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The staling of bread
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(Head of the Cereals Department of the Central Institute
for Nutrition Research T.N.O.)

1. INTRODUCTION

The staling of bread has of old been a central problem of
bakers, a problem which still needs a solution in spite of the in-
numerable investigations devoted to the subject by nearly all
civilized countries.

In 1942 in the U.S.A. more than 250 millions of loaves were
returned to the bakers because they were stale and therefore
unsaleable. This meant a loss for human consumption of about
175 thousands tons of wheat. And this occurred in a year in
which already all possible precautions had been taken against
the waste of foodstuffs (25). According to statistics it may be
assumed that between the two world wars about 3 to 5 % of the
total bread production was withdrawn from human consumption
by staling. Before the first world war this quantity was even
estimated to be about 10 % (1).

Such figures show in an outstanding way the great impor-
tance of efficiently overcoming this fault. Within the scope of
this paper, it is impossible to give a complete discussion of the
research work that has contributed to the clarification of this
problem during the last 20 to 30 years. Only some broad lines
will be reviewed, while fundamental opinions about the prin-
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cipal points will be discussed. For a more extensive study I may
refer to the excellent review by Geddes and Bice (13), and
publications of Alsberg (1), Cathcart (4), Hutchinson (16) and
Pyler (29).

Successively will be dealt with
1. characteristics of the phenomenon;
2. measuring methods;
3. theories;
4. prevention.

2. CHARACTERISTICS OF THE STALING EFFECT

Every consumer of bread knows what staling means. For him
it consists of a number of rather disagreeable sensations of
taste, which he experiences in eating bread aged more than 24
hours. These disagreeable observations are connected with
some definite alterations which have occurred in the crust and
in the crumb.

2. 1. Staling of the crust.

While the crust of the fresh bread has a crisp consistency a
certain toughness develops in the course of 24 hours. Moreover
the pleasant shiny appearance of the fresh loaf transfers
into a more or less wrinkled appearance. Finally the taste of
the crust, so pleasant in a fresh state, decreases quickly.

2. 2. Staling of the crumb.

The crumb of fresh bread is soft and flexible. In staling con-
siderable alterations occur in the course of 12 to 24 hours.
Bread aged 1 day has a dry, hard crumb which crumbles with
cutting. This process proceeds in the next days while the taste
deteriorates too. The alterations in the crumb contribute to
the development of a somewhat bitter taste. English inves-
tigators use the expression «Saw dust taste».

The staling of the crumb is the most important of both
groups of phenomena. For this reason this problem only will
be dealt with in this communication.

The external observations are connected with definite inter-
nal physical-chemical conversions. The swelling power of the
crumb, which means the quantity of water the dry crumb is
able to absorb per unit of dry matter weight, declines rapidly.
Moreover a considerable decrease of the soluble carbohydrates
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occurs. Further the starch of the staled crumb proves to be
considerably more resistant to the action of amylase than fresh
crumb. Finally essential alterations in the X-ray diagram be-
come manifest. The cause of these changes will be discussed
later on. First the measuring of the staling effects based on the
alterations mentioned will be reviewed.

3. MEASURING METHODS

3. 1. The measurement of the softness by means of a compres-
simeter.

A piece of crumb of definite measurements cut from the centre
of the loaf is exposed to a certain stress. The compression
caused by this action is enlarged and transferred to an index.
Generally the apparatus is provided with a device with which
the relaxation after removal of the load can be measured too.
An apparatus of this kind has been developed in our laboratory
(15) and has been called panimeter (fig.1).

3. 2. The measurement of the degree of crumbliness.

Geddes and collaborators (12) have developed a determina-
tion of this property. Pieces of crumb of standard measure-
ments are mechanically shaken in a sieve above wire-gauze of
fixed mesh during a certain time; the crumbs which have pas-
sed the wire are measured and expressed as percentage of the
original amount of crumb.

3. 3. Determination of the swelling power.

According to Katz (17) a standard amount of crumb is
ground with water and pressed through a sieve. The crumb
paste is diluted with a certain amount of water in a measuring
cylinder. After a definite time the volume of the sediment is
measured. This figure is characteristic of the swelling power.

Several modifications of this method have been introduced.
The most important is the use of the farinograph (11) for the
measurement of the consistency. The amount of water absorbed
by a certain weight of bread crumb in order to reach a standard
consistency is connected directly with the swelling power.

