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Summary
A method for measurement of total dietary fiber (TDF) (1,2), 

as defined by the Codex Alimentarius Commission (ALINORM 
09/32/26 [4]), was validated for plant materials, foods, and food 
ingredients. The method measures insoluble dietary fiber (IDF) 
and total soluble dietary fiber (SDF), including SDF that precipi-
tates from 78% aqueous ethanol (SDFP) and SDF that remains 
soluble in 78% aqueous ethanol (SDFS). AACCI Approved 
Method 32-60.01 (Integrated Method for Total Dietary Fiber 
[9]) is an update on AACCI Approved Method 32-45.01 (Total 
Dietary Fiber (Codex Alimentarius Definition) [1,7,8]) that is 
designed to address issues identified by analysts using AACCI 
32-45.01 over the past eight years.

Values for higher molecular weight dietary fiber (HMWDF; 
IDF plus SDFP) were determined gravimetrically for samples 
that did not contain resistant starch(es) (RS) and were essen-
tially the same as those obtained using AACCI Approved 
Methods 32-05.01 (Prosky method) (1,12) and 32-07.01 (Lee 
method) (1,6). The HMWDF values obtained for most samples 
containing RS were similar to those obtained using AACCI 
32-45.01, with the exception of samples containing RS type 2 
(RS2; native, high-amylose maize starch) and RS type 4 (RS4; 
phosphate cross-liked native starches), for which significantly 
higher dietary fiber values were obtained.

The method was evaluated through an AACC International 
and ICC collaborative study. Sixteen test samples (eight blind 
duplicates) with a range of traditional dietary fiber, RS, and 
nondigestible oligosaccharide contents were assayed by thirteen 
laboratories. All laboratories returned valid data. In total, only 
4 sets of data from the 104 sets submitted were statistically ex-
cluded as outliers. Dietary fiber content ranged from 6.79 to 
60.6%; within-laboratory variability (sr) ranged from 0.29 to 
0.74 (1.22 to 6.34%, relative); and between-laboratory variabil-
ity (sR) ranged from 0.57 to 4.67 (2.64 to 13.38%, relative).

Introduction
A method for measurement of TDF (1,2), as defined by the 

Codex Alimentarius Commission (ALINORM 09/32/26 [4]), 
was validated for plant materials, foods, and food ingredients. 
The Codex definition for dietary fiber adopted in June 2009 (4) 
includes carbohydrate polymers that are not hydrolyzed by the 
endogenous enzymes in the small intestine of humans, includ-
ing RS. This definition also includes oligosaccharides with de-

grees of polymerization ≥3. The decision on whether to include 
these oligosaccharides in the dietary fiber value provided on 
product labels was left to the discretion of national authorities.

A method (7) designed to support implementation of the 
Codex definition published in 2007 (3) was successfully evalu-
ated in an interlaboratory study (1,8) and approved as AACCI 
32-45.01 (1). In this method TDF is measured by summing the 
quantity of a digestion-resistant food fraction, including IDF 
and SDF that precipitates in the presence of 78% aqueous etha-
nol (SDFP), and the SDF that remains soluble in 78% aqueous 
ethanol (SDFS). Subsequent applications of this method to 
a range of food products and ingredients identified several 
issues:

1)	 Incubation with pancreatic a-amylase (PAA) and amylo-
glucosidase (AMG) enzymes for 16 hr does not simulate 
likely physiological conditions. In AACCI 32-45.01 (1), 
samples are incubated with a solution of PAA and AMG 
at 37°C and pH 6.0 for 16 hr (the digestion step parallels 
the incubation conditions employed in AACCI 32-40.01 
for measuring RS) (1). A more likely residence time for 
food in the small intestine is 4 ± 1 hr (McCleary et al. 
[9,10] and referenced literature).

2)	 Most commercially available fructooligosaccharides (FOS) 
contain the trisaccharide fructosyl-b-(2-1)-fructosyl-
b-(2-1)-fructose (inulinotriose; F3), which cannot be 
measured using the Sugar-Pak high-performance liquid 
chromatography (HPLC) column (Waters).

3)	 During hydrolysis of products that are high in nonresis-
tant starch, resistant maltodextrins are produced that are 
incorrectly measured as dietary fiber (9,10).

