 0.9 4.3 1.2
Concentrate, % of diet DM 63 39.3 24.3 85.0 0.0
NDF of forage, % of DM 51 49.2 7.9 67.3 35.2
Kp for wet forage, %/h 63 4.8 0.9 6.2 2.6

Concentrate
BW, kg 139 541.6 139.0 745.5 173.0
DMI, kg/d 139 16.4 6.9 26.8 5.0
DMI, % of BW 139 3.0 0.9 4.4 1.3
Concentrate, % of diet DM 139 52.2 19.9 87.3 0.0
NDF of forage, % of DM 89 53.5 13.0 77.0 31.8
Kp for concentrate, %/h 139 6.0 1.9 11.2 2.4

Class of cattle Dry forage Wet forage Concentrate
Lactating dairy or beef cow 32 39 85
Nonlactating or undefined-status

dairy or beef cow 13 4 9
Growing cattle 274 20 45

Total number 319 63 139

yij = β0 + b∗
0i + (β1 + b∗

1i)x1ij + (β2 + b∗
2i)x2ij

+ (β3 + b∗
3i)x3ij + eij

where yij is Kp of jth observation in ith study, β0 is the
fixed effect of intercept, b∗

0i is the random effect of inter-
cept in ith study, β1 is the fixed effect of x1, b∗

1i is the
random effect of x1 in ith study, x1ij is the level of x1
(DMIpBW) on jth observation in ith study, β2 is the
fixed effect of x2, b∗

2i is the random effect of x2 in ith
study, x2ij is the level of x2(NDFF if applicable) on jth
observation in ith study, β3 is the fixed effect of x3, b∗

3i

is the random effect of x3 in ith study, x3ij is the level
of x3 (ConcpDM if applicable), and eij is the unexplained
random effect on jth observation in ith study. The distri-
bution of random effect components is shown below.
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The above model can be expressed in terms of a mixed
model as
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yij = β0 + β1x1ij + β2x2ij + β3x3ij + b∗
0i + b∗

1ix1ij

+ b∗
2ix2ij + b∗

3ix3ij + eij

where β0 + β1x1ij + β2x2ij + β3x3ij is the fixed effect part
of the model and b∗

0i + b∗
1ix1ij + b∗

2ix2ij + b∗
3ix3ij + eij is the

random effect part of the model.

Evaluation of the NRC (2001) Passage
Rate Equations

Analysis 1: Sensitivity of the Passage Rate Equa-
tions to Input Variables. Sensitivity analysis of the
Kp equations to input variables (BW, DMI, ConcpDM,
and NDFF) were conducted using @Risk v 4.5 (Palisade
Corporation, Newfield, NY). The distribution of the in-
put variables was described by analyzing a data set
that included 232 observations with only lactating dairy
cows collected from the 2001 Dairy NRC database. De-
scriptive statistics of the input variables in this data
set are shown in Table 2. Probability distributions were
fitted to the data for each variable using @Risk v 4.5
(Palisade Corp.). To select the best distribution, 3 differ-
ent fit statistics (χ2, Kolmogorov-Smirnov, and Ander-
son-Darling values) were compared. The data were as-
sumed normally distributed if all 3 goodness-of-fit tests
failed to reject the null hypothesis of normal distribu-
tion; otherwise, a probability distribution, which
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Table 2. Descriptive statistics and correlations of data from 232 lactating dairy cows1 to derive probability
distributions of input variables for calculation of Kp using the NRC (2001) model2

BW (kg) DMI (kg) ConcpDM (%) NDFF (%)

Mean 599 20.1 46.7 48.4
SD 49 4.1 14.4 7.5
Maximum 745 27.5 84.2 73.2
Minimum 430 6.3 0.0 31.8
Spearman rank correlations
BW 1.000
DMI 0.555 1.000
ConcpDM 0.016 0.171 1.000
NDFF −0.169 −0.165 0.247 1.000

1The data set included 232 separate observations with only lactating dairy cows from the 2001 Dairy
NRC database.

2ConcpDM = Concentrate as a percentage of diet DM; NDFF = NDF content as percentage of forage DM.

showed the best fit among 3 tests based on the ranking,
was chosen. The correlations between input variables
were estimated with the 232 data points using the
Spearman rank-order correlation (Agresti, 2002). The
correlation matrix is shown in Table 2. The simulation
was performed to obtain the distribution of Kp using
@Risk v 4.5 (Palisade Corp.). The input variables
needed to predict Kp for dry forage, wet forage, and
concentrate in the simulation were sampled from each
distribution using the Latin hypercube method. Itera-
tions of the simulation were continued until less than
1% of convergence was achieved for all Kp distributions.
Sensitivities of the input variables to Kp for dry forage,
wet forage, and concentrate were analyzed by regres-
sion analysis using @Risk v 4.5 (Palisade Corp.). Three
coefficients from standardized regression, and Pearson
and Spearman rank correlations were used to rank the
relative importance of input variables. The difference
between Spearman and Pearson is that the Spearman
method uses ranks instead of values (Neter et al., 1996).
The Monte Carlo technique, which is a statistical simu-
lation method, has been widely used in many fields to
assess uncertainty and the risk associated with using
a model (Helton and Davis, 2000; Tylutki, 2002). It
involves running simulations in which inputs are as-
signed probability distributions and assessing the effect
that the input variances have on model predictions
(Frey and Patil, 2002). Sensitivity of the model to indi-
vidual inputs or groups of inputs can be evaluated by a
variety of techniques (Frey and Patil, 2002). Regression
analysis, which has been widely used in many cases
(Campolongo et al., 2000), was used in this study. Three
coefficients (standardized regression, Pearson correla-
tion, and Spearman rank correlation) were used to rank
the input variables as to their relative importance. The
standardized regression coefficients, when input vari-
ables are independent, provide a measure of importance
based on the effect of moving each variable away from
its expected value by a fixed fraction of its standard
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deviation while retaining the other variables at their
expected values (Helton and Davis, 2000).