3. 4. Extractable carbohydrates.

This method means the extraction of a certain amount of

crumb with water followed by filtration, precipitation of the
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Fig. 1.

Schematical drawing of the panimeter.

carbohydrates with alcohol and finally the weighing of the dried
precipitate (19).
3. 5

The decrease of the resistance of the starch to amylolysis
is suitable for a method of evaluation too (33). A certain
weight of bread crumb is exposed to the action of standard
amylase and after certain time the degree of break-down is
measured by analysis of the reaction products.

As the concentration of this is lower, the resistance is higher
and the degree of staling is also higher.
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3. 6. «

According to Katz (19, 20) the change in the X-ray diagram
may be also used as a measure of the staling effect.

Although the alterations mentioned occur simultaneously,
they are dominant at different times. Generally it can be said
that the reduction of the compressibility, the swelling power
and the solubility occur especially during the first 10 hours
after baking, whereas the development of crumbliness becomes
manifest later on, as a rule not before 24 hours. Remarkably,
the consumer judges a loaf aged 10 hours as still practically
fresh, although obviously several alterations have occurred.
Nevertheless softness, swelling power and solubility are mostly
used in order to determine the degree of staling.

This applies particularly to the softness which is highly
appreciated by the bread consumer (28).

4. THEORIES

The conversions mentioned above indicate clearly that the
staling is not a superficial phenomenon but that it is related to
very essential alterations in the material of the bread. About
the nature of these changes different theories have been deve-
loped in the course of time.

The oldest explanation, which is also the most obvious, is
that staling is nothing else than the drying out of the loaf.
Indeed the process is generally connected with a loss of
moisture. In 1852, however, Boussingault (3) showed that by
exclusion of drying, that is storage in a moisture-saturated at-
mosphere, the staling continues. This shows that loss of moi-
sture cannot be the origin.

Consequently investigators have started to detect more fun-
damental conversions and in view of the character of the crumb
during staling they have thought of certain alterations in the
starch complex as the main constituent of the crumb.

In 1902 the French investigator Lindet (24) deduced from
the decrease of the quantity of soluble carbohydrates, that
during staling the starch is converted into a less peptizable and
less hydrated state with liberation of water. The liberated
water is partly absorbed by the gluten; the rest remains in a
free state and evaporates if the loaf is stored in a dry atmos-
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phere. This conversion called retrogradation by Lindet, is
reversible as, by heating the crumb above 60° in the presence
of sufficient water, a fresh state is reached again.

In the years 1912 to 1937 Katz approached the problem with
a series of fundamental investigations that brought him to a
theory, which is still accepted, on the whole, nowadays. As
criteria for the staling he used the measurement of the swel-
ling power and the determination of the soluble carbohydrates.

At first Katz ascertained that staling is connected with a
certain optimum region of moisture content, lying between
about 16 and 38 %. Crumb with less than 16 % or more than
38 % moisture can be stored in a fresh state during an un-
limited time on the condition that deterioration of micro-
biological nature is excluded (19). These investigations have
been confirmed by recent findings of Geddes (12).

Further Katz observed that staling is not only connected
with an optimum moisture regionbutalsowith an optimum tem-
perature range. No staling occurs at temperatures above -} 60°
or below - 30°. The highest rate occurs about some degrees
below zero (17, 19, 21).

These observations brought Katz to study whether in practice
a loaf keeps fresh better at a very low or high temperature. In
chapter 5 we will refer to this again.

Katz observed the same behaviour in investigating starch
suspensions in the proportion starch: water — 1 : 1, a concen-
tration similar to the proportion starch : water in the loaf. The
suspensions were brought to a swollen state by heating and
were then cooled and aged, while these conversions were fol-
lowed by determination of the swelling power and of the soluble
carbohydrates according to the techniques developed for bread
crumb. In the same way as before he observed with the aging
of the starch paste strong reduction of the swelling power and
of the soluble carbyhydrates with gradual liberation of water
(19). Moreover he established that the alterations in the X-ray
diagram during the conversion of dough into bread crumb,
staling and refreshening of the crumb on one hand and of the
swelling of the starch suspension, aging of the starch paste and
heating of it above 60° on the other hand show exactly the same
trend (20). From this Katz concluded that the staling of bread
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may be reduced to a reversible conversion in the structure of
the swollen starch grains, accompanied by dehydration, this
means expulsion of water.

