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Abstract
Eight dissolution models of calcium apatites (both 
fluorapatite and hydroxyapatite) in acids were drawn 
from the published literature, analyzed and discussed. 
Major limitations and drawbacks of the models were 
conversed in details. The models were shown to deal 
with different aspects of apatite dissolution phenom-
enon and none of them was able to describe the dis-
solution process in general. Therefore, an attempt to 
combine the findings obtained by different research-
ers was performed which resulted in creation of the 
general description of apatite dissolution in acids. For 
this purpose, eight dissolution models were assumed 
to complement each other and provide the correct de-
scription of the specific aspects of apatite dissolution. 
The general description considers all possible dissolu-
tion stages involved and points out to some missing 
and unclear phenomena to be experimentally studied 
and verified in future. This creates a new methodologi-
cal approach to investigate reaction mechanisms based 
on sets of affine data, obtained by various research 
groups under dissimilar experimental conditions.

© 2012 Baishideng. All rights reserved.
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INTRODUCTION
Calcium apatites [hydroxyapatite (HA): Ca10(PO4)6(OH)2 
and fluorapatite (FA): Ca10(PO4)6F2] appear to be of  a 
special interest to the mankind, because natural apatites 
are the main source of  inorganic phosphorus in nature[1], 
while calcified tissues (bones and teeth) of  mammals 
consist of  ion-substituted calcium apatites of  biologi-
cal origin[2-4]. Therefore, HA and FA are widely used in 
various aspects of  human being, starting from the major 
source of  phosphorus-containing fertilizer production 
and ending with various biomedical applications, for ex-
ample, using as artificial bone grafts. The latter resulted 
in a great number of  research papers published on cal-
cium apatites and related calcium orthophosphates[5-7]. 
Since the chemical nature of  natural phosphate ores 
and the inorganic phase of  bones and teeth is almost 
the same, such different processes as fertilizer produc-
tion, dental caries, osteoporosis, as well as both in vitro 
and in vivo biodegradation of  artificial bone grafts might 
be simulated by dissolution of  chemically pure calcium 
apatites (HA and FA) in acids. Therefore, establishing 
of  the true dissolution mechanism of  calcium apatites 
in acids appears to be of  the paramount importance for 
our species.

In chemistry, a reaction mechanism is the step by 
step sequence of  elementary reactions by which the 
overall chemical change occurs[8]. Regarding the dissolu-
tion process of  calcium apatites in acids, eight models 
have been already proposed to explain the processes 
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involved. These models already provided the important 
information about the factors associated with solution 
(pH, composition, saturation and hydrodynamics), bulk 
solid (chemical composition, solubility, particle sizes) and 
surface (defects, adsorbed ions, “history”, phase trans-
formation) of  the apatite crystals. These findings can-
not be underestimated because they have already made 
a significant impact on understanding of  the medical 
aspects of  both dental caries and osteoporosis, as well 
as they created the necessary fundamentals for fertilizer 
production industry. Nevertheless, there are still a lot of  
elements missing in the overall explanation for the pro-
cesses involved.

To clarify possible directions of  further investigations 
on apatite dissolution, a critical analysis of  currently avail-
able models has been made in this review followed by an 
attempt to combine the data available into a general dis-
solution mechanism. This creates a new methodological 
approach to investigate reaction mechanisms based on 
sets of  affine data, obtained by various research groups 
under dissimilar experimental conditions.

CRITICAL ANALYSIS OF THE DISSOLUTION 
MODELS OF CALCIUM APATITES
Diffusion (or transport) and kinetically (or surface) 
controlled models
A diffusion (or transport) and a kinetically (or surface) 
controlled[9-30] dissolution models, as well as the two-site 
model[15,31-33], are devoted to comparison of  transport 
rates of  chemical reagents (H+ and anions of  acid) from 
bulk solution to the surface of  apatite crystals and those 
of  products (Ca2+, F- and orthophosphate anions) ob-
tained backwards with the kinetics of  chemical interac-
tions on the crystal surface. According to the diffusion-
controlled and two-site models, a transport of  either 
the chemical reagents and/or the products of  chemical 
reactions mainly determine the overall dissolution rate, 
whereas the kinetically controlled model emphasizes 
chemical transformations on the surface as the limit-
ing factor (Figure 1)[34]. An important consequence of  
the two types of  rate-controlling mechanism is that the 
solution immediately next to the crystal surface is under-
saturated with respect to apatite in the surface controlled 
process and this solution is saturated in the diffusion-
controlled process[35]. Both models usually operate with 
a so-called “driving force” which means either a con-
centration gradient within the Nernst diffusion layer 
(the diffusion controlled model) or a gradient of  ionic 
chemical potentials between the apatite crystal surface 
and bulk solution (the kinetically controlled model).

To investigate whether a dissolution process follows 
either of  these models, one should study the influence of  
hydrodynamics, concentration of  reagents, ionic strength, 
solution undersaturation, pH, temperature, crystal di-
mensions and the presence of  chemical modifiers on the 
dissolution kinetics. A rotary disk[10,13,14], constant com-
position[9,16,18,19,20,36-38] or dual constant composition[22,38,39] 

techniques are used for experimental investigations. The 
results obtained are usually plotted as an uptake of  H+ 
ions (e.g., as a titrant volume added) and/or a release of  
calcium, orthophosphate and fluoride ions versus the 
dissolution time. Afterwards, calculations of  the numeric 
values for activation energy, rate constants, effective 
reaction order, diffusion layer thickness, characteristic 
adsorption impedance, diffusive jump distance, etc., are 
performed[9-33,36-40]. The conclusion on whether a dissolu-
tion process is kinetically or diffusion controlled is made 
based on the numeric values calculated. For example, 
when analysis of  the rate data gave a numeric value of  
the effective reaction order n = 6, a surface controlled 
dissolution mechanism was suggested[22].

Basic thermodynamic principles predict that dissolu-
tion rates should increase with increasing driving force 
or chemical potential; however, the experimental studies 
show that this dependence is complex. Namely, dissolu-
tion of  apatite in some cases was found to be diffusion 
controlled[19,20,23,25], in some other cases - kinetically con-
trolled[21,22] and even intermediate (i.e., both kinetically 
and diffusion controlled) in still other cases[14]. Further-
more, the dissolution process might be composed of  
two stages: the first one was found to be both surface 
and diffusion controlled, while the second one was an 
exactly diffusion-controlled dissolution[24]. Therefore, the 
results obtained for these models are valid within the ex-
perimental conditions studied only; no extrapolation can 
be made outside the ranges studied. For example, after, 
say, an agitation decreasing or temperature increasing, an 
initially kinetically controlled dissolution might be con-
trolled by diffusion[30].

Furthermore, in some cases, dissolution curves (a 
titrant volume against time) reach plateaus prior to 
complete dissolution of  HA, thus indicating a creation 
of  metastable states in which the reaction is effectively 
terminated even though apatite crystals remain in con-
tact with the undersaturated solutions[41-53]. There is an 
opinion[54] that this effect resulted from a false solubility 
product value for HA. Thus, a high sensitivity to the ex-
perimental conditions appears to be the main drawback 
of  these models.
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Figure 1  A dissolution process according to the diffusion and kineti-
cally controlled models. Cs: Solute concentration on the surface; Ci: Solute 
concentration on the interface; Cb: Solute concentration in bulk. Reprinted from 
Ref.[34] with permission.



Mono- and polynuclear models
The surface dissolution may be described by three differ-
ent models shown schematically in Figure 2. As may be 
seen in Figure 2A it is possible to start dissolution from 
one center from which originates the units detachment 
leading to step disintegration. This is a mononuclear dis-
solution. It is also possible that detachment takes place 
simultaneously from multiple centers (Figure 2B and C) 
which may be developed in one or more steps on the 
crystal surface. This is a polynuclear dissolution. Alterna-
tively, it has been suggested that the crystal units’ detach-
ment takes place along spirals originating from an active 
site on the crystal surface following an Archimedean 
spiral (Figure 2D). The unit detachment along the spirals 
takes place at constant velocity[34].

A polynuclear model[55-64] was created from the study 
on apatite dissolution and growth kinetics under the 
constant composition conditions. Polydispersed samples 
of  apatite were put into a stirred undersaturated (for 
dissolution experiments) or supersaturated (for those 
on crystal growth) solutions and the solution pH and 
amount of  chemicals added (an acid for the dissolution 
experiments and a base for those on crystal growth) 
were permanently recorded as functions of  time. The re-
sults obtained were plotted versus either undersaturation 
or supersaturation values: straight lines were obtained 
in the specific logarithmic coordinates typical for this 
model[65]. According to this model, dissolution nuclei, i.e., 
collections of  vacant sites for Ca2+, PO4

3- and OH- ions, 
are formed on the crystal surface of  apatite and spread 
over the surface with a definite lateral rate[56].