4)	 Phosphate cross-linked starch (RS4, e.g., Fibersym [MGP 
Ingredients]) content is underestimated.

5)	 Long incubation times with PAA and AMG require the 
incorporation of sodium azide in buffers to prevent unde-
sirable microbial growth. Although the azide concentra-
tion employed is low (0.02%, w/v), it is still considered a 
health and safety concern for analysts working with the 
chemical.

AACCI 32-60.01 (9) employs the same basic biochemistry 
and enzymes (PAA, AMG, and protease) that are used in 
AACCI 32-45.01 (1), but it resolves each of the issues de-
scribed above. In particular, with an incubation time of 4 hr, it 
more closely simulates likely physiological conditions. Addi-
tionally, HPLC is performed using TSKgel G2500PWXL col-
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umns (Tosoh Bioscience LLC) for gel permeation chromatog-
raphy (5) with in-line deionization (11).

Precollaborative Ruggedness Testing
To allow the analysts to familiarize themselves with the meth-

od, evaluate the protocol, and identify potential problems, four 
samples were sent to each collaborator with the request that they 
perform a single analysis on each sample. All key reagents, in-
cluding the components of the Rapid Integrated Total Dietary 
Fiber assay kit (Megazyme), anion and cation resins, and the 
required polypropylene tubes, were supplied to each analyst 
together with the samples. The key steps and processes required 
to perform the method effectively were highlighted, e.g., pre-
ferred incubation bottles, methods for suspension of samples 
during incubations, and HPLC equipment. To minimize calcu-
lation errors, collaborators were asked to use a Mega-Calc Excel 
(Microsoft Corp.) spreadsheet (Megazyme) to compute results. 
The results obtained for the TDF content of the four samples, 
including statistical analysis, are shown in Table I. The be-
tween-laboratory variability (sR) ranged from 1.10 to 3.40% 
TDF (RSDR = 5.64 to 9.28%), which is consistent with statis-
tics reported for analyses of similar samples utilizing other di-
etary fiber methods (13).

As results were received from the collaborators, it became 
clear there were some problems and misunderstandings as-
sociated with the method protocol, particularly with regard to 
measurement of the SDFS fraction using HPLC. To clarify the 
reasons for these problems, the collaborators were surveyed 
regarding

a)	 The method used to shake or stir the samples during 
the 4 hr incubation with PAA and AMG: 2mag submers-
ible stirrer (2mag AG) with stirring in bottle; shaking wa-
ter bath in orbital motion; or shaking water bath in linear 
motion with containers held at an ~45° angle to ensure 
that all sample was continually suspended.

b)	 The HPLC columns used: TSKgel G2500PWXL columns 
or other—if other, which columns. A copy of the HPLC 
trace for sample 4 (Heinz baked beans) was requested so 
separations, etc. could be checked.

c)	 The internal standard used: if a glycerol internal standard 
was not used, how was the SDFS quantified?

d)	 Any changes made to the method: details were requested 
so deviations in the results could be explained and the 
flexibility of the method could be determined.

e)	 Any particular problems experienced with the method: 
details were requested so they could be considered and 
addressed before the full study was initiated.

For the gravimetric determinations of HMWDF, no specific 
problems were identified by the collaborators. Measurement of 
SDFS was more challenging. Collaborators were asked to prepare 
standardized solutions from supplied glycerol and d-glucose pre-
pared by the collaborator. The response factors (d-glucose and 
glycerol) varied between laboratories, so the decision was made 
to provide the d-glucose and glycerol solution in a stable, ready-
to-use form for the full collaborative study. The response factors 
obtained with glycerol at 10 mg/mL and d-glucose at 5, 10, or 
20 mg/mL were essentially the same. Thus, all standardization 
was subsequently performed with solutions of d-glucose at 
10 mg/mL and glycerol at 10 mg/mL.

Upon completion of the precollaborative study and imple-
mentation of necessary method protocol adjustments, the full 
collaborative study was initiated.