Later investigations were chiefly built on the ideas of Katz.
New fundamental views were not developed.

The American Schoch, however, has approached the staling
problem in a new way. Schoch who was strongly affected by
the progress in modern starch research (K. H. Meyer, Hanes,
Staudinger, Freudenberg, Rundle, Peat, French and Kerr) has
considerably enlightened the conception of the staling pheno-
menon. Before entering into details it is first necessary to deal

Fig. 2a

Structure of crystallites in the starch grain.
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with some elementary ideas about the composition and struc-
ture of the starch grain and about the swelling process.

While ten years ago this region of science was still in a
chaotic state, during the last years some uniformity in opinons
has been developed as a consequence of the application of
modern investigation methods. As a synthesis of the most
important view points the following conception results.

The starch grain is composed of concentric layers of radially
orientated crystallites or micelles (figs. 2a and 2b). The

Fig. 2b
Concentric layers of crystallites.

crystallites consist of two constituents. The first consists of
glucose chains orientated near one another and linked by alpha-
1,4 glucosidic bonds. This component is called amylose. The
remainder of the crystallite consists of highly branched rather
short glucose chains also linked by alpha-1,4 glucosidic bonds
within the branch points 1,3 and 1,6 glucosidic bonds (10, 34).
This component, called amylopectin, is the main constituent and
amounts to 60 to 100 % of the starch grain (fig. 3). The amy-
lose chains are completely and regularly divided between the
amylopectin. The branches of the amylopectin of different
micelles are coordinated too to a certain extent and create
regions of crystalline nature (26). This means that a certain
region of this kind may be involved in several micelles at the
same time (fig. 4).
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Structure of branched chains according to Staudinger.

Also about the manner in which the coordinated regions arise
a certain conception has been developed (22). It is assumed
that secondary bonds arise between the free OH-groups of dif-
ferent branches with the aid of hydrogen bridges. These so-
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Fig. 4

Amylopektin micelles in a natural starch grain; the thick parts are crystalline
regions between the chains (according to K. H. Meyer).

called cross-links may arise directly or by means of one or
more water molecules (fig. 5).

If such starch grains are brought into contact with a
restricted amount of water comparable with dough in the bak-

. H . H H .
R—O \_o—n R—O \_o/ "0—R
\H .o \H S H/
v m an
Fig. 5

Secondary H-bonds between OH-groups within and between glucose chains.

ing of bread and if the suspension is warmed gradually to a
definite temperature, the originally quadruply associated but
now single water molecules are able to penetrate between the
chains. They are eagerly taken up by the many rest valences and
included as links in the hydrogen bridges (26, 22). Consequently
the whole complex will be torn up (fig. 6 and 7). By further
heating, more and more water molecules penetrate within and
between the micelles and more and more are caught in the
hydrogen bridges. Finally the available water has been used
up and a conglomerate of partly swollen starch grains results.
If a piece of bread crumb is observed under the microscope such
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Fig. 6

Amyiopectin micelles torn out of the original configuration
by swelling. (according to K. H. Meyer).

Fig. 7

Swollen amylopectin configuration enlarged (according to K. H. Meyer).

starch grains can be perceived between the gluten membranes.
With gradual cooling of such a swollen grain, which is in fact
a small piece of starch gel, a definite arrangement in the gel
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arises. The glucose chains are beginning to orientate to spirals
or helices (fig. 8). Each winding contains 6 glucose units while
the 6-CH,OH-groups of one winding are arranged between the
2 — and 3 — OH-groups of the next winding (8, 9, 14). Conse-
quently the greater part of the rest valences of the CH,OH- and
OH-groups are intramolucularly saturated. This means that
fewer OH-groups than originally, remain available for H-brid-
ges between the spirals, so that a part of the original bound
water molecules is liberated or more water molecules are in-
volved in the bridges.

Thanks to the orientated structure the spirals are able to coor-
nate loosely according to a simple rhombic (pseudo-hexagonal)
scheme (fig. 9), which only needs few cross-links (7, 30). The
result is a gel of a loose, flexible and elastic consistency.