In polynuclear model, the nucleation rate is assumed 
as a function of  the mean ion activity. A lateral growth 
rate of  the nuclei is assumed proportional to the differ-
ence between the total concentration of  calcium ions in 
the saturated solution and in a solution, while the rate 
constant is related to the frequency for calcium ions to 
make a diffusion jump into a kink and, simultaneously, 
partly dehydrate[62,63]. Investigations on apatite dissolu-
tion and crystal growth using atomic force microscopy 
revealed that the rate-determining step was not the 
diffusion but two-dimensional surface nucleation[66,67]. 
These observations provided a valuable support for the 
polynuclear model.

The experimental data on dissolution and growth 

rates versus undersaturation (S < 1) and supersaturation 
(S > 1) values, respectively, were obtained. Numeric val-
ues of  surface tension (40 mJ/m2 for apatite dissolution 
and 100 mJ/m2 for apatite growth[62,63]), ionic frequencies 
to enter or leave a kink (1.6 × 105/s[61]), the mean dis-
tance between kinks in a surface nucleus (approximately 
3.07 Å[60]) and the critical nuclei for both HA[55-59,62,63] and 
FA[60,61] were calculated. Furthermore, within 5.0 < pH < 
7.2 the dissolution kinetics was found to follow the poly-
nuclear model, while that of  growth appeared to follow 
the polynuclear model within 5.5 < pH < 6.5 and the 
combined mono-polynuclear model at pH = 5.0[60,61].

A new idea about hydroxide ions formation at the 
hydroxide sites of  HA from water molecules trapped 
under the crystal surface appeared in the most recent pa-
pers of  this series[62,63]. Probably, this might be a reason 
for the above changing in the growth model found for 
HA at pH = 5.0. To conclude, the polynuclear model 
seems to be better elaborated among others because it is 
valid for apatite dissolution within solution pH of  5.0-7.2, 
saturation degrees of  0.1 < S < 7, and Ca/P molar ratios 
of  0.1-20[63]. However, nothing has been published on a 
validity of  this model in more acidic solutions.

Self-inhibition (calcium-rich layer formation) model
A model with a self-inhibition layer formation describes 
a formation of  a calcium-rich layer on the surface of  
apatite during dissolution[19,49-53]. This model was created 
from the results on dissolution kinetics of  apatite pow-
ders in acidic buffers at solution pH within 3.7-6.9 (the 
constant composition technique was used). Following 
concentration of  calcium and solution pH, the authors 
found that during the initial period (2-5 min) of  dissolu-
tion release of  calcium into the bulk solution was always 
less when compared with consumption of  H+. When 
dissolution progressed, rates of  calcium release perma-
nently increased and hydrogen uptake decreased until 
the equivalence (consumption of  two hydrogen resulted 
in release of  one calcium) was reached, while the over-all 
rate of  apatite dissolution permanently decreased[19,49-53]. 
Similar decreasing of  apatite dissolution rates were ob-
tained by other research groups[41-48,68].

According to this model, apatite is dissolved by ionic 
detachment of  calcium and orthophosphate ions from 
the surface to a solution. When an initial portion of  apa-
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A B C D

Figure 2  A dissolution process according to the mono- and polynuclear models. A: Mononuclear model; B: Polynuclear model in one crystal step; C: Polynucle-
ar model in multiple steps: birth and spread; D: Spiral model. Reprinted from Ref.[34] with permission.
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tite has been dissolved, some amount of  calcium cations 
(presumably, in connection with anionic counter ions) 
is returned from the solution and adsorbed back onto 
the surface of  apatite. The latter results in formation of  
a semi-permeable ionic membrane consisting of  a posi-
tively charged layer containing strongly adsorbed calcium 
ions, i.e., a calcium-rich layer is formed[19,49-53]. An indi-
rect confirmation of  the presence of  a calcium-rich layer 
was obtained in the most recent paper of  this series: for 
initial strong calcium undersaturation in solutions, at-
tainment of  a pseudo-steady state was very long[53]. The 
areas per adsorbed single PO4

3- and Ca2+ ions on HA 
surface at the point of  zero charge (pH = 8.5) were esti-
mated to be 33.1 ± 2.7 and 23.0 ± 2.1 Å2, respectively[69].

The authors of  calcium-rich layer formation model 
suggested that the rate control of  apatite dissolution 
was diffusion of  calcium and/or orthophosphate ions 
through an interfacial surface layer formed during the 
initial portion of  the dissolution process. This interface 
would be composed of  the Nernst layer that would be 
adjacent to the calcium-rich layer. This last one would 
present low permeability making the dissolution process 
slower[19,49-53]. It is important to notice that these conclu-
sions were made from the experiments on following 
calcium concentration and solution pH only; no mea-
surements of  the surface composition of  apatites were 
performed.

As said by this model, ionic diffusion in solution 
results in a situation when ionic concentration near the 
surface layer of  apatite is always higher than that in the 
bulk solution. Calcium concentration in the solution 
is also inhomogeneous: it decreases when the distance 
from the liquid/solid interfaces increases[19,49-53]. There-
fore, the calcium-rich layer appears to be undoubtedly 
rich in calcium when compared with the bulk solution 
only. However, when compared with the bulk of  solid 
apatite (Ca/P = 1.67) this layer appears to be calcium-
rich (Ca/P > 1.67) when the counter anions An- (it is as-
sumed, that apatite is dissolved in acid HnA, where An- is 
an anion) adsorbed from the solution are not taken into 
account. If  the counter anions are calculated, a numeric 
value for Ca/(P+A) molar ratio on the surface will be 
around 1.67 in the case of  zero charge on the surface.

On the other hand, ions of  calcium might be ad-
sorbed without the counter anions. This results in an 
electrical double layer formation on the solid/liquid 
interface with positive charge on apatite. Indeed, apatite 
is charged positively in acidic solutions. This effect was 
explained by adsorption of  either protons only[70] or 
protons and calcium cations from the solution[71,72]. Cer-
tainly, the presence of  a positive charge on apatite sur-
face is in favor for the calcium-rich layer model but one 
should not forget that this charge might be caused by 
adsorption of  protons only[70]. The dissolution rate re-
duction found by the authors and explained by the state 
of  the interface (adsorption of  calcium[53]) might also 
be explained by adsorption of  some impurities those al-
ways present in the solution. Other explanations are also 

available[41-48]. Thus, unless the direct measurements of  
the calcium content on the surface are made, this model 
cannot be considered as experimentally proven.

A contradiction between the calcium-rich layer for-
mation and polynuclear models can be outlined: sorption 
of  calcium is likely to happen on the dissolution nuclei. 
In this case, some amount of  the nuclei should disap-
pear, as a result. No suggestions how to overcome this 
contradiction were found in the references. 

To conclude this model, one should notice that due 
to the formation of  a calcium-rich layer, a non-stoichio-
metric (incongruent) dissolution (see the next model) is 
suggested by default.

Stoichiometric/non-stoichiometric (congruent/
incongruent) dissolution
A congruent/incongruent (or stoichiometric/non-stoi-
chiometric) dissolution[11,17,19,21,40,50,68,73-90] is based on the 
direct measurements of  either the ionic concentrations 
in a solution[19,21,40,68,74-76,80,83,84,87,88,90] or the surface compo-
sition of  apatites during dissolution[17,77,81]. According to 
the definitions, ions of  a solid might be dissolved either 
simultaneously with the dissolution rates proportional to 
their molar concentrations (a congruent dissolution) or 
non-simultaneously with different values of  the dissolu-
tion rates for each ion (an incongruent dissolution). The 
latter case always results in a situation when a surface 
layer with a chemical composition different from that of  
the bulk of  solid is formed.

For acidic dissolution of  FA, ions of  F- were found to 
dissolve faster (or in a greater ionic proportion) when com-
pared to ions of  calcium and orthophosphate[17,68,77,83,88,89]. 
A similar phenomenon of  faster (or in a greater ionic 
proportion) dissolution of  calcium when compared to that 
of  orthophosphate was also found[40,75,76,79-82,90]. In the lat-
ter case, a surface layer of  acidic calcium orthophosphates, 
presence of  HPO4

2- ions and/or Ca-depleting of  the sur-
face were either suggested[52,61,85] or found[81,86,88,89]. Thus, 
if  incongruent dissolution occurs from a stoichiometric 
HA surface, the surface Ca/P ratio will become lower than 
for the bulk and a Ca-deficient HA (CDHA) must then 
be present, even if  there is no phase change[54]. However, 
there are contradictory results. For example, when FA 
was dissolved, the solution concentrations of  calcium and 
fluoride ions were non-stoichiometrically lower with re-
spect to that of  orthophosphate ions due to a possibility 
that some amount of  sparingly soluble calcium fluoride 
was precipitated[40,86,88-94]. Furthermore, one should men-
tion on a study, in which release of  calcium into the bulk 
solution was always less, when compared with release of  
orthophosphate[68]. On the other hand, having followed the 
release kinetics of  calcium and orthophosphate ions into 
solution, apatites were found to dissolve stoichiometricaly 
(congruently)[21,73,95].