The correlation coefficient characterizes the effect
that changing an explanatory variable by a fixed frac-
tion of its standard deviation will have on the response
variable, with this effect being measured relative to
its standard deviation (Helton and Davis, 2000). The
correlation coefficient can also be obtained by re-
gressing the response variable on an explanatory vari-
able such as the standardized regression coefficient.
However, the correlation coefficient measures the
strength of the linear relationship between a response
variable and a given input variable without adjustment
of any effect due to correlation between the input vari-
able and the other explanatory variables. Thus, the
correlation coefficient measures the correlation be-
tween a response variable and an explanatory variable
irrespective of the other independent variables. It
should be noted that the 2 most commonly used indexes
for assessing the sensitivity of a model to input vari-
ables measure different relationships between a re-
sponse variable and a predictor variable. Therefore,
careful interpretations are needed.

Analysis 2: Sensitivity of Protein Outputs Using
the NRC (2001) Model for Lactating Dairy Cows
to Probability Distribution of Passage Rates. A
sensitivity analysis of model predicted protein outputs
(RDP, RUP, and MP) to the Kp equations was conducted
using @Risk v 4.5 (Palisade Corp.). Probability distribu-
tions of Kp were fitted to the simulated data obtained
from analysis 1 using @Risk v 4.5. Correlations were
estimated among the simulated Kp using the Spearman
rank method in the SAS package (SAS Institute, Inc.).

Only Kp for dry forage, wet forage, and concentrate
were used for input distribution variables in this simu-
lation. A spreadsheet was developed with the NRC
(2001) equations to perform all the simulations of this
study. A midlactation Holstein cow fed a diet consisting
of legume hay, corn silage, corn grain, soybean meal,
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Table 3. Animal inputs used in simulations for determining the
sensitivity of the NRC (2001) model in predicting protein supplies to
probability distribution of Kp

Animal inputs Settings

Animal type 1 Lactating Cow
Age 65 Month
BW 680 Kg
BCS 3 (1:thin to 5:fat)
Age at first calving 24 Month
Calving interval 12 Month
Days pregnant 0 Days
DIM 90 Days
Lactation number 3
Breed 4 Holstein
Mature weight 680 kg
Calf birth weight 43 kg
Milk production 45 kg/d
Milk fat 3.5 %
Milk protein 3.0 % total protein
Lactose 4.8 %
Temperature 20 °C
Previous temperature 20 °C
Grazing 1 FALSE

and brewers’ grain was used for the simulation. The
animal inputs used in this simulation are shown in
Table 3, and the diet is listed in Table 4. The Kp values
were sampled from their respective distribution (Table
5) using a Latin hypercube method. Iterations of the
simulation were continued until less than 1% of conver-
gence was achieved for all output distributions.

Analysis 3: Sensitivity of Protein Outputs from
the NRC (2001) Model for a Lactating Dairy Cow
to Probability Distributions of Passage Rates,
Feed CP, and the Kd of the Protein B Fraction. A
sensitivity analysis of model predicted protein outputs
(RDP, RUP, and MP) to variations in Kp for dry forage,
wet forage, and concentrate, feed CP, and the Kd of the
protein B fraction of each feed ingredient was conducted

Table 4. Feed inputs used in simulations for determining the sensitivity of the NRC (2001) model in
predicting protein supplies to probability distributions of Kp

DMI, CP, RUP,1 RDP,2 Kd,4 Kp,5

Feed name kg/d g/d %3 % %/h %/h

Legume forage hay, immature 4.90 1,117 11.5 32.8 18.04 4.53
Corn silage, normal 8.00 704 15.1 16.2 4.41 5.17
Corn grain, ground, dry 9.30 874 24.3 16.9 4.95 6.70
Soybean meal, solvent 48% CP 2.20 1,184 29.4 24.9 7.51 6.70
Brewers grains, dried 2.00 584 19.8 9.3 4.70 6.70
Monosodium phosphate (H2O) 0.06
Salt 0.15
Vitamin premix 0.36
Totals 26.97 4,463 100.0 100.0

1Calculated by CP × Kp over the sum of Kd and Kp.
2Calculated by CP × Kd over the sum of Kd and Kp.
3Values are a percentage of total RUP in diet.
4Fractional rate of digestion in the rumen of the B fraction of CP.
5Fractional rate of passage out of the rumen.
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Table 5. Descriptive statistics and correlations of predicted Kp for
dry forage, wet forage, and concentrate by input variables from 232
lactating dairy cows

