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Grinding of feed ingredients is used to reduce the particle 
size and increase energy and nutrient digestibility (Won-
dra et al., 1995d; Laurinen et al., 2000; Mavromichalis et 
al., 2000; Kim et al., 2002) and it is usually accomplished 
with the use of either roller mills, hammer mills, or a 
combination of roller and hammer mills. It is currently 
recommended that corn grain be milled to an average 
particle size of approximately 640 - 650 µm (Wondra et al., 
1995b; Kim et al., 2002), but it has also been documented 
that the apparent total tract digestibility (ATTD) of energy, 
'0��DQG�1�LQ�FRUQ�IHG�WR�¿QLVKLQJ�SLJV�RU�VRZV�LQFUHDVHV�
as the particle size of the grain is reduced (Healy et al., 
1994; Wondra et al., 1995a-d). It was also reported that 
there is a tendency for an increase in the SID of AA in 
soybean meal as particle size is reduced (Fastinger and 
Mahan, 2003), but there is no effect of particle size on the 
ATTD of P in distillers dried grain with solubles (DDGS; 
Liu et al., 2012). However, there are no data that demon-
strate the effects of particle size on the standardized ileal 
digestibility (SID) of AA, the apparent ileal digestibility 
(AID) of starch and GE, or the standardized total tract 
digestibility (STTD) of P in corn  grain.

Therefore, the objectives of the present experiments were 
to determine the concentration of DE and ME, the STTD 
of P, the AID of starch and GE, and the SID of AA and 
CP in corn grain that was ground to different particle 
sizes and fed to growing pigs. The hypothesis that there 
is a linear increase in the concentration of DE and ME 
and in the digestibility of AA, starch, GE, and P in corn, 
as particle size is reduced was  tested.

DĂƚĞƌŝĂůƐ�ĂŶĚ�ŵĞƚŚŽĚƐ
Four experiments were conducted. The same batch of corn 
(Pioneer P0528) was used in all diets in both experiments 
and the corn was grown in IA in 2011. The corn grain was 

1  Financial support for this research was provided by the National Pork Board (Des Moines, IA). Appreciation is also extended 
to Pioneer Hi-Bred ( Johnston, IA) for donation of the corn grain used in these experiments and for grinding the grain to the 
speci!ed particle  sizes.

2  Corresponding author:  hstein@illinois.edu

¿UVW� UROOHG�XVLQJ� DQ� DXWRPDWLF� UROOHU�PLOO� �0RGHO�&68�
500, 2 stage; Automatic Equipment Mfg. Co., Pender, 
NE). The rolled grain was then divided into 4 batches that 
were ground using a hammer mill (Model #EL-9506-TF; 
Bliss Industries, Ponca City, OK) with 3, 10, 24, or 40 mm 
VFUHHQV�WR�REWDLQ�DYHUDJH�¿QDO�SDUWLFOH�VL]HV�RI�����������
677, and 865 µm, respectively. The grain was milled at the 
Pioneer Hi-Bred Feed Mill in Johnston, IA, and stored at 
15ºC until used (Table  1).

Exp. 1: Ileal digestibility of CP and  AA

Ten growing barrows (initial BW: 29.2 ± 1.35 kg) were 
equipped with a T-cannula in the distal ileum according 
to procedures adapted from Stein et al. (1998). Pigs were 
allotted to a replicated 5 × 5 Latin square design with 5 
diets and 5 periods in each square. Pigs were housed in 
individual pens (1.2 × 1.5 m) in an environmentally con-
trolled room. A feeder and a nipple drinker were installed 
in each pen. Five diets were formulated (Tables 2 and 3). 
Four of the diets each contained one of the 4 batches of 
corn (96.55%, as-fed basis) and corn was the only ingre-
dient contributing AA, CP, starch, and GE to the diet. 
The last diet was a N-free diet that was used to measure 
basal endogenous losses of AA and CP. Ileal digesta were 
collected on d 6 and 7 of each period following standard 
procedures and values for the standardized ileal digest-
ibility of CP and all AA were calculated (Stein et al.,  2007).