Interestingly, but apatites might be dissolved stoi-
chiometrically or non-stoichiometrically depending on 
the experimental conditions. For example, CDHA was 
found to dissolve congruently at the solution pH < 4.5, 
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while an incongruent dissolution with Ca/P ratio in so-
lution attaining values as high as about 25 was detected 
in solutions within 4.5 < pH < 8.2. Furthermore, al-
most negligible dissolution with another type of  a non-
stoichiometry with Ca/P ratio close to zero in solutions 
was found at solution pH > 8.2[87]. For 4.5 < pH < 8.2 
conditions, the authors explained the incongruent dis-
solution by re-adsorption of  already dissolved ortho-
phosphate anions from the solution onto the positively 
charged CDHA surface. While in more basic solutions, 
the surface of  CDHA was charged negatively and, thus, 
the authors suggested a possibility of  both re-adsorption 
of  already dissolved calcium cations onto CDHA sur-
face and desorption of  orthophosphate ions from the 
CDHA surface. However, it has to be realized that at so-
lution pH > 8.2 the uncertainties in the chemical analysis 
of  Ca (in particular) and P were relatively high, making 
any quantitative interpretation of  this re-adsorption/de-
sorption difficult[87]. The same effect was discovered in 
another study[89]. Furthermore, dissolution of  both FA 
and natural sedimentary carbonated FA was found to be 
incongruent in the early stages but tended toward con-
gruency as the dissolution reaction proceeded to steady 
state[40,68,96]. According to the authors, this initial incon-
gruency was likely a result of  the exchange of  solution 
H+ ion for mineral bound Ca[40]. Besides, a presence of  
simple inorganic salts (Na2SO4, CH3COONa or NaCl) 
in solution appeared to have an influence on the equi-
librium concentrations of  orthophosphate and calcium 
ions released from apatite: the order of  salts increasing 
orthophosphate in solution was Na2SO4 > CH3COONa 
> NaCl, while that increasing calcium was opposite[84]. 
This effect was explained by a specific affinity of  some 
ions (e.g., sulfate) for apatite and might be a reason for 
transition of  congruent to incongruent dissolution in 
some cases[92-94,97]. Similarly, presence of  other com-
pounds might influence the dissolution congruence[98]. 
Other reasonable explanations might be due to either ex-
perimental difficulties in precise following of  Ca/P ratio 
both in the solution and on the crystal surface or differ-
ences in chemical and structural compositions of  apa-
tites studied by different researchers (both FA and HA 
are known to be often non-stoichiometric and calcium-
deficient, especially on the surface[2-4,87-89,99]).

The idea on a great influence of  a surface layer is 
supported by the data on dissolution of  stoichiomet-
ric HA (Ca/P = 1.67) in aqueous solutions within pH 
4.90-9.94[76]. The authors found that after removal of  an 
irreversible surface, which generated excessive calcium 
and orthophosphate solution concentrations, further 
behavior of  HA became reproducible. A surface of  one 
atom-layer thickness or less was believed to have formed 
during the preparation of  the solid[76]. On the other 
hand, dissolution of  HA in aqueous medium appeared 
to be always non-stoichiometric at the beginning, but 
when the solid was successively equilibrated at any given 
pH, the solution Ca/P ratio approached a limiting value 
of  1.67. Once this value was reached, the solid only 

maintained this solution ratio by dissolving stoichiomet-
ricaly[76]. The authors explained these phenomena by a 
previous history of  the samples studied. A similar con-
clusion was also made in another paper[74]. Thus, the ex-
perimental techniques of  apatite preparation might have 
a great influence to stoichiometry/non-stoichiometry of  
dissolution. This is a serious drawback.

Finally, the results on theoretical analysis of  surface 
layer formation on HA should be reported[85]. The main 
point of  that paper is an idea that both the stoichio-
metric HA (Ca/P = 1.67) and any non-stoichiometric 
CDHA (Ca/P ratio within 1.5-1.67) might be described 
as the same substance. More precisely, there is a continu-
ous amount of  intermediate compounds within 1.5 ≤ 
Ca/P ≤ 1.67 having the same crystal structure which 
is drawn as a line on the solubility diagram CaO - P2O5 
- H2O[85]. Furthermore, according to the authors, at the 
steady state, both HA and CDHA are dissolved congru-
ently only when both the solution and solid have the 
same Ca/P ratio. Therefore, any sample of  HA and 
CDHA is dissolved incongruently except the only one 
solution composition having the similar Ca/P ratio with 
that particular sample. In all other cases, a surface layer 
having a Ca/P ratio less than 1.67, which is often used as 
the indication of  incongruent dissolution of  apatite, will 
form as a result (this, however, depends on the accuracy 
with which the analyses can be made)[85]. Thus, whether 
apatites are dissolved congruently or incongruently 
might also depend on both their initial chemical compo-
sition and the solution properties.

To conclude, one should notice that all the afore-
mentioned cases of  incongruent dissolution of  both FA 
and HA describe the formation of  a surface layer of  a 
CDHA and/or acidic calcium orthophosphates, which 
is calcium-depleted when compared to the bulk apatite. 
Thus, there is a disagreement between the incongruent 
dissolution and calcium-rich layer formation model. Per-
haps, this might be due to the differences in experimen-
tal conditions.

Chemical model
A chemical dissolution model was proposed as well[100-102]. 
This model was developed from a self-evident supposi-
tion that it would be highly unlikely if  apatite were dis-
solved by detachment of  “single molecules” equal to 
the unit cells and consisting of  18 ions. Moreover, in the 
crystal lattice all ions are shared with neighboring unit 
cells and often cannot be attributed to the given “single 
molecule”. Therefore, based on the experimental results 
obtained on the one hand and an analysis of  the data 
found in references on the other hand, a sequence of  
four successive chemical reactions:
Ca5(PO4)3(F, OH) + H2O + H+ = Ca5(PO4)3(H2O)+ + HF, H2O  (1)
2Ca5(PO4)3(H2O)+ = 3Ca3(PO4)2 + Ca2+ + 2H2O	   (2)
Ca3(PO4)2 + 2H+ = Ca2+ + 2CaHPO4		    (3)
CaHPO4 + H+ = Ca2+ + H2PO4

-			    (4)
was proposed to describe the chemical processes of  apa-
tite dissolution[100-102]. According to this model, equations 
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(1)-(4) should be used instead of  the well-known net-
reactions (5) and (6):
Ca5(PO4)3(F, OH) + 7H+ = 5Ca2+ + 3H2PO4

- + HF, H2O (5)
Ca5(PO4)3(F, OH) → 5Ca2+ + 3PO4

3- + F-, OH-             	  (6)
Chemical model (1)-(4) was initially created for de-

scription of  apatite dissolution in strong acidic media[101] 
and appeared to be a further development of  some ideas 
proposed earlier. For example, already in 1960s reactions 
(5) and (6) had been suggested “not to give the mecha-
nism but merely express net-reactions only”[103]. Later, 
Pearce[104] and Chow[35] discussed which of  net-reactions 
(5) or (6) described the dissolution process better. For 
acidic dissolution of  apatites, net-reaction (5) represents 
the direct chemical interaction between the surface of  
solid apatite and an acidic solution. However, Pearce 
suggested that, in principle, the dissolution process 
might also happen according to net-reaction (6) followed 
by a chemical interaction in the solution among the ions 
of  apatite and acid near the crystal surface[104]:
5Ca2+ + 3PO4

3- + F-, OH- + 7H+ = 5Ca2+ + 3H2PO4
- + HF, H2O (7)

In spite of  a lack of  the experimental techniques, 
able to follow the detachment of  single ions, a reason-
able ionic description of  apatite dissolution as a system 
of  chemical equations (1)-(4) was created from the 
indirect measurements[100-102]. According to this model, 
chemical dissolution of  apatite occurs step by step 
on the surface via intermediate formation of  a mono-
atomic layer of  some virtual compounds, like Ca3(PO4)2 
and CaHPO4

[100-102]. Both latter substances are known as 
precursors of  apatite formation during chemical crystal-
lization[3,105]. Moreover, based on the sequence of  ionic 
detachment (first fluorine for FA or hydroxide for HA, 
followed by calcium and afterwards by orthophosphate) 
it is suggested that dissolution of  apatites is always in-
congruent (non-stoichiometric) at the atomic (ionic) 
level. However, a lack of  the precise experimental verifi-
cation transforms the chemical model into a reasonable 
hypothesis only.

To conclude this model, one may assume that some 
new relations between the kinetically controlled and 
chemical models might be established in future. Before 
the chemical model was created, chemistry of  apatite dis-
solution had been always described by equations (5) or (6) 
+ (7). For this reason, the kinetically controlled model 
was also adapted for these equations. For example, the 
overall rate constants for net-reactions (5), (6) and (7) 
are still used for calculations, whereas they are probably 
equal to either the lowest of  the rate constants of  (1)-(4) 
(the rate determining step) or some combination.