Kp Kp
dry wet Kp
forage forage concentrate

Mean 4.53 5.17 6.69
SD 0.33 0.34 0.77
Max. 5.70 6.29 9.22
Min. 3.42 3.90 3.61
Correlations (Spearman method)
Kp dry forage 1.000
Kp wet forage 0.890 1.000
Kp concentrate 0.730 0.922 1.000

using @Risk v 4.5 (Palisade Corp.). The distribution of
the Kp and the correlations among Kp were the same
as for analysis 2 (Table 5). The CP concentrations of
the feeds and the Kd of the B fraction were assumed
normally distributed. The means and standard devia-
tions were obtained from Table 15-2a in the NRC (2001)
publication. No correlations were assumed to exist
among the variables except among the Kp. All animal
inputs, diet composition, and simulation settings were
the same as for analysis 2. Variations in RDP, RUP,
MP supply and MP allowable milk were predicted with
the spreadsheet version of the model as described pre-
viously.

RESULTS AND DISCUSSION

Development of the NRC (2001) Passage
Rate Equations

An initial analysis of the database resulted in the
same equations as reported in NRC (2001) except that
the sign of the regression coefficient for concentrate
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Figure 1. Studentized residual plot of predicted Kp for dry forage without outliers. Studentized residuals were calculated by subtracting
predicted Kp by fixed effects from observed Kp adjusted for study effect and then dividing by square root of mean squared error (MSE).

content in dietary DM in the equation to estimate Kp
of dry forage was found to be a plus and not a minus
(+0.007 instead of −0.007). This typographical error
may cause a 15% lower prediction of Kp for dry forage.
However, its effect on model prediction of MP supply
and MP allowable milk was less than 1% (data not
shown). The corrected passage rate equation for dry
forages and the other 2 equations to estimate rate of
passage of undigested feed out of the rumen are shown
below. The parameter estimates are the solution for
each fixed effect:

Kp for dry forage = 3.362 (± 0.263) + 0.479 (± 0.052)
DMIpBW − 0.017 (± 0.004) NDFF

+ 0.007 (± 0.002) ConcpDM;

Kp for wet forage = 3.054 (± 0.393)
+ 0.614 (± 0.126) DMIpBW;

Kp for concentrate = 2.904 (± 0.516) + 1.375 (± 0.177)
DMIpBW − 0.020 (± 0.006) ConcpDM;

where DMIpBW = DMI as a percentage of BW,
ConcpDM = concentrate content of the diet, % DM, and
NDFF = NDF of forage feedstuff, % DM.

As shown in Table 1, the database used to develop the
equations had wide ranges in DMI, BW, and DMIpBW.
Therefore, these equations are expected to cover a wide
range of production situations. The passage rate equa-
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tions for dry forages (corrected equation), wet forages
and concentrates explain 87, 86, and 91%, respectively
of the variation in measured passage rates in the data-
base used in equation development, when the observa-
tions were adjusted for random study effect. Figures 1,
3, and 5 show the studentized residual plots of the
observed and predicted Kp by fixed effects of the equa-
tions. The plots indicated there was no apparent bias
and the regression models seemed to be appropriate.

To evaluate the effect of omitting outliers, the data
that were originally treated as outliers and removed in
the development of equations (25, 5, and 1 observations
in dry forage, wet forage, and concentrates, respec-
tively) were added back to the database and the param-
eters for the variables were reestimated. The equations
are shown below, and the residual plots of the observed
and predicted Kp by fixed effects of the equations are
shown in Figures 2, 4, and 6.

Kp for dry forage = 4.542 (± 0.321) + 0.485 (± 0.064)

DMIpBW − 0.035 (± 0.004) NDFF

+ 0.006 (± 0.002) ConcpDM (n = 344);

Kp for wet forage = 2.948 (± 0.418)

+ 0.655 (± 0.134) DMIpBW (n = 68);

Kp for concentrate = 3.205 (± 0.567) + 1.325 (± 0.178)

DMIpBW − 0.023 (± 0.006) ConcpDM (n = 140);
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Figure 2. Studentized residual plot of predicted Kp for dry forage with outliers. Studentized residuals were calculated by subtracting
predicted Kp by fixed effects from observed Kp adjusted for study effect and then dividing by square root of mean squared error (MSE).

where DMIpBW = DMI as a percentage of BW,
ConcpDM = concentrate content of the diet, % DM, and
NDFF = NDF of forage feedstuff, % DM.

Simple 2-sample tests were conducted to see if the
estimates for the parameters computed without or with

Figure 3. Studentized residual plot of predicted Kp for wet forage without outliers. Studentized residuals were calculated by subtracting
predicted Kp by fixed effects from observed Kp adjusted for study effect and then dividing by square root of mean squared error (MSE).
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outliers were significantly different, assuming that the
estimates were normally distributed with the mean and
the standard errors of the estimates. Because omitting
data points was not substantial in the equations of Kp
for wet forages and concentrates, the parameter esti-
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Figure 4. Studentized residual plot of predicted Kp for wet forage with outliers. Studentized residuals were calculated by subtracting
predicted Kp by fixed effects from observed Kp adjusted for study effect and then dividing by square root of mean squared error (MSE).

mates did not significantly differ (P > 0.05), and the
studentized residual plots show similar patterns (Fig-
ures 3, 4, 5, and 6); there are some extreme values
in Figures 4 and 6. However, there were significant