Exp. 2: Total tract digestibility of GE and  P

Experiment 2 was designed to determine the concentra-
tion of DE and ME, the ATTD of GE, and the ATTD and 
STTD of P in the 4 batches of corn that were used in Exp. 
1. Forty barrows (initial BW 22.8 ± 2.13 kg) were allotted 
to a randomized complete block design with 4 diets and 
10 replicate pigs per diet and placed in metabolism cages 
that were equipped with a feeder and a nipple drinker, 
IXOO\�VODWWHG�ÀRRUV��D�VFUHHQ�ÀRRU��DQG�XULQH�WUD\V��ZKLFK�
allowed for the total, but separate, collection of urine and 
fecal materials from each  pig.
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Table 1: Chemical and physical composition of corn with di"erent particle sizes, as-fed basis

Corn particle size
Item 339 µm 485 µm 677 µm 865 µm
 GE, kcal/kg 3,870 3,914 3,900 3,920
 DM, % 86.30 86.71 86.40 86.54
 CP, % 7.00 7.25 7.23 7.08
 Ash, % 1.10 1.23 1.39 1.15
 AEE1, % 3.57 3.53 3.51 3.45
 NDF, % 9.25 9.29 10.01 11.06
 ADF, % 1.91 2.24 2.27 2.41
 Starch, % 64.42 62.73 61.19 62.90
 P, % 0.29 0.30 0.34 0.31
 Ca, % 0.03 0.03 0.03 0.03
Indispensable, AA %
 Arg 0.35 0.35 0.37 0.35
 His 0.20 0.20 0.21 0.20
 Ile 0.24 0.25 0.26 0.24
 Leu 0.83 0.83 0.84 0.85
 Lys 0.25 0.25 0.26 0.25
 Met 0.14 0.13 0.14 0.14
 Phe 0.35 0.35 0.35 0.35
 #r 0.25 0.25 0.24 0.25
 Trp 0.05 0.05 0.05 0.06
 Val 0.35 0.36 0.38 0.35
Dispensable, AA %
 Ala 0.51 0.51 0.52 0.51
 Asp 0.49 0.49 0.50 0.49
 Cys 0.15 0.14 0.15 0.15
 Glu 1.26 1.26 1.25 1.28
 Gly 0.30 0.30 0.30 0.30
 Pro 0.63 0.64 0.62 0.64
 Ser 0.31 0.30 0.30 0.32
 Tyr 0.21 0.20 0.22 0.20
Total AA 6.87 6.86 6.96 6.93
Physical characteristics
 Standard deviation of particle size 1.89 2.92 3.20 3.15
 Surface area (cm^2)/gram 164.5 166.6 132.1 101.4
 Angle of repose, ° 57.4 54.9 50.7 46.8
 Bulk density, g/L 564.5 601.4 631.5 650.6
 Water binding capacity, g/g 2.3 2.3 2.2 2.2

1    AEE = acid hydrolyzed ether extract.
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Four corn-based diets that contained 97.7% corn were for-
mulated. The 4 diets were similar with the exception that 
the corn used in each diet was ground to a different mean 
particle size (i.e., 339, 485, 677, and 865 µm) as explained 
for Exp. 1. The experimental diets were fed to pigs for 12 
d. The initial 5 d were considered an adaptation period 
to the diet, while urine and fecal samples were collected 
during the following 5 d according to standard procedures 
using the marker to marker approach (Adeola, 2001). Feces 
were collecting twice daily and stored at -20°C immedi-
DWHO\�DIWHU�FROOHFWLRQ��8ULQH�EXFNHWV�ZHUH�SODFHG�XQGHU�WKH�
metabolism cages to permit total collection. They were 
emptied in the morning and afternoon and a preservative 
of 50 mL of 6N HCL was added to each bucket when they 
were emptied. The collected urine was weighed and a 20% 
subsample was stored at -20°C. Samples were analyzed for 
energy and P and the DE and ME in each source of corn 
was calculated according to Adeola (2001) and the STTD 
of P was calculated as described by Rojas and Stein  (2013).