Etch pit formation
A process of  etch pit formation describes acidic dis-
solution of  apatite crystals containing structural defects 
(dislocations and inclusions)[41-48,96,106-115]. A radius of  dis-
locations outlets (hollow cores) on apatite was calculated 
to be within 8.3-20 Å for screw dislocations and 18-43 Å 
for edge ones[109]. The presence of  dislocations acceler-
ates dissolution, because dislocations give rise to con-

tinuous steps on the surface (Figure 2D) and the strain 
energy they cause in crystals favors etch pit formation. 
Thus, the dissolution process of  solids is induced by for-
mation of  pits (Figure 3) and continues with spreading 
of  their stepwaves[116,117]. As a result, the surface of  apa-
tite becomes rough and the total edge length and edge 
free energy increases[41-48]. These pits provide dissolution 
sites and the entire reaction proceeds via nucleation and 
growth of  the pits accompanying step flow. The pits ap-
pear at the dislocation outlets, usually they are 0.1-10 µm 
in size (their dimensions depend on dissolution kinetics 
and dissolution time: they increase when the dissolution 
progresses; furthermore, the crystals must be sufficiently 
big to provide enough room for large pits to form). The 
walls and bottom of  etch pits consist of  crystal faces 
possessing the highest dissolution rates, which allow 
them to grow. However, the growth kinetics of  etch 
pits (therefore, the dissolution process of  apatites in 
general) might be suppressed by addition of  very simple 
chemicals, such as NaCl. This phenomenon might be 
attributed to a competition for surface protonation sites 
between Na+ and H+ ions.

 For dissolution of  apatites, the pits usually have a 
hexagonal shape (Figure 3) according to the crystal sym-
metry P63/m of  pure HA and FA[106-111,118-123]. However, 
their shape might be different (e.g., triangular) when spe-
cific ions (e.g., fluoride) are present in a solution[121]. It is 
important to mention that the growing process of  etch 
pits might be inhomogeneous: movement of  the dissolu-
tion steps on one side of  any single pit might be faster 
or slower their counterparts on the other side, suggesting 
the formation of  asymmetric pits, as schematically shown 
in Figures 3A and D. Concerning height of  the steps, it 
appears to depend on both crystal faces and dissolution 
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Figure 3  A typical etch pit on the surface of calcium apatites. A: Top view 
and a model of its evolution during dissolution. Arrows represent relative step 
velocities displaying different facets; B: View through the [001] direction in the 
(100) surface. The exposed step faces can be seen to be un-equivalent owing 
to the opposite orientations of the orthophosphate groups. Reprinted from Ref. 
[118] with permission; C: Schematic of the evolution of hexagonal etch pits. 
Four differently colored arrows represent relative step velocities. Reprinted from 
Ref. [120] with permission.
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conditions. For example, for an HA (100) surface ex-
posed to deionized water, the average height of  each step 
was found to be 0.84 ± 0.1 nm, which is close to the in-
terlayer distance of  the (100) surface [d(100) ≈ 0.82 nm]. 
Furthermore, it remained constant during dissolution[120].

The formation of  etch pits on the crystal faces is 
the driving force for dissolution. However, in the case 
of  nearly physiological conditions and sufficiently low 
solution undersaturation, a free energy barrier becomes 
too high for vacancy nucleation to occur on a time 
scale that is competitive with other processes. Thus, the 
dissolution process of  apatites becomes spontaneous 
only when etch pits of  critical sizes (determined by the 
Gibbs-Thomson effect, a well-known thermodynamic 
principle) are reached[41-48]. At this critical size, the free 
energy change goes through a maximum that defines an 
energy barrier to a pit formation. Therefore, only rela-
tively large pits (of  sizes greater than a critical value) ap-
pear to be active, with stepwaves contributing to dissolu-
tion, while the spreading velocities are also dependent on 
the pit sizes, decreasing with pit size decreasing. More-
over, during dissolution, the crystals become smaller and 
the average lengths of  dissolution steps decrease (which 
leads to a decrease in dissolution rates) and approach the 
critical value. When dimensions of  dissolving crystals is 
sufficiently reduced, in some cases dissolution is thought 
to be dynamically stabilized (dissolution suppression) 
due to a lack of  space for active pits/defects formation 
on the very small crystallite surfaces[41-48]. This phenom-
enon involves particle-size-dependent critical conditions 
of  energetic control at the molecular level. Although, 
the authors claim this effect as “a new dissolution model 
incorporating particle size considerations”[41-48], in fact, 
they just have introduced some boundary conditions (the 
minimal pit sizes and crystal dimensions) to the etch pit 
formation process. One should remind, that a similar ef-
fect of  the dissolution self-inhibition was detected by the 
authors of  the calcium-rich layer formation model[19,49-53], 
although the interpretation of  this effect was quite dif-
ferent (see above).

Different acids were used in experimental investi-
gations but, unless the conditions of  surface coating 
creation[124], no specific influence of  the acids to etch pit 
formation and growth was found[106-115]. A theoretical ba-
sis for the pit formation and growth at the surface out-
lets of  dislocations includes detachment of  single ions 
from the kink sites. The bulk rate associated with disso-
lution stepwaves arises quite naturally from the equations 
describing the spreading of  step trains from structure 
defects and densities[43]. However, until recently, the ex-
perimental investigations on pits formation and growth 
on apatites were made when their dimensions became 
at least 0.3-0.5 µm and even larger. Smaller dimensions 
of  pits were out of  the range of  old microscopes. That 
is why, the initial stages of  etch pits formation are not 
quite clear yet.

The investigations on apatite dissolution using atomic 
force microscopy provided new data on this point[41-48,66,67

,118-122]. For example, the growth process of  a single pit on 
apatite was followed since its dimensions were 50 nm[66,67]. 
Therefore, one may expect new results on even smaller 
dimensions of  pits to appear soon.

Ion exchange model
An ion exchange dissolution model is based on a sup-
position about adsorption of  protons[40] and anions of  
acid (e.g., citrate anions[125-127]) from a solution onto the 
surface of  apatite and removing ions of  calcium and 
orthophosphate into the solution instead. An uptake 
of  citric acid[125] and citrate ions[126] from dilute (4-12.5 
mmol/L for citric acid[125] and 0.05-1 mmol/L for sodi-
um citrate[126]) aqueous solutions by a synthetic HA was 
found to be time independent and follow Langmuir iso-
therms rather good. However, it was not the case when 
solutions of  higher concentrations were used. In more 
concentrated solutions (13-100 mmol/L of  citrate), this 
interaction was “reactive” and not “adsorptive”[125]. 

Adsorption was found to take place by ionic ex-
change of  orthophosphate by citrate ions at the solid-
solution interface, caused by a higher affinity of  citrate 
than orthophosphate species for the Ca-sites on the sur-
face. Citrate ions were proposed to interact in two ways: 
C6H8O7

3- interacted weakly in a bi-dentate manner (1 
citrate per 2 calcium sites), whereas C6H9O7

2- interacted 
strongly in a mono-dentate manner (1 citrate per 1 cal-
cium site)[126]. Recent computer simulations revealed that 
this process is followed by hydrogen-bonded interactions 
of  citric acid to surface oxygen ions of  apatites[128]. Fur-
thermore, the adsorbed citrate molecules can use their 
free carboxylate and hydroxyl groups to self-assemble on 
the HA surface via intermolecular hydrogen bonding[129].

Later this model was updated by investigation of  ap-
atite dissolution in other acids and an adhesion-decalci-
fication concept was introduced[130,131]. According to this 
concept, the mechanism of  acidic interaction with HA 
was found to involve two phases. In the first phase, an 
acid bonds to surface calcium of  HA with formation of  
calcium-acid complexes. Depending on both a solubility 
and a diffusion rate of  the calcium-acid complexes from 
the HA surface to a solution, the acid will in the second 
phase either remain attached to the HA surface with 
only limited decalcification involved or the calcium-acid 
complexes will detach, resulting in a substantial decalci-
fication effect. Rather similar data, in which carboxylic 
groups of  polyalkenoic acid were adsorbed on the sur-
face of  an HA substrate, replaced orthophosphate ions 
and made ionic bonds with calcium ions of  HA, were 
obtained in another study[132].

Recently, ab initio total energy methods were used 
to study the atomic structure and surface chemistry of  
HA[133]. All surfaces of  HA were found to react strongly 
with water and a loss of  Ca from the surface in exchange 
for two H appeared to be very favorable. Since these 
calculations were performed for the case of  water ad-
sorption on HA, it remained unclear whether they can 
be applied to the acidic solutions. Nevertheless, other 
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researchers found this effect experimentally[86,88]. Fur-
thermore, another type of  the exchange was proposed 
for HA, in which one calcium and one hydroxyl were 
replaced by one proton[87].