Figure 5. Studentized residual plot of predicted Kp for concentrates without outliers. Studentized residuals were calculated by subtracting
predicted Kp by fixed effects from observed Kp adjusted for study effect and then dividing by square root of mean squared error (MSE).
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changes in the Kp equation for dry forages when the
outliers were added. Differences in the estimates of
intercept and NDFF in the equation of Kp dry forage
were highly significant (P < 0.01). Although there are



OUR INDUSTRY TODAY 2335

Figure 6. Studentized residual plot of predicted Kp for concentrates with outliers. Studentized residuals were calculated by subtracting
predicted Kp by fixed effects from observed Kp adjusted for study effect and then dividing by square root of mean squared error (MSE).

several techniques available to detect outliers and in-
fluential points, justification for discarding outliers is
controversial and one should be careful in eliminating
data points in a regression analysis (Neter et al., 1996).
Discarding outliers may overstate the precision of a
model. When the outliers were included in the data set,
the Kp equation for dry forage was able to explain 80%
of the variation in measured passage rates in the data-
base, when the observations were adjusted for random
study effect. Meta-analysis is an analysis of data, and
thus, a mean of observations is treated as an experimen-
tal unit or sometimes as a sampling unit even though
they are treatment means (Sutton, 2000), and outliers
can be eliminated from the database if it is obvious that
they are erroneous measurements. Because there was
no direct evidence that the outliers in the database
represent errors, this analysis indicates that elimina-
tion of outliers in development of Kp equations by NRC
(2001) was not justified.

To evaluate the difference in predictions between the
Kp dry forage equation with and without outliers, a
simple simulation was conducted with the similar
method described for our first analysis. The original
equation underestimates Kp dry forage by 0.28%/h on
average compared with the equation with outliers (Fig-
ure 7).

There was considerable heterogeneity among the dif-
ferent studies in the database, including procedure,
type of marker used, concentration of marker, dose and
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data collection site, mathematical model used to fit the
curve, and technician conducting the experiment. It is
also understood that observations within a given study
are more correlated than observations across studies,
and that accuracy of measurements within and across
studies is different (St-Pierre, 2001). Ignoring the
blocking effect of studies and heterogeneity of variances
results in estimates of the parameters in the regression
equation that contain considerable bias (St-Pierre,
2001). Application of meta-analysis to remove this bias
can reduce the effect of random error and so produce
more reliable and precise estimates when pooling all
the relevant studies (Sutton, 2000).

Evaluation of the NRC (2001) Passage
Rate Equations

Analysis 1: Sensitivity of the Passage Rate Equa-
tions to Input Variables. The distributions of input
variables for the analysis were obtained from a recon-
structed data set from 232 lactating dairy cows (Table
2). Mean (± standard deviation) values of BW, DMI,
ConcpDM, and NDFF of the data set were 599 (±49)
kg, 20.1 (±4.1) kg, 46.7 (±14.4) %DM, and 48.4 (±7.5)
%DM, respectively. Body weights and DMI were highly
correlated; the Spearman rank correlation coefficient
was 0.56. The other variables appeared to be indepen-
dent of each other. Table 5 shows the means and stan-
dard deviations for the predicted Kp values of the ani-
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Figure 7. Box plots for the variability in predicted Kp for dry forages by the equations developed with or without outliers. The middle
line in the box represents the median, the upper and lower areas of the center box indicate the 75th and 25th percentiles, the whiskers
extending from each end of the box show the extent of the rest of the data, and the crosses beyond the ends of the whiskers represent
extreme values.

mals in the data set. The predicted Kp were highly
correlated among themselves. Using the Spearman
rank method, which is a nonparametric rank correla-
tion procedure (Neter et al., 1996), the highest correla-
tion (0.922) was between the Kp for wet forage and
the Kp for concentrate. The correlation coefficients of
the Kp for dry forage with the Kp of wet forage and
concentrate were 0.89 and 0.73, respectively. These
high correlations between passage rates for the 3 feed
types are because all equations have DMI as percentage
BW as the most effective predictor variable. The coeffi-
cients for sensitivity of the input variables to Kp for
dry forage, wet forage and concentrate (standardized
regression, and Pearson and Spearman correlations)
and their ranking are shown in Table 6.

Our Monte Carlo analysis indicated that if DMI in-
creases from 20.1 (Table 2) to 24.2 kg/d while the other
variables remain at their mean values, the Kp for dry
forage increases 0.948 times its standard deviation of
0.33%/h, or from 4.53 to 4.84%/h (a 7% increase), and
the Kp for concentrate increases 1.156 times its stan-
dard deviation of 0.77%/h, or from 6.69 to 7.58%/h (a
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13% increase). Thus, based on our analysis, the Kp for
concentrate was more sensitive to DMI than the Kp for
dry forage. These predicted changes in Kp values may
not be correct due to the positive correlation between
DMI and BW. However, the trends should be the same.