Collaborative Study Protocol
Eight food samples were selected for the collaborative study, 

and because the main focus of the study was to evaluate com-
plex food samples containing RS and nondigestible oligosac-
charides, samples high in these components were chosen. The 
samples included legumes, phosphate cross-linked starch (RS4), 
whole grain products, and food products enriched with RS and 
nondigestible oligosaccharides. Moist samples were freeze-
dried. All samples were ground to the method-specified size, 
homogenized, and mixed thoroughly before being subdivided 
into glass vials that were then sealed and capped. Samples, 
copies of the method, electronic report sheets, Excel-based 
calculators, sample storage instructions, and an adequate 
supply of enzymes, reference standards, and resins were 
shipped to collaborating laboratories using express overnight 
shipment.

Thirteen laboratories completed the study and reported a full 
set of results. Two laboratories advised the study director that 
they lacked access to TSKgel G2500PWXL HPLC columns. 
These collaborators completed all the steps through concentra-
tion of the SDFS fractions and then shipped the concentrates to 
the study director’s laboratories, where the concentrates were 
deionized and chromatographed on TSKgel G2500PWXL col-
umns. The results were then submitted back to the collaborators 
for calculation and reporting.

Statistical Analysis
Data from the collaborative study were evaluated statistically 

according to AACC International protocols using software sup-
plied by AOAC International. Of the 104 valid pairs of assay re-
sults reported for TDF content, laboratories 1, 2, 4, 5, 6, 7, 8, 9, 
10, and 11 had no statistical outliers. Laboratories 3 and 13 had 
one statistical outlier each, and laboratory 12 had two statistical 
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outliers, for a total of four statistical outlier pairs. The raw and 
statistically paired data from the blind duplicate results for TDF 
are shown in Tables II and III, respectively.

Results and Discussion
Raw data for the dietary fiber collaborative study, with Coch-

ran and Grubbs outliers noted, are shown in Table II. Results of 
statistical analysis, after the removal of outliers, are shown in 
Table III. The samples tested in this collaborative study were 
chosen to be challenging, with an emphasis on analyzing com-
plex products containing RS and nondigestible oligosaccha-
rides. As shown in Table III, within-laboratory variability (sr) 
for TDF ranged from 0.29 to 0.74, and between-laboratory vari-
ability (sR) ranged from 0.57 to 4.67. Comparison of statistical 
analyses showed the level and range of variability in results for 
the current method were similar to those for previously adopted 
dietary fiber methods (Table IV) and were most likely influenced 
in all cases by the significant number of technique-dependent 
manual operations performed (13). For the current method, re-
peatability, reproducibility, and Horwitz ratio (HorRat) values 
were within the range of performance characteristics typically 
obtained with other dietary fiber methods. In previously ad-
opted methods, between-laboratory variability (sR) ranged from 
0.04 to 9.49, and between-laboratory relative variability (RSDR) 
ranged from 1.58 to 66.25 (Table IV).

In AACCI 32-60.01, as in AACCI 32-45.01 (1), food digestion 
in the small intestine is simulated by gentle shaking or stirring 
of the sample, with enzymatic digestion at 37°C and pH 6.0. The 
major difference between AACCI 32-45.01 and 32-60.01 is a 
reduction from 16 to 4 hr for incubation with the PAA and 
AMG solution to better simulate the likely residence time for 
food in the small intestine. RS is the most difficult dietary fiber 
component to measure accurately because the value obtained is 
dependent on the incubation conditions—time, temperature, 
pH, and enzyme concentrations. These variables were optimized 
for AACCI 32-45.01 to assure the values obtained for samples 
containing RS were in agreement with values obtained for ileos-
tomy studies (7,8). Experience with the method since adoption 
of AACCI 32-45.01 has shown that values obtained for phos-
phate cross-linked starches (RS4) are underestimated when us-
ing these conditions. To ensure that values obtained for samples 
containing RS (RS2, RS3, and RS4) when using a 4 hr incuba-
tion were in agreement with known values obtained for ileos-
tomy studies, the concentrations of both PAA and AMG were 
increased to levels above which further increases in activity (as 
much as fourfold) produced no further decreases in the levels 
of measured RS (9). PAA was increased from 2 to 4 kU/test, and 
AMG was increased from 0.14 to 1.7 kU/test. Under these con-
ditions, the dietary fiber values for many RS-containing samples 
using AACCI 32-60.01 were similar to those obtained using 
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AACCI 32-45.01. The notable exceptions were native, high-
amylose maize starch (e.g., Hylon VII, Ingredion), for which 
measured TDF increased from ~46 to ~60%, and phosphate 
cross-linked native wheat starch (Fibersym), for which mea-
sured TDF increased from ~30 to ~60%.