To conclude this model, the time independent ionic 
exchange of  orthophosphate by citrate was detected in 
dilute solutions only. In more concentrated solutions it 
transferred into chemical reaction (5) followed by time 
dependent precipitation of  calcium citrate when its solu-
bility was exceeded[125,127]. Application of  this model to 
HA dissolution in other acids revealed its dependency on 
both the solubility and the diffusion rate of  the calcium-
acid complexes[130,131]. Thus, new experimental data are 
necessary, to elaborate the ion exchange model further.

Hydrogen catalytic model
A hydrogen catalytic model is based on a reasonable 
suggestion about adsorption of  protons onto negatively 
charged oxygen ions of  the surface orthophosphate 
groups of  apatites[134]. Sorption of  protons results in par-
tial transformation of  surface PO4

3- groups into HPO4
2- 

and catalyses the dissolution process[9,10,15,18,20,53-61,89]. A 
schematic representation of  this process at different 
solution pH is shown in Figure 4[119]. Besides, recent 
computer simulations revealed that both OH- (for HA) 
and F- (for FA) located on the surface are protonated as 
well and, of  them, fluoride ions exhibited much lower 
proton affinities (pKB = 10.8, a weak base) compared to 
hydroxide (pKB = 0, a strong base)[135]. Furthermore, the 
surface protonation of  apatites is intimately related to 
hydrogen bonding. The details on the latter process are 
available in literature[136].

One can notice, that the authors of  different dis-
solution models (the diffusion and kinetically con-
trolled[9,10,15,18,20] and polynuclea[56-61] models) have sug-
gested a similar possibility of  a catalytic effect of  the 
adsorbed protons. At present, indirect data only are 
available to support this hypothesis. Namely, at neutral 
pH, dissociation of  ions is penalized by more than 150 
kJ/mol giving rise to very stable apatite-water inter-
faces[135]. This picture changes drastically with decreasing 
pH, as the protonation of  orthophosphate and hydrox-
ide ions lowers the free energy of  calcium ions dissocia-
tion. An obvious trend in apatite dissolution is that the 
dissolution rate is increased as the solution pH decreases, 
which is a general phenomenon observed in dissolution 
of  other minerals. This indicates that dissolution pro-
ceeds by surface protonation, which promotes breaking 
of  Ca-O bonds.

In the course of  proton uptake, the charge of  the 
surface anions is reduced and the Coulomb attraction to 
the crystal surface is lowered considerably, which might 
be considered as “catalysis”. Currently, no precise in-
formation about a catalytic activity of  adsorbed protons 
on the dissolution of  apatites is available. However, it 
does not mean that this effect does not exist. Up to now, 
nobody has ever succeeded to reveal a catalytic effect 
unambiguously due to a lack of  an experimental tech-
nique able to provide the experimental data necessary. 
Obviously, the general idea on a catalytic activity of  the 
adsorbed protons seems reasonable and, perhaps, this 
effect will be better elucidated in future.

SUMMARY ON THE DISSOLUTION MODELS
There is an old tale on six blind men, who wanted to 
determine what an elephant looked like. An elephant 
was delivered and the men were allowed to feel different 
parts of  its body. The blind man who felt a leg said the 
elephant was like a pillar; the one who felt the tail said 
the elephant was like a rope; the one who felt the trunk 
said the elephant was like a tree branch; the one who felt 
an ear said the elephant was like a hand fan; the one who 
felt the belly said the elephant was like a wall; and the 
one who felt the tusk said the elephant was like a solid 
pipe. Thus, six blind men appeared to be in complete 
disagreement. Then, a wise man explained to them: “All 
of  you are right. The reason every one of  you is telling 
it differently is because each one of  you touched the 
different part of  the elephant. So, actually the elephant 
has all the features you mentioned.” The story is widely 
used to indicate that the reality may be viewed differently 
depending upon one’s perspective, suggesting that what 
seems the absolute truth may be relative due to a decep-
tive nature of  half-truths.

As the complete physical picture that explains widely 
observed variations in dissolution behavior is still lack-
ing, a similar approach must be adapted to the aforemen-
tioned dissolution models of  calcium apatites. Undoubt-
edly, each from the aforementioned models appears to 
have limitations and drawbacks of  its own and none of  
them is able to describe the apatite dissolution in general. 
Moreover, most of  the models were elaborated for apa-
tite dissolution in either slightly acidic or nearly neutral 
(4 < pH < 8) aqueous solutions, relatively small values 
of  solution undersaturation and temperatures of  25 ℃ 
and 37 ℃ only. Nothing is known about the validity of  
these models for apatite dissolution in strong inorganic 
acids (HCl, HNO3, H2SO4, H3PO4) for solution pH < 2 
and temperatures above 70 ℃. Moreover, in such “tough” 
experimental conditions, the numerical value of  solu-
tion undersaturation by HA and FA becomes uncertain 
due to impossibility to determine their solubility[1-4]. The 
latter cases serious problems for application of  current 
versions of  calcium-rich layer formation and polynuclear 
models to apatite dissolution in strong acids, because 
both models operate with the solution supersatura-
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Figure 4  A schematic representation of surface protonation of apatites at 
different solution pH. Reprinted from Ref. [119] with permission.
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tion/undersaturation phenomena. The abovementioned 
“tough” dissolution conditions are common in industry 
of  fertilizer production[137] and have to be taken into ac-
count by the final version of  any dissolution model.

However, there are no doubts that each of  the mod-
els discussed is correct for the specific experimental con-
ditions studied. The different models are just devoted to 
diverse aspects of  the same process of  apatite dissolu-
tion and are likely complement each other. Undoubtedly, 
the dissolution process of  calcium apatites has all the 
features elaborated within eight dissolution models. Un-
fortunately, it is still impossible to obtain the complete 
understanding for all the processes involved because 
experimental techniques able to provide direct following 
after diffusion, sorption, detachment and transformation 
of  the single atoms, ions and molecules currently are 
lacking. Therefore, researchers are still forced to make 
conclusions about the events happening at the atomic 
(ionic) level based on indirect measurements and/or cal-
culations only. That is why, combining the experimental 
and theoretical findings, obtained by different investiga-
tors (often under hardly comparable experimental con-
ditions), currently, seems to be the only way to create a 
general depiction of  the dissolution mechanism of  cal-
cium apatites in acids.

A REASONABLE CLASSIFICATION OF 
THE DISSOLUTION MODELS
At the fundamental level reactions between solids and 
liquids involve a coupled sequence of  mass transport, 
adsorption/desorption phenomena, heterogeneous re-
action, chemical transformations of  intermediates, etc., 
whose identification, separation and kinetic quantifica-
tion are all necessary if  the mechanism of  the process is 
to be fully understood and described[138]. It is also gener-
ally agreed that during dissolution lattice ions undergo 
the following processes: (1) detachment from a kink site, 
(2) surface diffusion away from the crystal steps, (3) de-
sorption from the surface and (4) diffusion into the bulk 
solution[139]. Therefore, the steady-state conditions of  
apatite dissolution in aqueous acidic media include the 
following simultaneous processes or steps: (1) diffusion 
of  chemical reagents (H+ and anions of  acid An-) from 
bulk solution to the solid/liquid interface; (2) adsorption 
of  the chemicals onto the surface of  apatite; (3) chemi-
cal transformations on the surface; (4) desorption of  
products (ions of  fluoride, calcium and orthophosphate) 
from the crystal surface; and (5) their diffusion into the 
bulk solution.

All the steps mentioned above are likely to be much 
more complicated. For example, processes 1 and 5 in-
clude chemical transformations happen with the ions 
during diffusion, because solution pH is known to de-
pend on the distance from the solid/liquid interface (in 
acidic solutions it is higher near the surface of  apatite 
and decreases when the distance increases)[140,141]. Pro-
cesses 2 and 4 include ionic diffusion along the surface 

both to (step 2a) and away from (step 4a) the crystal 
steps, respectively, as well as a diffusive jump (steps 2b 
and 4b)[139]. Finally, process 3 consists of  several succes-
sive chemical transformations [step 3a - chemical equa-
tions (1)-(4)][100-102] and includes ionic detachment from 
the kink sites (step 3b)[139]. Moreover, for adsorption (step 
2) to take place, the following intermediate steps are 
necessary: (1) dehydration of  a surface site; (2) partial 
dehydration of  ions; and (3) a diffusive jump toward the 
surface[139]. One can also expect three similar intermedi-
ate steps (diffusion jump from the surface, hydration 
both the ions and the surface site) for desorption (step 4).

As shown above, different models describe just di-
verse aspects of  the same phenomenon of  apatite disso-
lution. Commonly, the main distinction is made between 
the transport control and surface-reaction control. For 
example, in the diffusion controlled, two-site and poly-
nuclear models steps 1 and 5 limit a reaction rate. On the 
contrary, in the kinetically controlled, chemical and hy-
drogen catalytic models a reaction rate is limited by step 
3. In the cases of  the ion exchange and self-inhibition (or 
calcium-rich layer formation) models, a reaction rate is 
likely to be controlled by both ionic diffusion (steps 1 and 
5) and kinetics of  the adsorption/desorption phenomena 
(steps 2 and 4). Processes of  etch pit formation and dis-
solution stoichiometry - are the experimental facts, not 
models. Thus, they may be controlled by factors pertain-
ing to any step from 1-5 and even all of  them.