The results of the sensitivity analysis indicated that
all 3 equations are much more sensitive to DMI than
to any other inputs and the relationship was positive
with all 3 passage rates. Assuming steady-state condi-
tions, fractional rate of passage can be calculated by
dividing rate of intake (kg/h) by pool size of rumen
contents (kg). Fractional rate of passage, therefore, is
linearly related to intake when pool size of rumen con-
tents is constant. However, an increase in feed intake
from a low level to a higher level does not consistently
increase digesta flow if there is a compensatory increase
in ruminal fill (Owens and Goetsch, 1986). When rumen
capacity is reached, a faster intake causes a faster rate
of passage proportional to level of intake. Gastrointesti-
nal capacity is linearly related to BW (Van Soest, 1994),
and thus DMI expressed in proportion to animal BW
was the most important factor for determining the rate
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Table 6. Sensitivity of predicted passage rates to the input variables of the equations (the number in
parentheses is the relative rank among the 4 variables)

Input Standard Spearman Pearson
Kp for variables1 regression correlation correlation

Dry forage BW −0.412 (2) 0.156 (4) 0.158 (4)
DMI 0.948 (1) 0.820 (1) 0.841 (1)
ConcpDM 0.280 (4) 0.322 (3) 0.326 (3)
NDFF −0.389 (3) −0.426 (2) −0.441 (2)

Wet forage BW −0.506 (2) 0.094 (4) 0.107 (4)
DMI 1.165 (1) 0.875 (1) 0.898 (1)
ConcpDM 0.000 (3) 0.151 (2) 0.147 (2)
NDFF 0.000 (3) −0.119 (3) −0.134 (3)

Concentrate BW −0.502 (2) 0.081 (4) 0.104 (4)
DMI 1.156 (1) 0.810 (1) 0.847 (1)
ConcpDM −0.343 (3) −0.187 (2) −0.195 (3)
NDFF 0.000 (4) −0.183 (3) −0.198 (2)

1ConcpDM = Concentrate as a percentage of diet DM; NDFF = NDF content as percentage of forage DM.

of passage of digesta out of the rumen. However, the
relative importance of BW alone was not clear, based
on the sensitivity analysis with different regression co-
efficients. The Spearman rank and the Pearson correla-
tion methods indicated that BW was positive but was
the least influential predictor among the input vari-
ables in estimating all 3 passage rates. In contrast,
BW was negative and was the second most important
variable based on the standardized regression coeffi-
cient. Even though the standardized regression coeffi-
cient indicated that BW had a strongly negative effect
on Kp, the correlation coefficient implied that there
is no linear relationship between BW and Kp. This is
because the standardized regression controls all vari-
ables but the one of interest whereas correlation does
not. Dry matter intake is highly correlated with passage
rate but BW is not, even though DMI and BW are highly
correlated. These results are consistent with correlation
analysis of the observations in the original database.
The Pearson correlation coefficient between the Kp for
dry forage and DMI was 0.45, whereas the coefficient
between the Kp for dry forage and BW was 0.13. The
correlation coefficient of the Kp for wet forage with
DMI was 0.76 and with BW it was 0.57. The Kp for
concentrate was correlated with DMI and BW with coef-
ficients of 0.66 and 0.35, respectively. We concluded
that BW alone is not highly correlated with passage
rates of undigested feed even though it is a significant
and important variable in predicting rate of passage.

The results of this sensitivity analysis indicated that
accurate determination of DMI is the most important
factor for accurate prediction of feed passage out of the
rumen in the NRC (2001) model, and that DMI as a
percentage of BW has a positive linear relationship with
all 3 passage rates. Degree of sensitivity to DMI, how-
ever, is different for the 3 Kp equations. The effect of
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increases in DMI on Kp was the highest for concentrate,
intermediate for wet forage, and lowest in dry forage.
This is consistent with the finding that as feed intake
increases, fractional passage rate of concentrate in-
creased more than that of roughage (Owens and
Goetsch, 1986). Concentrate particles normally have a
smaller particle size and a higher specific gravity than
forages (Offer and Dixon, 2000), which increases rate
of passage out of the rumen.

The NDF content of forage was a significant predictor
of passage rates for dry forage in the NRC (2001) model
and was shown in this study to be negatively correlated
when DMIpBW and ConcpDM were already in the
model. Welch (1982) observed that consumption of
coarse NDF increases rumination time and thus, de-
creases rate of passage of forage out of the rumen. In
the current equation, the degree of decrease, however,
was so low that a 10% increase in NDF content of forage
decreased Kp for dry forage only 0.17%. Content of con-
centrate in diet DM had a negative effect on concentrate
passage rate and a small but positive effect on dry for-
age passage rate. Decreasing concentrates in diet DM
increases passage rates of concentrates (Owens and
Goetsch, 1986; Offer and Dixon, 2000) and this is due
to increased contraction of the omasum (Grovum, 1986)
by increased intake of forages. However, the effect of
increased intake of concentrate proportions on passage
rate of dry forage seemed to be dependent on level of
intake (Offer and Dixon, 2000). Colucci (1990) reported
negative effects of increased concentrate proportions on
passage rates at lower levels of intake. However, the
effect became nonsignificant at higher levels of intake.
In our study, concentrate content in the diet had a
positive correlation with Kp dry forage even though the
effect was small and biologically negligible. Dry matter
intake as a percentage of BW was the only statistically
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Table 7. Effects of variation in passage rate on predicted protein supply in the 2001 Dairy NRC model
(analysis 2)1