It is essential to ensure that increased levels of enzyme, espe-
cially AMG, do not lead to hydrolysis of other dietary fiber com-
ponents, such as FOS, galactooligosaccharides, or resistant malto-
dextrins. Studies confirming this were reported previously (9,10). 
After incubation with PAA and AMG, the pH of the incubation 
mixture was increased to ~8.2 followed by temporary heating of 
the sample to ~100°C to inactivate the PAA and AMG and pro-
mote protein denaturation, ensuring efficient protein hydrolysis 
by protease after cooling of the solution to 60°C. The fraction 
containing HMWDF was recovered gravimetrically after alco-
hol precipitation of the SDFP, and combining this result with 
the water–alcohol soluble fiber (SDFS) content determined by 
HPLC completed the assay.

Reducing the incubation time with PAA and AMG from 16 to 
4 hr has the added advantage of removing the risk of microbial 
contamination of the sample during extended incubation and 
alleviating the need to add sodium azide to the incubation buf-
fer. Although the PAA and AMG in the current method are dis-
solved in buffer containing sodium azide, its presence is not es-
sential and can be omitted if the enzyme solution is kept on ice 
before use and is used soon after its preparation. The use of so-
dium azide is still recommended, however, for the maltodextrin 
chromatographic standard and the glucose and glycerol refer-
ence solutions, because these solutions may be prepared and 
stored for several years before use.

In AACCI 32-60.01, the concentrates containing SDFS from 
the samples are analyzed using TSKgel G2500PWXL gel per-
meation HPLC columns preceded by in-line removal of anions 
and cations. The in-line deionizing cartridges (Bio-Rad) have a 
limited capacity and are only able to deionize 25–30 samples be-
fore they are exhausted. To reduce the cost associated with the 
expensive cartridges, the concentrates are deionized in a poly-

propylene tube containing anion and cation exchange resins 
prior to use, resulting in 90–95% removal of ions and extension 
of the life of the HPLC deionization cartridges by 10–20 times 
the usual number of injections.

In the current method, SDFS is analyzed on TSKgel 
G2500PWXL gel permeation columns with a glycerol internal 
standard. If the sample being analyzed contains glycerol, di-
ethylene glycol is a suitable alternative internal standard. In 
AACCI 32-45.01, a Sugar-Pak column is employed; however, 
with this column a significant component of hydrolyzed fruc-
tans (i.e., inulinotriose) elutes at the same point as disaccha-
rides and, thus, is not measured as dietary fiber. FOS are com-
pletely separated and measured on TSKgelG2500PWXL 
columns.

Based on the HPLC chromatographic traces supplied by the 
collaborating laboratories, several of the HPLC systems did not 
operate optimally, as evidenced by the significant upward slant 
of the baseline of the chromatogram during a run. This indi-
cates that the column was partially blocked, and operating pres-
sure was likely higher than the recommended level. Backwash-
ing the column more than 24–48 hr prior to its continued use 
would reoptimize column performance.

Collaborator Comments
No negative comments were received concerning the ease of 

use of the method; however, one collaborator did notice an al-
lergic reaction to the PAA and AMG powder mixture. There-
fore, the protocol now includes an option whereby an analyst 
who is not allergic can suspend the enzyme powder mixture in 
an ammonium sulfate solution to produce a stabilized liquid 
form that reduces the risk to susceptible analysts. One collabo-
rator did not have access to the deionizing precolumns, so they 
deionized the samples according to the specifications in AACCI 
32-45.01. The same collaborator did not have a water bath with 
an orbital motion and, thus, was advised to position the incuba-
tion containers at an ~45° angle, relative to the direction of shak-
ing, to ensure that the sample did not settle to the bottom of the 
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container during incubation. One collaborator asked for further 
advice on where to distinguish between SDFS and disaccharides 
on the HPLC pattern.
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