BRIEF INFORMATION ON APATITE 
STRUCTURE
Briefly, crystals of  HA and FA consist of  individual or-
thophosphate tetrahedra linked by calcium cations. The 
orthophosphate groups forms the skeleton having two 
types of  calcium sites. The first [Ca(1) site] is occupied 
by four calcium atoms that have a nine-fold coordina-
tion, while the second [Ca(2) site] is occupied by six cal-
cium atoms having a seven-fold coordination. Fluoride 
(for FA) or hydroxide (for HA) anions are located within 
the same channels as the Ca(2) sites and have a high mo-
bility[1-4,142,143]. Thus, the apatite structure contains Ca-F 
(for FA), O-H (for HA), Ca-O and P-O bonds; consider-
ation of  the relative electrostatic strength of  these bonds 
suggests that their relative destruction rate is consistent 
with: Ca-F ≈ Ca-OH > Ca(1)-O > Ca(2)-O > P-O. 
Considering its structure, once all Ca-F and Ca-O bonds 
are broken, apatite is destroyed; while breaking of  P-O 
bonds is unnecessary for apatite dissolution[96].

NECESSARY ASSUMPTIONS AND 
LIMITATIONS
When apatite comes into a contact with an acidic aque-
ous solution, dissolution steps 1-5 (see section 4) begin. 
Before giving the detailed description of  the processes 
involved, the following assumptions and limitations must 
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be made: (1) the stoichiometric apatite (Ca/P = 1.67) is 
dissolved and neither non-stoichiometric layers nor other 
ions except of  calcium, orthophosphate, hydroxide (for 
HA) or fluoride (for FA) are initially present in the crystal 
lattice, whereas volume and surface defects (dislocations 
and dislocation outlets respectively) might be present 
and, if  present, they are distributed randomly; (2) except 
of  the presence of  dislocation outlets, the initial surface 
of  apatite is perfect (molecularly sooth). Otherwise, each 
imperfection might act as a possible dissolution nucleus; 
(3) in spite of  the limitations and drawbacks discussed 
above, all the afore-discussed dissolution models are 
correct and complementary to each other; (4) in some 
cases, anions of  acid might have an influence on apatite 
dissolution due to a specific affinity (e.g., citrate) or by 
means of  formation of  insoluble compounds (e.g., sul-
fate, fluoride). That is why, anions are specified neither 
here nor below. It is just assumed that dissolution of  
apatite occurs in acid HnA, where An- is an anion; (5) only 
soluble compounds are formed during the apatite disso-
lution in acids. No precipitates are obtained; (6) hydration 
effects for all the ions and molecules involved as well as 
those for crystal surface of  apatite[99,144-148] are omitted 
for simplicity; (7) all crystal faces of  a solid apatite are 
equal and have a similar ionic arrangement. Although, it 
was found that HA (001) facets could be more resistant 
against acidic dissolution than (100) ones[149], no specific 
influence of  different crystal faces on the dissolution 
process is considered; and (8) since the afore-described 
dissolution models have been elaborated for micron-
sized apatite crystals, while the nanodimensional calcium 
orthophosphates possess the special properties[150,151], to 
eliminate the size effects, dissolution of  large crystals is 
described. No specific influence of  crystal dimensions on 
the dissolution mechanism is considered.

Based on these assumptions and limitations, an at-
tempt to create the general description of  the apatite 
dissolution mechanism at the atomic (ionic) level is given 
below.

CREATION OF THE GENERAL 
DISSOLUTION MECHANISM
Atomic (ionic) description for the perfect crystals
Immediately after being placed to acidic aqueous solu-
tions, the surface of  apatite crystals becomes in contact 
with water molecules and ions of  the acid, which results 
in sorption of  all these chemicals with simultaneous 
formation of  a solid/liquid interface and various adja-
cent strata, such as a Nernst diffusion layer, an electrical 
double layer, etc. Transport of  the chemicals (H+ and 
An-) to the solid/liquid interface always happens by ionic 
diffusion through the Nernst diffusion layer (Figure 1). 
A thickness of  this layer depends on both solution hy-
drodynamics and dimensions of  the crystals dissolving: 
it decreases when agitation intensity increases and crystal 
sizes decrease. However, in no cases the thickness be-
comes equal to the zero[152]. Thus, a concentration gradi-

ent is always present near the solid/liquid interface, the 
diffusion laws always remain valid and all findings of  the 
diffusion-controlled model (e.g., an adsorption resistance 
and a diffusion jump) remain applicable for any case of  
apatite dissolution. A similar approach is correct for the 
surface phenomena: when dissolution occurs, adsorption 
and desorption of  ions, as well as chemical transforma-
tions (1)-(4) always take place on the surface regardless 
the experimental conditions chosen.

After being delivered by diffusion to the solid/liquid 
interface, ions of  H+ and An- are adsorbed onto the sur-
face of  apatite. A great number of  various surface com-
plexes might be formed as a result[86-89,153-155]. According 
to the diffusion-controlled model, there is an adsorp-
tion resistance for ions to be adsorbed onto the surface 
and in order to overcome the resistance the ions make 
a diffusive jump toward the surface to a distance cor-
responding to their size[139,156]. Being charged positively, 
protons are adsorbed onto oxygen ions of  orthophos-
phate groups[58] as well as onto ions of  fluoride (in the 
case of  FA) and hydroxide (in the case of  HA). After the 
model by Wu et al[153], the surface protonation of  apatites 
proceeds via formation of  ≡POH surface groups (“≡” 
stands for the surface) at 5 < pH < 7, while apatite sur-
faces become fully protonated at pH < 5. One may ex-
pect to find some differences in the adsorption kinetics 
of  protons onto fluoride, hydroxide and orthophosphate 
ions. Namely, due to a higher electro negativity of  fluo-
ride (when compared to oxygen ions of  orthophosphate 
groups) and a higher basicity of  hydroxide (when com-
pared to orthophosphate), adsorption of  protons might 
happen faster (or previously) onto these ions when 
compared with orthophosphate. However, recent results 
of  computer simulations indicated a possibility of  OH- 
protonation by the nearest HPO4

2- ion[135], indicating to 
the fact, that orthophosphate ions might be protonated 
faster (or previously) if  compared to that for hydroxide 
ions. Obviously, this topic needs to be clarified in future.

Anyway, negatively charged anions An- may be ad-
sorbed onto calcium cations only. According to the ion 
exchange model, the exchange process shows an adsorp-
tion of  about one anion per unit-cell of  apatite[125-127]. 
On the other hand, the surface of  apatites is charged 
positively in aqueous acidic media and negatively in ba-
sic solutions (the point of  zero charge is at solution pH 
within 6.8-8.5) with an electric double layer formation 
at the solid/liquid interface[70-72,78,86-88,153-155,157,158]. The lat-
ter points out to a non-equivalent ionic adsorption of  
H+ and An- onto apatite: in acidic solutions, adsorption 
of  protons always exceeds that of  An-, while in basic 
solutions the situation is opposite. Therefore, in acidic 
solutions there is at least one extra-adsorbed proton per 
several neighboring unit-cells of  apatite when compared 
to the number of  adsorbed anions. The fact of  a non-
equivalent ionic adsorption might be explained by dif-
ferences in sizes and mobility between H+ and An-[159]. 
Great difference in the surface sites available is another 
reason for the non-equivalent ionic adsorption. Namely, 
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the concentration of  the lattice ions being on the surface 
of  HA were found to be equal to 2.57, 3.02 and 4.50 
ions/nm2 for OH-, PO4

3- and Ca2+, respectively[69]. Fur-
thermore, according to drawings of  the apatite structure, 
the most part of  its surface (up to 80%-90%) is covered 
by oxygen ions of  orthophosphate groups[160].

Ions of  the crystal lattice of  apatites are known to 
have different crystallographic positions: so-called X-ions 
(F-, OH-, Cl- and substitutes for them) are located in 
Ca(2) channels parallel to c-axis[1-4,142,143]. This position 
results in a relatively high mobility of  X-ions: for ex-
ample, they might be mutually substituted rather easily 
[88,89,161-163] with formation of  intermediate compounds, 
like fluorhydroxyapatites or hydroxyfluorapatites[17,83,164]. 
Based on these findings, dissolution of  apatite in acids 
was suggested to start with detachment of  X-ions (more 
likely, as HX) from the surface[100-102] followed by their 
diffusion away from the crystal steps and further into the 
bulk solution[139,156]. Recent computer simulations revealed 
some differences in the dissolution kinetics between F- 
and OH- anions in apatites: surface fluoride is dissolved 
not as readily as hydroxide is[143]. Initial leaving of  X-ions 
was also detected in the incongruent dissolution mod-
el[17,68,77,83,88,89]. Moreover, numerical values for the surface 
tension found for dissolution of  HA appeared to be 
clearly lower than those found for HA growth (the poly-
nuclear model). The latter data were explained by partial 
protonation of  orthophosphate groups and missing of  
some hydroxide ions on the crystal surface[60].