Fig. 8
Helical glucose chains (according to Hanes)

The staling process in the gel starts with the formation of
direct hydrogen bridges between the CH,OH- and OH-groups
of different chains with liberation of the originally involved
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Rhombic (pseudo-hexagonal) orientation of glucose spirals.

water molecules. These water molecules are expelled (synere-
sis). On behalf of the formation of these cross-links certain
glucose units have to be turned, so that the winding and there-
fore also the spiral is torn more or less out of the original con-
figuration. This phenomenon will particularly occur with the
unbranched amylose chains which in this way get a chance to
orientate firmly near one another, linked by several hydrogen
bridges. The mutual bonds between the amylose chains are so
tight that it is difficult to reverse the phenomenon by heating
and to regain the original spiral structure. For this reason
retrogradation of amylose is not reversible.

The conversions mentioned before find expression in the
X-ray diagram. Obviously the X-ray diagram of freshly swol-
len starch grains and also of fresh bread crumb points to a
simple configuration within and between the chains. This ar-
rangement is of pseudo-hexagonal nature and the diagram is
called V-spectrum. On the other hand the X-ray diagrams of
unswollen starch grains as occur in the unbaked dough, of aged
swollen starch grains and of stale crumb point more to an
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arrangement between than within the micelles. In view of the
discussion above this means that this arrangement arises by
hydrogen bridges between the chains, in other words by cross-
links, whereas the chains internally show little orientation and
no helical structure (B-spectrum).

In view of the strong tendency to retrogradation of the amy-
lose fraction it is conceivable that former investigators have
related the staling effect chiefly to this constituent, in spite of
the fact that the amylose is the smallest part of the starch
grain. '

Schoch (31, 32) states, however, that with staling of swollen
starch grains the branched amylopectin chains show also a ten-
dency to a tighter arrangement by cross-links under expulsion
of water. This phenomenon is called internal coacervation.
However, as by the branched structure parallel arrangement is
impossible, the bonds have a much looser nature than the links
between the amylose chains. This explains why the retrograda-
tion phenomenon may easily be reversed.

Schoch bases his assumption on the observation that the
retrogradation of the amylose already occurs during the baking
process and eventually too during cooling of the bread. This
follows from the extremely small amounts of soluble amylose
in the fresh bread.

Several arguments support Schoch’s point of view. In the
first place he has succeeded in observing with pure amylopectin
gels by X-ray investigation the transfer of a simply coordinated
structure into a more complicated, less orientated one.

A second argument is the fact that amylopectin, just like
bread, retrogrades gradually and reversible contrary to the
quick and irreversibly retrogradation of amylose.

A third support for the theory of Schoch is the observation
that through whole or partial masking of the side chains of
the amylopection molecules e. g. by oxidation of the OH-
or CH,OH-groups or through break down of the side
chains under the action of beta-amylase, retrogradation occurs
to a much less extent. Further the staling can also be repres-
sed by the addition of aldehydes, which are able to block the
rest valences through the formation of loose, complex bonds
with the free OH-groups.
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Schoch, who had to leave his tests too early, was not able to
check by baking tests whether a greater or less degree of block-
ing of the side chains is indeed correlated with the extent of
staling of the bread. If it should be shown that Schoch is right,
a new approach is given for combating staling. Such investi-
gations are in progress now in our laboratory.

5. PREVENTION

In principle two ways of approach are possible.

5. 1. Retardation or elimination of the actual retardation
process.

The most obvious method is the storage at very low or very
high temperature. Concerning the first, investigations were
carried out in a bakery in Rotterdam thirty years ago (27).
Indeed it was possible to maintain bread in a state equivalent
to 8 hours after baking during some weeks by storage at about
-+ 30°. As a consequence of the relatively high costs of this
procedure resulting in a higher price of 134 cent a loaf, this
technique proved not to be suitable in practice. Storing at high
temperature, that is at 60° has two disadvantages. In the first
place a heavy loss of moisture occurs which influences especi-
ally the nature of the crust in an unfavourable way. In the
second place there is a good chance for development of certain
thermal-resistant micro-organisms like rope. Katz has construc-
ted some apparatus with which the loaves can be stored at a
relatively high temperature in an atmosphere of controlled
moisture content. In practice, however, this apparatus was not
satisfactory (18, 19).

It must be emphasised that there are still more simple means
to retard staling to a certain extent. These are a correct choice
of the flour and a correct dough and baking procedure. It has
been proved that a flour with much gluten of high quality pro-
duces bread of better keeping quality than flour with less and
inferior gluten. The baking quality of the flour plays actually
an important role (1, 16).