Protein values Mean SD 5%tile 95%tile 95% − 5% % Change

RDP supplied (g) 2,839 67 2,736 2,951 215 7.6
RDP balance (g) 188 67 85 300 215 —
RUP required (g) 1,648 3 1,644 1,653 9 0.5
RUP supplied (g) 1,624 67 1,512 1,727 215 13.2
RUP balance (g) −24 70 −141 83 224 —
Microbial CP (g) 2,253 1 2,253 2,253 0 —
MP from bacteria (g) 1,442 1 1,442 1,442 0 —
MP from RUP (g) 1,367 59 1,269 1,457 188 13.8
MP supplied (g) 2,937 59 2,839 3,026 188 6.4
MP balance (g) −20 59 −118 70 188 —
Total EAA (g) 1,572 24 1,531 1,609 78 5.0
MP allowable milk (kg) 44.6 1.3 42.4 46.6 4 9.0

15%tile = 5th percentile; 95%tile = 95th percentile; 95% − 5% = difference between 95th and 5th percentile;
and % Change = (95%tile − 5%tile)/Mean × 100.

significant variable in predicting Kp of wet forage. Nei-
ther NDF content in forage nor concentrate content in
diet had a significant association with fractional rate
of passage of wet forage.

Analysis 2: Sensitivity of Protein Outputs in the
NRC Model to Probability Distribution of Passage
Rates. Variations in protein outputs of the NRC (2001)
model due to variation in Kp are shown in Table 7. The
difference in predicted protein supplies between the 5th
and 95th percentiles are presented to show a possible
change of the values within a 90% confidence interval.
The difference between them was also used to calculate
the possible change within the 90% confidence interval,
expressed as a percentage of the mean. As described
previously, the ration used for this study consisted of
legume hay, corn silage, ground corn, soybean meal,
and brewers’ grains. These feeds were selected because
they are typical feed ingredients for lactating dairy cow
diets in North America (Mowrey and Spain, 1999). As
Kp increased, RDP supply decreased and RUP supply
increased. Random variation in Kp caused 215 g of
variation in predicted RDP and RUP supplies and RDP
balance, with a 90% probability. There was 188 g of
variation in predicted MP supplies from RUP due to
the variability of Kp. Consequently, MP allowable milk
varied 4 kg within a 90% confidence interval. Predicted
supplies of MP from bacteria were not affected by vari-
ability of Kp. This is because predicted RDP supplies
were adequate in all cases and microbial CP (MCP)
production in the NRC (2001) model is independent of
rate of passage or digestion in such cases. In the NRC
(2001) model, MCP synthesis is calculated from total
digestible nutrient (TDN) intake (0.13 × TDN) as long
as the RDP requirement is met. If the RDP requirement
is not met, then MCP yield is calculated as 0.85 times
the predicted RDP supply.

As indicated above, the only effect of the passage rate
equations in the NRC (2001) model is to partition the
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amount of CP in feeds between RDP and RUP. However,
higher fractional passage rates of solids (Kennedy and
Doyle, 1993) and liquids (Evans, 1981a) have been
shown to be associated with more efficient production
of MCP per unit of DM digested, presumably because
the efficiency of microbial protein synthesis is enhanced
through a reduction of microbial maintenance require-
ments with higher turnover rates (Evans, 1981a). This
effect cannot be accounted for by the NRC (2001) model.

Table 8 shows the results of the sensitivity of protein
balances to Kp of each of the 3 passage rate equations.
The standardized regression and correlation coeffi-
cients indicate Kp of concentrate was the most im-
portant variable in predicting protein supply in this
simulation. Although the correlation coefficients indi-
cated that the Kp for dry forage and wet forage had

Table 8. Relative importance of passage rate equations in predicting
protein balance in the 2001 Dairy NRC model (analysis 2)

Regression Correlation
Protein values Kp1 coefficient1 coefficient

RDP balance Kpconc −0.884 −0.995
Kpdry −0.104 −0.774
Kpwet −0.033 −0.944

RUP balance Kpconc 0.907 0.997
Kpdry 0.092 0.764
Kpwet 0.017 0.940

Microbial CP Kpconc −0.150 −0.074
Kpdry 0.000 −0.074
Kpwet 0.000 −0.074

MP balance Kpconc 0.906 0.997
Kpdry 0.092 0.764
Kpwet 0.019 0.940

Total EAA Kpconc 0.899 0.996
Kpdry 0.106 0.770
Kpwet 0.015 0.942

MP allowable milk Kpconc 0.906 0.997
Kpdry 0.092 0.764
Kpwet 0.019 0.940

1Kpconc, Kpdry, and Kpwet are Kp concentrate, Kp dry forage,
and Kp wet forage, respectively.
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Table 9. Effect of variation in feed CP, Kd of protein B fraction, and passage rate on predicted protein
supply in the 2001 Dairy NRC model (analysis 3)