After detachment of  X-ions from the surface, there 
are calcium, orthophosphate, H+ (as HPO4 and/or 
H2PO4 groups) and An- ions left on it (hydration effect 
is omitted for simplicity). From now on, any differences 
between FA and HA disappear. In any cases, adsorption 
of  protons onto calcium is impossible due to charge re-
pulsion. Therefore, an electrical double layer with a posi-
tive charge on apatite cannot be continuous at the atom-
ic (ionic) scale. There should be local uncharged places 
in it, say, at the positions of  calcium cations. According 
to the chemical model, an interaction between calcium 
cations and anions of  acid adsorbed from a solution is 
believed to happen in such places[100-102]. This interac-
tion results in breaking of  surface ≡O-Ca bonds (“≡” 
stands for the surface) and detachment of  some calcium 
from the kink sites followed by their diffusion away 
from crystal steps and further into the bulk solution 
(the diffusion-controlled model[139,156]). Detachment of  
calcium might occur as calcium-acid complexes (the ion 
exchange model). Recent computer simulations revealed 
that a local excess charge of  +3 and +4 must be created 
to cause exothermic Ca2+ displacement from Ca(1) and 
Ca(2) cites, respectively[135]. If  so, under otherwise equal 
conditions, detachment of  Ca2+ ions from Ca(1) cites of  
the apatite surface should happen faster and/or easily 
than that from Ca(2) cites.

Detachment of  calcium ions results in formation of  
dissolution nuclei. These nuclei are defined as collections 
of  vacant sites for Ca2+, PO4

3- and X- ions on the crys-

tal surface of  apatite[56]. According to the polynuclear 
model, removal even of  one ion might result in further 
dissolution because critical nuclei (x*) were calculated to 
consist of  1-26 ions for dissolution of  HA and 0.3-34 
ions for dissolution of  FA. (According to the authors, x* 
< 1 means that there is no nucleation barrier to be over-
come[61]. Since one unit cell of  apatite contains 18 ions, 
x* > 18 means that more than one unit cell should be 
dissolved for a nucleus to form). The numeric values for 
x* were found to depend on solution pH and solution 
undersaturation[60,61]. Furthermore, due to charge repul-
sion, adsorbed protons (as HPO4 and/or H2PO4 groups) 
might catalyze detachment of  calcium ions from the 
kink sites (the hydrogen catalytic model).

After being detached, calcium cations [possibly, as 
calcium-acid complexes (the ion exchange model)] dif-
fuse along the surface away from the dissolution steps 
before entering the solution[139]. For dissolution of  octa-
calcium phosphate (OCP): [Ca8(HPO4)2(PO4)4·5H2O] in 
slightly acidic (pH = 5.66) solutions numeric values for 
the mean surface diffusion distance of  the lattice ions 
detached from steps were calculated. These values were 
found to depend on the edge free energy and be within 
(17 ± 4)α – (41 ± 10)α, where α ≈ 3.7 Å is the size of  a 
growth unit (or mean ionic diameter)[156]. Numeric values 
of  mean ionic diameter for apatites were also calculated. 
They appeared to be less than that for OCP: 3.09 Å for 
HA and 3.07 Å for FA[62]. Taking into the consideration 
great similarities found between the chemical composi-
tion and crystal structures of  OCP and HA[165], one might 
assume that the numerical values of  surface diffusion 
distance for HA should be close to the values for OCP.

Ionic detachment of  some calcium results in remov-
ing of  a local positive charge from apatite, which is im-
mediately compensated by adsorption of  other protons 
from the acidic solution. This conclusion is based on the 
surface charge measurements: no information on influ-
ence of  dissolution time to values of  the surface charge 
on apatite has been found in literature[70-72,78,86-88,153-157]. So, 
one may assume, that if  a chemical composition of  the 
solution is kept constant the surface charge on apatite 
will also remain constant during dissolution. Replace-
ment of  calcium by protons results in formation of  
mono-atomic layer acidic calcium orthophosphates on 
the crystal surface. Chemical phenomena of  these trans-
formations are described by the chemical model[100-102] 
and the kinetics (it strongly depends on the experimental 
conditions chosen) - by the surface controlled model.

After being desorbed from the surface, calcium 
cations (presumably, coupled with anions An-) diffuse 
through the Nernst layer into the bulk solution (the dif-
fusion controlled model)[139,156]. However, according to 
the calcium-rich layer formation model, a part of  the 
already dissolved calcium ions might be adsorbed back 
onto apatite. Adsorption of  calcium was suggested to 
happen at the very beginning of  dissolution only and 
resulted in formation of  a perm-selective layer of  cal-
cium cations with or without counter ions (An- and/or 
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acidic orthophosphate)[19,49-53,68]. In this case, there should 
be a competition between protons and calcium cations 
for the exposed ions of  oxygen on the surface to be ad-
sorbed onto. Experimental data on a shift of  the point 
of  surface zero charge into more basic solution pH in 
presence of  calcium in a solution[157] are in favor of  such 
competition.

An idea on formation of  some layer on the surface 
of  apatite was raised in several dissolution models. For 
example, there is either a supposition (the polynuclear, 
diffusion and kinetically controlled models) or a descrip-
tion (the ion exchange, hydrogen catalytic and chemical 
models) of  a very thin virtual layer of  acidic calcium 
orthophosphates (more exactly presence of  HPO4

2- 
ions) on the surface of  apatite. Besides, according to 
the calcium-rich layer formation model, dissolution of  
apatite happens by ionic diffusion through a layer con-
taining calcium with or without counter ions[19,49-53,68]. 
In part, this idea can be found within the ion exchange 
model where a monolayer of  calcium citrate[125-127] and/
or calcium-acid complexes[130,131] are assumed to form 
onto apatite during dissolution. However, no other 
model requires such suggestion. According to the rest of  
them, formation of  any calcium containing compounds 
(different from acidic orthophosphates) on apatite is not 
discussed at all.

According to the chemical model, the initial stages of  
apatite dissolution consist of  calcium detachment from 
the surface and incorporation of  protons instead. Ortho-
phosphate groups are assumed to keep their positions 
without any relocation[100-102]. Due to the fact, that calcium 
occupies definite lattice positions, whereas protons are 
bound to oxygen ions of  orthophosphate groups, remov-
ing of  each calcium results in decreasing of  attraction 
forces between the nearest (to this calcium) orthophos-
phate group and rest part of  the crystals. When all (or 
almost all) neighboring cations of  calcium have been re-
moved, orthophosphate groups (as H2PO4

-, CaH2PO4
+ or 

H3PO4 - it is not clear yet) also detach from the surface. 
Then they diffuse along the surface away from the dis-
solution steps before entering the solution as described 
above for calcium[139,156].

In the case of  crystal faces with perfectly smooth 
surface (dissolution steps are absent), detachment of  one 
or several ions results in formation of  dissolution nuclei, 
which the polynuclear model is based on[55-63]. Accord-
ing to this model, all sites in nuclei edges are the kink 
positions[62] and, after appearance, the nuclei grow and 
spread over the surface with a definite lateral rate[56], giv-
ing rise to formation of  dissolution steps. If  dissolution 
steps already existed on the crystal faces of  apatite, de-
tachment of  one calcium or one orthophosphate would 
result in dissolution step movement jump-wise over a 
distance equal to the sizes of  these ions (approximately 
for 1 and 3 Å, respectively).

The latter is also valid for dissolution of  crystal edges 
and corners. Since the classical paper by Kaischew[166], it 
is generally considered, that ions are less strongly bound 

along edges of  a crystal than in the middle of  faces 
and still less strongly at the corners[167]. No information 
about the ionic arrangements on edges and corners of  
apatite crystals has been found in literature. Therefore, 
two boundary conditions are possible: the edges and 
corners mainly consist of  ions of  either calcium or or-
thophosphate. However, the edges parallel to the c-axis, 
in principle, may consist of  X-ions (F-, OH-, Cl-). The 
last case is the simplest one. According to the chemical 
model[100-102], dissolution of  apatite starts with proton-
ation and detachment of  X-ions, followed by removing 
of  calcium (one should remind here that “walls” of  
the channels where X-ions are located consist of  Ca(2) 
ions[96]) and afterwards by protonation and removing of  
orthophosphate. In the case, when the edges and corners 
of  apatite mainly consist of  calcium, again, according to 
the chemical model, detachment of  weakly bounded cal-
cium precedes protonation and removing of  orthophos-
phate. Finally, if  the edges and corners mainly consist of  
orthophosphate, the dissolution will start by chemical 
interaction of  protons with these weakly bounded or-
thophosphate groups. The latter decreases electrostatic 
attraction forces between orthophosphate anions and 
neighboring calcium cations (attraction forces between 
Ca2+ and PO4

3- are evidently stronger when compared 
with those between Ca2+ and HPO4

2-). These forces be-
come still weaker after adsorption of  the second proton 
onto the given orthophosphate anion, causing its trans-
formation to H2PO4

- followed by detachment.