([S�����*URZWK�SHUIRUPDQFH�RI�JURZLQJ�¿QLVKLQJ��SLJV

([SHULPHQW���ZDV�FRQGXFWHG�WR�FRQ¿UP�WKDW�WKH�LQFUHDVH�
in the ME of corn that was observed in Exp. 2 can be 
used in practical diet formulation. A total of 36 gilts and 
36 barrows with an average initial BW of 32.00 ± 1.58 
kg were used. All pigs were housed individually in pens 
�����î�����P��ZLWK�IXOO\�VODWWHG�FRQFUHWH�ÀRRUV��$�IHHGHU�
and a nipple drinker were provided in each pen. Feed and 
water were provided on an ad libitum basis throughout the 
experiment. Pigs were fed a 3 phase program (Table 2) 
with phase 1 diets being offered from 30 to 65 kg, phase 
2 diets from 65 to 100 kg, and phase 3 diets from 100 to 
135 kg. Within each phase, 4 corn-SBM based diets were 
formulated to meet or exceed current nutrient require-
ments (NRC, 2012). The same batch of corn and SBM 
was used in all diets. The only difference among diets 
within each phase was that the corn that was used was 
ground to a different particle size (i.e., 339, 485, 677, and 
865 µm) and diets were formulated using values for ME, 
standardized total tract digestibility of P, and standardized 
ileal digestibility of CP and AA in corn with different 
particle size that were determined in Exp. 1 and 2. Diets 
were formulated to contain the same ME and addition of 
soybean oil was adjusted to compensate for the reduction 
of ME as particle size of corn increased. Diets contain-
ing corn ground to the larger particle sizes, therefore, 
contained more fat than diets containing corn with the 
reduced particle sizes. The inclusion of soybean oil was 
2.00% in phase 1, 2, and 3 diets containing corn ground 
to 339 microns; 2.78, 2.85, and 2.92% in diets containing 
corn ground to 485 micorns; 3.12, 3.23, and 3.30% in diets 
containing corn ground to 677 microns; and 3.60, 3.74, and 
3.87% in diets containing corn ground to 865 microns. Pigs 
were randomly allotted to the 4 dietary treatments in a  

2 × 4 factorial design with sex (gilts and barrows) and diet 
as factors. There were 9 gilts and 9 barrows allotted to 
each diet. Pigs were allowed ad libitum access to feed and 
water throughout the experiment. When pigs reached an 
average BW of 135 kg, they were harvested and carcass 
measurements were  recorded.

ZĞƐƵůƚƐ�ĂŶĚ�ĚŝƐĐƵƐƐŝŽŶ
Exp. 1: Ileal digestibility of CP and  AA

The SID of CP and all indispensable and dispensable AA 
was not affected by the particle size of corn (Table 2). 
The average SID of indispensable AA was also not dif-
ferent, among diets, but the average SID of dispensable 
AA decreased linearly (P < 0.05) as particle size of corn 
 increased.

7KH�IDFW�WKDW�SDUWLFOH�VL]H�RI�FRUQ�GLG�QRW�LQÀXHQFH�WKH�
SID of AA concurs with observations by Fastinger and 
Mahan (2003) who reported that a reduction in particle 
size of soybean meal from 949 to 185 µm has no effect 
on the SID of indispensable AA. The implication of this 
observation is that the same values for digestibility of AA 
can be used for corn regardless of particle  size.

Exp. 2: Total tract digestibility of GE and  P

The ATTD of GE was reduced (linear and quadratic,  
P < 0.01) as the particle size increased from 339 to 865 
μm, respectively (Table 3). The concentration of DE (as-fed 
and DM basis) decreased (linear and quadratic, P < 0.05) 
as the particle increased from 339 to 865 µm. Likewise, 
the ME concentration, calculated on an as-fed or on a DM 
basis, decreased from 3,432 to 3,311 kcal/kg and from 
3,964 to 3,826 kcal/kg, respectively, when corn particle 
size increased from 339 to 865 μm.

The increase in DE and ME that was observed as the par-
ticle size was reduced is less than the increase reported by 
Wondra et al. (1994c), when grain with different particle 
sizes were fed to sows, but in agreement with data reported 
by Oryschak et al. (2002). The reason for this difference 
is most likely that sows have a greater ability to ferment 
¿EHU�DQG�QXWULHQWV�FRPSDUHG�ZLWK�JURZLQJ�SLJV��1REOHW�
and Shi, 1993). However, the fact that the ME increased 
as particle size was reduced indicates that dietary energy 
concentration will be increased if particle size of corn is 
 reduced.

There were no differences in ADFI and P intake among 
pigs fed the 4 experimental diets. The concentration of 
P in feces decreased linearly (P < 0.01) as corn particle 
size increased from 339 to 865 μm. However, there were 
no differences in P output and absorbed P among diets. 
Likewise, the ATTD and STTD of P did not change as 
particle size of corn changed. This observation concurs 
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with observations by Liu et al. (2012), who reported that 
reduction of particle size in distillers dried grains with 
VROXEOHV�GLG�QRW�LQÀXHQFH�WKH�$77'�RI�3��7KXV��LW�DSSHDUV�
that reduction in particle size or increases in surface area 
are not effective in improving P digestibility in  pigs.