Mean SD Median 5% 95% 95% − 5% % Change1

Inputs (% DM or %/h)
Legume hay_CP2 22.80 2.10 22.81 19.35 26.26 6.92 30.3
Legume hay_Kd3 18.05 7.49 17.93 5.75 30.64 24.89 137.9
Corn silage_CP 8.79 1.20 8.80 6.82 10.76 3.94 44.8
Corn silage_Kd 4.41 1.49 4.40 1.97 6.89 4.92 111.4
Corn_CP 9.40 1.30 9.40 7.24 11.53 4.29 45.7
Corn_Kd 4.96 1.94 4.93 1.79 8.21 6.43 129.7
SBM_CP 53.80 2.10 53.80 50.34 57.24 6.90 12.8
SBM_Kd 7.51 2.39 7.51 3.56 11.45 7.89 105.0
Brewers grain_CP 29.22 4.01 29.21 22.65 35.83 13.18 45.1
Brewers grain_Kd 4.71 1.39 4.71 2.42 7.01 4.59 97.4
Kp for dry forage 4.53 0.33 4.53 3.99 5.06 1.07 23.6
Kp for wet forage 5.17 0.35 5.17 4.61 5.74 1.12 21.7
Kp for concentrate 6.70 0.78 6.69 5.43 7.96 2.54 37.9
Outputs (g)
Microbial CP 2,229 61 2,253 2,086 2,253 168 7.5
RDP required 2,651 0 2,651 2,651 2,651 0 0.0
RDP supplied 2,791 198 2,797 2,454 3,109 655 23.5
RDP balance 140 198 146 −198 457 655
RUP required 1,670 50 1,655 1,631 1,783 151 9.1
RUP supplied 1,672 169 1,661 1,414 1,971 557 33.3
RUP balance 2 165 −4 −256 289 545
MP req. Maint4 944 5 942 942 955 13 1.4
MP req. Lact5 2,015 0 2,015 2,015 2,015 0 0.0
MP required 2,959 5 2,957 2,957 2,970 13 0.5
MP bacterial 1,427 39 1,442 1,335 1,442 107 7.5
MP RUP 1,407 147 1,397 1,183 1,665 482 34.2
MP endogenous 127 0 127 127 127 0 0.0
MP supplied 2,961 139 2,955 2,744 3,203 459 15.5
MP balance 2 139 −3 −214 243 458
Total essential AA 1,579 58 1,576 1,488 1,678 190 12.0
MP allowable milk (kg) 45 3 45 40 50 10 22.7

1% Change = (95% − 5%)/Mean × 100.
2Feed_CP = CP of the feedstuff.
3Feed_Kd = Kd of protein B fraction in the feedstuff.
4MP requirement for maintenance.
5MP requirement for lactation.

high linear relationships with predicted protein bal-
ances, the standardized regression coefficients indi-
cated that their effect on predicted protein balances
was relatively small compared with the effect of Kp
concentrate. In this study, 73.5% of RUP and 51% of
RDP was from concentrate, which is typical of lactating
dairy cow diets in North America. These results indi-
cate that the prediction of Kp concentrate is the most
important Kp in predicting protein supply with the
NRC (2001) model.

Analysis 3: Sensitivity of Protein Outputs for a
Lactating Cow by the 2001 Dairy NRC Model to
Probability Distributions of Passage Rate, CP,
and Kd of Protein B Fraction. Table 9 shows the
expected variability in feed CP values and the Kd of
the protein B fraction based on the means and SD as
presented in the feed tables of NRC (2001), and the
effect of this variation on model predicted outputs for
MCP, RDP, RUP, MP, MP allowable milk, and total
essential AA. The Kd of the protein B fraction have a
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large variability, with the 90% confidence interval for
all 5 feeds being greater than 97% of the mean value.
The variability in CP (percentage change from mean
value) was between 30.3% (legume hay) and 45.7%
(corn), except for soybean meal where the variability
was only 12.8%. These data indicate that variability of
the Kd of the B fraction of feed CP is much higher
than any other variable evaluated, and thus can cause
variation in predictions. Distributions of predicted pro-
tein supplies after 9,200 runs to achieve less than 1%
of convergence are also shown in Table 9. Variability
of CP, Kd of protein B fraction, and Kp had little or no
effect on predicted supplies of MCP and requirements
for RDP, RUP, and MP requirements in the model.
However, 23.5 and 33.3% changes in the mean value
of the RDP and RUP supplies, respectively, were ob-
served. Consequently, the MP supply and MP allowable
milk were changed 459 g and 10 kg, respectively, with a
90% confidence interval. Supply of total essential amino
acids supply varied 190 g, which was 12% of the mean.



SEO ET AL.2340

Figure 8. Tornado graph of the sensitivity of RDP supply to variation in feed CP, Kd of protein B fraction, and passage rates in the
2001 Dairy NRC model (analysis 3). Feed_CP means CP of the feedstuff and Feed_Kd means fractional rate of digestion of protein B fraction
in the feedstuff.