Moreover much may be improved by carrying out fermenta-
tion in the correct way. Particularly it is important to give
sufficient time for fermentation. A fermentation temperature
which is not too high and correct punching of the dough are in
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favour of the keeping quality of the bread, too (16). Involunta-
rily one is reminded here of the theory of Schoch. Long fermen-
tation means plenty of time for the side chains of the amylo-
pectin molecules to break down to a certain extent. Consequently
the chance of cross-links between the chains in the swollen
starch complex is decreased.

5. 2. The addition of certain adjuncts (bread improvers).

Generally these adjuncts don’t affect the real cause of the
staling effect. These adjuncts are able to achieve, however,
that certain favourable properties like softness and tenderness
are retained during a certain time. Materials of this kind are
fats, glycerides, glycerol-mono- and distearates, lecithins, su-
gars, dextrins, swelling adjuncts (cellulose derivatives, bento-
nites) and malt extract.

The action of fats and lecithins is chiefly based on a refine-
ment of the structure and consequently a refinement of the
crumb walls, resulting in a greater softness and tenderness of
the crumb.

The influence of swelling adjuncts can be explained as means
for introducing an excess of water in the bread. This means, as
has been discussed before, a retarding effect on the staling
process. In this connection the favourable effect of the use of
a good flour can be explained too. Much and excellent gluten
means a strong swelling capacity, by which the water absorp-
tion of the dough increases. For the rest the action of these
adjuncts are thoroughly discussed in the review of Geddes and
Bice mentioned before (13).

A particular place is taken by certain high polymers which
have been prepared in several countries during the last years.
As a whole these materials exercise a strong surface-active
influence. For this reason they have been introduced into several
other industries e.g. the cosmetic industry. An outstanding
action has been observed with the polyoxyethylenestearate to
which is given the following structure (31):

CH,-(CH,) 16-cl-o (CH,-CH,-OCH,-CH,-0) S-c-I (CH,) ,4-CH,
| |

0 (0]
Obviously the molecule consists of a chain of 8 oxyethylene-
units connected on both sides with a stearic acid, resulting in
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a remarkable division of hydrophobe and hydrophilic regions.
According to Favor and Johnston (5, 6) this product exer-
cises a remarkably favourable action on the softness and struc-
ture of the crumb if added to the dough in quantities of 0,5 to
1 %. In our own laboratory, in collaboration with a group of
bakers, extensive investigations have been carried out about
the value of the polyoxyethylenestearate (2). Moreover the
toxicologic aspects of the problem have been studied in con-
nection with the «Hearings on Bread Standards» which have
proceeded in the U.S.A. during thé preceding year (23).

The results of these investigations are only summarized here:
«It has been proved that addition of polyoxyethylenestearate of
about 0.5 % to the dough results in a better retention of the
softness of the crumb and an improvement of several other pro-
perties such as volume, texture and palatability. This effect was
most outstanding with flour of rather high (85 %) extraction
rate. Opposite to these favourable experiences the crumbliness
and the cutting quality of the bread is unfavourably influenced
by the addition.

Concerning the crispness of the crust the addition has no
effect. The fact that the crumb by addition of polyoxyethylene-
stearate retains the softness to a large extent is economically
of considerable importance. For, by using this adjunct, it may
be possible to spread the bread production over the whole day
because it is not necessary to sell the loaves on the day on
which they have been baked.»

In illustration (fig. 10) we show graphically the influence
of the polyoxyethylenestearate on the softness of the crumb
for four flour types. For comparison fig. 11 shows the in-
fluence of glycerol-mono-stearate on the softness of the crumb.
It is clear that this adjunct cannot at all compete with the
favourable properties of the poly-oxyethylenestearate.

With regard to the mechanism of the action of polyoxy-
ethylenestearate it is impossible to draw definite conclusions.
Our first impression is that a real effect on the retrogradation
process is out of the question here. It is believed to be more
likely that, thanks to the strong surface active influence and
consequently the refinement of the structure, the retention of
favourable properties is facilitated. In this connection it is
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stressed that such a retaining action has sharply to be distin-
guished from an actual retardation of the staling.