([S�����*URZWK�SHUIRUPDQFH�RI�JURZLQJ�¿QLVKLQJ��SLJV

The overall G:F was increased (liner, P < 0.05) as the par-
ticle size increased from 339 to 865 μm (Table 4), but there 
were no differences (linear, P > 0.05) in the starting weight 
RU�LQ�¿QDO�ZHLJKW�DPRQJ�GLHWDU\�WUHDWPHQWV��/LNHZLVH��QR�
differences (linear, P > 0.05) among treatments were ob-
served for overall ADG and ADFI. The observation that 

no differences in growth performance among treatments 
ZHUH�REVHUYHG�FRQ¿UPV�WKDW�WKH�GLIIHUHQFHV�LQ�0(�DPRQJ�
the 4 batches of corn that were observed in Exp. 2 are of 
practical importance and can be used in diet  formulations.

There were no differences (linear, P > 0.05) in live BW, 
carcass fat-free lean (FFL), and HCW among dietary 
treatments (Table 5). However, the dressing percentage 
was reduced (linear, P < 0.01) for pigs fed the diet corn 
ground to the greatest particle size compared with pigs 
fed the diet with corn ground to the least particle size. The 
back fat, LEA, and pH of LEA were not different (linear, 
P > 0.05) among dietary  treatments.

Table 2: Standardized ileal digestibility (SID) of CP and AA (%) in corn that was ground to di"erent particle sizes 
and fed to growing pigs, Exp. 11

Corn particle size P-value
Item 339 µm 485 µm 677 µm 865 µm Pooled 

SEM
Linear Quadratic

 CP, % 75.5 77.2 73.7 72.8 5.63 0.28 0.83
Indispensable AA, %
 Arg 89.2 93.3 94.9 92.0 2.69 0.33 0.07
His 80.9 83.2 84.3 82.3 2.73 0.47 0.17
Ile 73.9 76.3 77.7 76.4 4.85 0.68 0.38
Leu 84.1 85.1 86.3 83.0 2.45 0.63 0.14
Lys 74.8 75.8 73.6 74.3 6.53 0.60 0.98
Met 82.7 82.9 83.1 81.5 3.04 0.47 0.76
Phe 80.6 82.7 82.8 81.6 3.33 0.97 0.34
#r 66.9 70.7 74.5 66.4 7.19 0.99 0.15
Trp 70.6 78.2 80.4 71.7 6.78 0.86 0.03
Val 74.1 77.4 79.8 78.9 4.73 0.22 0.29
Mean 77.8 80.6 82.0 78.6 4.06 0.79 0.36
Indispensable AA, %
Ala 82.5 81.6 81.6 80.0 3.62 0.23 0.91
Asp 77.5 77.6 79.0 78.1 4.67 0.95 0.79
Cys 74.0 76.1 79.3 76.6 3.95 0.25 0.25
Glu 84.3 84.8 85.5 82.7 2.65 0.42 0.30
Gly 84.8 95.5 98.1 87.2 9.04 0.75 0.08
Ser 81.7 82.5 85.4 79.6 3.69 0.68 0.15
Tyr 76.6 78.3 78.2 76.4 4.63 0.56 0.44
Mean 80.2 82.3 83.9 80.1 3.87 0.01 0.43
All AA 78.8 81.3 82.8 79.2 3.72 0.33 0.47

1       Data are least squares means of 10 observations.
2        Values for SID were calculated by correcting the values for AID for basal ileal endogenous losses. Basal ileal endogenous losses 

were determined (g/kg of DMI) as CP, 21.50; Arg, 0.84; His, 0.18; Ile, 0.37; Leu, 0.60; Lys, 0.56; Met, 0.09; Phe, 0.37; #r, 0.59; 
Trp, 0.13; Val, 0.51; Ala, 0.77; Asp, 0.86; Cys, 0.18; Glu, 1.06; Gly, 2.20; Ser, 0.51; and Tyr, 0.32.  
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Table 3: Concentration of digestible and metabolizable energy, and apparent total tract digestibility (ATTD) 
of energy and P and standardized total tract digestibility (STTD) of P that was ground to di"erent particle sizes, 
as-fed basis, Exp. 21