Tornado graphs in Figures 8 and 9 show the sensitiv-
ity of predicted protein outputs to the input variables.
The values are standardized regression coefficients,
which show the relative importance of the variables.
Figure 8 shows that that RDP supplies are negatively
correlated with Kp and positively correlated with the
Kd of the B fraction of feed CP. In contrast, it follows
that RUP supplies (and thus MP supplies) are positively
correlated with Kp and negatively correlated with the

Figure 9. Tornado graph of the sensitivity of RUP supply to variation in feed CP, Kd of protein B fraction, and passage rates in the
2001 Dairy NRC model (analysis 3). Feed_CP means CP of the feedstuff and Feed_Kd means fractional rate of digestion of protein B fraction
in the feedstuff.
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Kd of the B fraction of CP (Figure 9). The amount of
CP in feed ingredients was positively correlated with
all protein supply variables. The Kd of the protein B
fraction of SBM had the greatest effect on all measures
of protein supply evaluated in this study (Figures 8
and 9). Thereafter, in order of most important to least
important in predicting supply of RDP were variations
in CP of legume hay, the CP content of corn, the Kd of
the B fraction of CP in corn, the CP content of corn
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silage, the Kp of concentrates, and the Kd of the B
fraction of CP in legume hay (Figure 8). Prediction of
RUP was the most sensitive to variations in Kd of SBM
(noted above), followed by the Kd of the B fraction of
CP in corn, the CP content of corn, the Kp of concen-
trates and the Kd of the B fraction of CP in legume
hay. These data indicate that the relative importance
of input variables for each feed ingredient in predicting
protein outputs is dependent on its content in feeds
(i.e., pool size) in combination with Kd of protein B
fraction and their variability. Only the Kp for concen-
trate was highly ranked among the input variables.
The 90% probability of change in Kp in this simulation
was 1.07, 1.12, and 2.54%/h for dry forage, wet forage,
and concentrate, respectively. The Kp of concentrate
had higher variation than the other two. This may be
because it is highly dependent on random variability
of DMI as a percentage of BW. When an equation con-
tains a large coefficient for a parameter, the effect of this
parameter is greatly amplified when that parameter is
highly variable. For example, the parameter estimate
for DMI as a percentage of BW was twice as high for
the Kp of concentrate (1.375) than the Kp for dry forage
(0.479) and wet forage (0.614). Higher variability of
Kp of concentrate, as well as the high contribution of
protein from concentrate in total dietary protein ex-
plains why the Kp of concentrate was more important
than the Kp of dry and wet forages.

The results of this study indicate variation in the
NRC (2001) passage rate input variables can result in
much variation in predicting protein supply to lactating
dairy cattle. As shown in Table 9, a variation in MP
allowable milk of 10 kg is possible due to accumulated
variation in the input variables. This sensitivity analy-
sis revealed the importance of accurate determination
of CP and the Kd of the B fraction of CP of each feed
ingredient, especially concentrates, and the Kp of con-
centrates to accurately predict protein supply and MP
allowable milk production.

The results of this study also indicates that the effect
of rates of protein digestion and passage of undigested
feed on microbial protein production is negligible in the
NRC (2001) model if diets are balanced to allow for a
small surplus of RDP. For this evaluation of the model,
the mean surplus of RDP was 188 g/d, with surpluses
varying between 85 and 300 g/d within a 90% confidence
interval (Table 7). Thus, there was limited opportunity
for RDP to be limiting and affecting synthesis of micro-
bial protein. Nevertheless, of concern is the fact that
research has shown that amino acid nitrogen may en-
hance microbial production (Russell and Sniffen, 1984;
Griswold et al., 1996) and that faster passage rates
may increase the efficiency and yield of rumen microbes
(Kennedy and Murphy, 1988; Eun et al., 2004). Thus,
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the simple empirical representation of microbial pro-
tein production used in the NRC (2001) model (13% of
TDN) will not accurately account for the dynamics of
digestion and passage in the rumen in many situations.

No attempt was made to correct the current passage
rate equations for any of the reported values for physi-
cal properties, and this may account for some of the
lack of fit for regression equations. Physical properties,
such as particle size, density, and shear factor may
affect the rate of digesta flow out of the rumen. Physical
reduction of the particle size of feed ingredients has
been shown to alter rumen turnover rate (Evans,
1981b). Rate of passage out of the rumen varies in-
versely with particle size, or with physical properties
like specific gravity that are correlated with particle
size within a forage (Murphy and Kennedy, 1993).
Sometimes particle density is twice as important as
particle length in determining the rate of passage from
the rumen (Lechner-Doll et al., 1991). However, the
lack of adequate published data and limitations in
methodology to quantify physical properties make it
difficult to develop equations containing these factors
as input variables.

CONCLUSIONS

The 3 passage rate equations developed by the 2001
Dairy NRC Committee accurately represent the data-
base used to develop them, with correction of the one
error in the sign of a coefficient found in the Kp equation
for dry forage. The procedures used to develop the pa-
rameter estimates provide quantitative relationships
between the input variables and fractional rate of pas-
sage independent of study variation. Prediction of Kp
is more sensitive to DMI than any other variable, mak-
ing its determination the most important in predicting
rate of passage. Prediction of MP supply to lactating
dairy cows is more sensitive to variation in the Kd of
the B fraction of CP, the content of CP, and the Kp
of concentrates than the same variables in forages. Re-
gression of observations, adjusted for study effect,
against predictions for input variables indicated that
the equations are appropriate to predict rate of passage.
However, it is likely that equations that improve predic-
tions of passage rates could be developed by using ap-
propriate techniques to analyze all passage rate data
obtained from the use of both rare earth and chromium
mordant as a marker. Development of equations using
a random coefficient model may inflate unexplainable
error by adding more random variables, while ability of
input variables to explain the variation in observations
remains the same. To explain more variation in Kp with
predictor variables, other input variables that account
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for physical property of particles need to be incorpo-
rated into the model.
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