A real solution of the problem has in our opinion to be found
in the direction which Schoch has shown, viz. to affect the
amylopectin component in the starch gel directly in such a way
that cross-linking between the branches is repressed.

Moreover it will be necessary to include the gluten in the
investigations. Although it has already been established by
Katz and by later investigators too that the swelling power of
the gluten does not change during staling and that the contri-
bution of the gluten to the staling effect only consists of the
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partial absorption of the water liberated by syneresis, neverthe-
less it is necessary to include in the research this component,
which constitutes chiefly the walls of the crumb.
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DISCUSSION
Dr J. Van der Lee.

Are there any possibilities in bakery practice to retard retro-
gradation of the starch as is suggested by Mr Hintzer?
Answer:

Indeed this is a difficult and rather complicated problem. The
affection of the side chains of the amylopectin molecules pre-
supposes that the starch is present in a susceptible form. This
is the case during the baking stage. On the other hand in this
stage amylolytic enzymes lose their activity.

Nevertheless I think that there are possibilities to evade this
difficulty.

Professor Jorgensen stressed, that one must distinguish be-
tween staling of crumb and staling of crust. In Denmark, staling
of crust is by far the most important factor.
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C. W. Brabender:

I wonder whether or not the changes in the physical proper-
ties of crust play a greater part in causing staling effect than
crumb. The structure of «Brown’n Servesrolls’ seems to prove
this statement. It looks as if the crumb in a semi-baked roll is
completely developed during the first stage of the baking pro-
cess carried out in the commercial bake shop. There is no crust
at this stage, but a thin skin. During the second stage the crust
is formed as thick and dark as one likes it. There is, in my opi-
nion, no change in crumb structure during the second baking
stage which takes place in the domestic kitchen. If there is a
change, it is only due to loss of water during the second heating.

As to preventing of staling precision adjustment of malt ad-
dition is one, favoured by many American bakers. The great
Bakery Service Organisation C. G. Patterson of Kansas City
recommends this procedure as the best way to obtain a soft
slightly humid crumb resulting in a delayed staling effect. This
Company has even developed a slight rule to calculate the right
amount of malt flour, based on the Amylograph figure.

Dr. Schulerud:

According to our experiences, p-oxystearates act on wheat
flour only, not on rye. However, rye flowers of the «hard» type,
for instance milled from south American rye, may be favou-
rably influenced by malt diastase. Such flours sometimes behave
badly under Norwegian baking conditions, the loaves show a
tendency to burst and be torn up during baking in the oven.
The reason for this probably is, that the starch of such flours
has an unusually high gelatinization temperature. Since rye
flour has no gluten, it must be the outer layer of gelatinized
starch first formed which holds the loaf together when it rises
in the oven, and in the case of hard flour, this layer is formed
too slowly to obtain the necessary strength. A suitable quantity
of malt diastase lowers the gelatinization temperature so that
normal bread is formed, and the rapid staling, which is usual
for bread from such flours, is retarded. This, together with the
lacking activity of p-oxystearates, indicates that- the staling
process must be rather complicated.
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Cwilingenjor S. Hagberyg.

Concerning the influence of amylase activity in the dough on
the rate of staling of bread alfa-amylase may have a different
action compared with beta-amylase. As is known the linear-
chain fraction (A-fraction or amylose) of the starch is con-
sidered to retrograde already during the cooling of bread. The
coacervation i. e. heat reversible aggregation of the branched-
chain fraction (B-fraction or amylopectin) however is regarded
the best explanation of the bread staling process. This coacer-
vation is attributed to intermolecular association between the
linear side chains of branched molecules (Schoch and French).
The removal or modification of these side chains as in beta-
amylase treatment may result in decreased ability to form co-
acervates. Alfa-amylase may have a different action on the
staling of bread as more linear side chains of branched mole-
cules is formed in alfa-amylase treatment at least in the first
stages. Investigations made in our laboratory seem to favor
this view.

The primary alcohol groups on the sixth carbon atom of the
glucose unit is claimed to form more stabile associative bonds
than the secondary alcohol groups. The efforts to retard the
staling of bread thus may be directed on to remove or block the
primary alcohol groups. It is possible that polyoxyethylenstea-
rate and monoglycerids are acting in that way but the action of
these compounds is so far not well understood. Also the in-
fluence of other substances i. e. the proteins is not thoroughly
elucidated.
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