Item Corn particle size P-value
339 µm 485 µm 677 µm 865 µm Pooled 

SEM
Linear Quadratic

 ATTD of GE, % 91.6 90.3 89.2 88.7 0.51 < 0.01 < 0.01
 DE, kcal/kg 3,547 3,492 3,441 3,402 24.58  0.01  0.01
 DE, kcal/kg DM 4,097 4,035 3,978 3,932 28.40 0.02 0.02
 ME, kcal/kg 3,432 3,371 3,346 3,311 19.54 < 0.01 < 0.01
 ME, kcal/kg DM 3,964 3,895 3,868 3,826 22.58 < 0.01 < 0.01
 ATTD of P, % 29.6 31.0 31.1 31.3 3.32 0.67 0.81
 STTD of P2, % 37.8 37.1 37.3 37.4 2.99 0.99 0.87

1   Data are means of 10 observations per treatment.

Table 4: Growth performance of pigs fed diets containing corn ground to di"erent particle sizes1

 Item

Corn particle size, µm P-value Sex
339 485 677 865 Pooled 

SEM
Linear Quadratic Barrows Gilts Pooled 

SEM
P-value

BW, kg
 Day 0 32.00 32.19 31.93 31.97 0.44 0.47 0.64 32.57 31.49 0.27 0.01
 Day 29 61.86 62.33 62.07 62.81 1.18 0.40 0.84 64.87 59.67 0.58 < 0. 01
 Day 58 93.72 93.83 94.10 94.72 2.16 0.53 0.85 99.38 88.80 0.98 < 0. 01
 Day 93 129.81 130.25 128.58 129.97 2.90 0.88 0.75 136.24 122.98 1.41 < 0. 01
ADG, kg/d
 Day 0 - 29 0.99 1.00 1.01 1.03 0.03 0.30 0.79 1.07 0.94 0.01 < 0. 01
 Day 29 - 58 1.06 1.05 1.07 1.06 0.04 0.80 0.93 1.15 0.97 0.02 < 0. 01
 Day 58 - 93 1.03 1.04 0.98 1.01 0.17 0.29 0.71 1.05 0.98 0.02 < 0. 01
 Day 0 to 93 1.03 1.03 1.02 1.03 0.03 0.97 0.76 1.09 0.96 0.01 < 0. 01
ADFI, kg/d
 Day 0 - 29 2.15 2.13 2.13 2.11 0.07 0.50 0.98 2.29 1.97 0.03 < 0. 01
 Day 29 - 58 3.11 3.05 3.03 3.01 0.12 0.27 0.70 3.35 2.74 0.05 < 0. 01
 Day 58 - 93 3.47 3.44 3.32 3.24 0.12 0.04 0.85 3.63 3.10 0.06 < 0. 01
 Day 0 to 93 2.94 2.90 2.85 2.81 0.10 0.09 0.98 3.12 2.63 0.04 < 0. 01
G:F
 Day 0 - 29 0.46 0.47 0.47 0.49 0.01 0.03 0.52 0.47 0.48 0.01 0.38
 Day 29 - 58 0.34 0.35 0.36 0.35 0.01 0.12 0.54 0.34 0.35 0.01 0.12
 Day 58 - 93 0.30 0.30 0.30 0.31 0.01 0.19 0.31 0.29 0.32 0.01 < 0. 01
 Day 0 to 93 0.35 0.36 0.36 0.37 0.01 0.02 0.56 0.35 0.37 0.01 < 0. 01

1       Data are means of 18 observations per treatment, except for the treatment with corn particle size of 677 μm, which had only 
17 observations.

2      #ere was not interaction e"ect between diet and sex for all the variables except for ADFI d 0 to 29, G:F d 29 to 58, and G:F d 
0 to 93.
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The reduction in dressing percentage that was observed for 
pigs fed diet containing corn ground to a greater particle 
size is mainly due to the increase in the intestinal weight 
for pigs fed the diet with the greatest particle size com-
pared with pigs fed the other diets. This observation is in 
agreement with data published by Wondra et al.  (1995a).

Overall, results of the growth performance experiment 
FRQ¿UPHG�WKDW�WKH�YDOXHV�IRU�0(�WKDW�ZHUH�GHWHUPLQHG�LQ�
Exp. 2 can be used in practical diet formulations without 
negatively impacting pig performance or carcass quality. 
Thus, there were no indications that the reduced inclusion 
RI�VR\EHDQ�RLO�LQ�WKH�GLHWV�KDG�DQ\�QHJDWLYH�LQÀXHQFH�RQ�
pig performance. The savings in diet formulations that are 
achieved by reducing the amount of added fat in the diets, 
WKHUHIRUH��ZLOO�UHVXOW�LQ�LQFUHDVHG�SUR¿W�IRUP�WKH��SLJV�
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