Influence of dislocations and surface defects
Before now, no data on crystal defects have been used. 
For this reason, the above description is valid for dis-
solution of  the perfect single crystals without defects 
and with the molecularly smooth surface. However, 
like other solids, crystals of  apatite always contain both 
surface irregularities (e.g., steps, missing ions and dislo-
cation outlets) and structural defects inside the bulk of  
crystals (e.g., dislocations and inclusions). The schematic 
depiction of  a crystal surface is shown in Figure 5. This 
model is known as the “Kossel model”[168]. In principle, 
any surface irregularities may act as dissolution nuclei 
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because sometimes even one missing ion might become 
the critical nuclei (the polynuclear model)[60,61]. 

Each dislocation outlet on apatite was found to be 
a hollow core with radius within 8.3-20 Å for the screw 
dislocations and even 18-43 Å for the edge ones[109]. 
Dimensions of  the hexagonal unit-cell of  apatite are: 
a ≈ 9.43 Å, c ≈ 6.88 Å. If  the numeric values for the 
dislocation outlets were calculated correctly, their dimen-
sions (diameter of  the hollow cores) would be 1.8-4.2 
times a or 2.4-5.8 times c (for the screw dislocations) 
and even 3.8-9.1 times a or 5.2-12.5 times c (for the edge 
dislocations). Thus, each dislocation outlet on the crystal 
surface looks like a large dissolution nucleus equal to 
detachment of  3-19 unit cells, (if  this is taken to be the 
product ac) for the screw dislocations and even of  15-90 
unit cells for the edge ones.

The process of  etch pits formation and growth on 
apatites was described in details elsewhere[41-48,66,67,106-122]. 
In the case of  single crystals of  pure HA, an acid attack 
was found to start formation of  one etch pit in the basal 
plane which was the preferred dissolution spot or active 
site. Immediately afterwards the acid formed a longitu-
dinal hole parallel to the c-axis[110]. On the contrary, dis-
solution of  natural FA was found to happen with forma-
tion of  a great number of  etch pits (about 5 × 105 cm-2) 
on the surface (Figure 6)[113-115]. The latter just points out 
to the great differences in amount of  crystal defects and 
impurities between the chemically pure[41-48,66,67,106-112,118-122] 
and natural[113-115] apatites.

In any case, after being formed, the pits were found 
to grow in all directions (length, width and depth - see 
Figure 3) with definite rates until they either covered 
all crystal faces of  apatite (dissolution of  natural crys-
tals[113-115]) or made longitudinal holes parallel to the c-axis 
(dissolution of  the single crystals of  pure HA[106-111]). 
However, according to “a new dissolution model incor-
porating particle size considerations”, the dissolution 
process becomes spontaneous only when the pits are 
reached the critical sizes[41-48]. The unit-step movement of  
etch pit growth was suggested to consist of  removing of  
a single ion, followed by surface diffusion away from the 

place of  ionic detachment, desorption from the surface 
and diffusion into the bulk solution. All these processes 
evidently occur according to the basic findings of  the ion 
exchange, chemical, calcium-rich layer formation, hydro-
gen catalytic and diffusion controlled dissolution models.

To conclude this part, except the dissolution rates 
increasing and surface etching, no other influences of  
dislocations on the dissolution mechanism were found.

CONCLUSION
Thus, based on eight dissolution models drawn from 
the previously published papers, an attempt to create 
the general description of  apatite dissolution process at 
the atomic (ionic) level has been made. This dissolution 
mechanism is based on current level of  knowledge and 
will be updated, corrected and modified simultaneously 
with appearance of  new experimental data. Now some 
missing and unclear points to be investigated in future 
can be outlined: (1) chemical transformations happening 
with all ions during diffusion through the Nernst layer; 
(2) chemical composition of  the apatite surface during 
dissolution; (3) processes of  ionic sorption and detach-
ment; (4) processes of  dissolution nuclei formation and 
growth; (5) initial stages of  etch pits formation at the 
dislocation outlets; and (6) specific influence of  anions 
to the ionic sorption, surface diffusion and detachment.
The above topics should be investigated in order to have 
better understanding of  all the processes involved. For 
example, atomic force microscopy and phase shift in-
terferometry might be useful tools in investigations on 
dissolution nuclei and etch pits formation[66,67]. Micron-
sized (better nano-sized) electrodes might be helpful in 
studying ionic transformations during diffusion through 
the Nernst layer[140]. Modern techniques of  the surface 
state analysis might be helpful in understanding the sur-
face structure and its chemical composition.
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GENERAL INFORMATION
World Journal of  Methodology (World J Methodol, WJM, online ISSN 
2222-0682, DOI: 10.5662) is a bimonthly peer-reviewed, online, 
open-access (OA), journal supported by an editorial board consist-
ing of  238 experts in methodology from 41 countries.

The biggest advantage of  the OA model is that it provides free, 
full-text articles in PDF and other formats for experts and the pub-
lic without registration, which eliminates the obstacle that traditional 
journals possess and usually delays the speed of  the propagation 
and communication of  scientific research results. The open access 
model has been proven to be a true approach that may achieve the 
ultimate goal of  the journals, i.e. the maximization of  the value to 
the readers, authors and society.

Maximization of personal benefits
The role of  academic journals is to exhibit the scientific levels of  
a country, a university, a center, a department, and even a scientist, 
and build an important bridge for communication between scien-
tists and the public. As we all know, the significance of  the publica-
tion of  scientific articles lies not only in disseminating and com-
municating innovative scientific achievements and academic views, 
as well as promoting the application of  scientific achievements, but 
also in formally recognizing the "priority" and "copyright" of  in-
novative achievements published, as well as evaluating research per-
formance and academic levels. So, to realize these desired attributes 
of  WJM and create a well-recognized journal, the following four 
types of  personal benefits should be maximized. The maximization 
of  personal benefits refers to the pursuit of  the maximum personal 
benefits in a well-considered optimal manner without violation of  
the laws, ethical rules and the benefits of  others. (1) Maximization 
of  the benefits of  editorial board members: The primary task of  
editorial board members is to give a peer review of  an unpublished 
scientific article via online office system to evaluate its innovative-
ness, scientific and practical values and determine whether it should 
be published or not. During peer review, editorial board members 
can also obtain cutting-edge information in that field at first hand. 
As leaders in their field, they have priority to be invited to write 
articles and publish commentary articles. We will put peer review-
ers’ names and affiliations along with the article they reviewed in 
the journal to acknowledge their contribution; (2) Maximization of  
the benefits of  authors: Since WJM is an open-access journal, read-
ers around the world can immediately download and read, free of  
charge, high-quality, peer-reviewed articles from WJM official web-
site, thereby realizing the goals and significance of  the communica-
tion between authors and peers as well as public reading; (3) Maxi-
mization of  the benefits of  readers: Readers can read or use, free of  
charge, high-quality peer-reviewed articles without any limits, and 
cite the arguments, viewpoints, concepts, theories, methods, results, 
conclusion or facts and data of  pertinent literature so as to vali-
date the innovativeness, scientific and practical values of  their own 
research achievements, thus ensuring that their articles have novel 
arguments or viewpoints, solid evidence and correct conclusion; 
and (4) Maximization of  the benefits of  employees: It is an iron law 
that a first-class journal is unable to exist without first-class editors, 
and only first-class editors can create a first-class academic journal. 
We insist on strengthening our team cultivation and construction so 
that every employee, in an open, fair and transparent environment, 
could contribute their wisdom to edit and publish high-quality ar-

ticles, thereby realizing the maximization of  the personal benefits 
of  editorial board members, authors and readers, and yielding the 
greatest social and economic benefits.

Aims and scope
WJM aims to rapidly report the most recent results in medical di-
agnostics, therapeutic techniques and equipment, clinical medical 
research, clinical and experimental techniques and methodology. It 
provides a platform to facilitate the integration of  clinical medicine 
and experimental techniques and methodology to help clinicians 
improve diagnostic accuracy and therapeutic efficacy. The journal 
publishes original articles and reviews on the following topics: (1) 
Clinical medical techniques, including but not limited to those for 
pharmaceutical medicine, laboratory medicine, radioactive medicine, 
medical imaging, nuclear medicine, physical therapy, pathology, 
surgery, disinfection, nutritional therapy, transfusion and medical 
equipment; (2) Clinical medical research on etiology, epidemiology, 
pathogenesis, morphology and function, signs and symptoms, clini-
cal trials, and evidence-based medicine; and (3) Laboratory meth-
odology, including but not limited to techniques in DNA/RNA 
sequencing, preparation and transformation of  competent cells, 
PCR, protein biochemistry, cell biology, genetics and epigenetics, 
immunology, microbiology, animal models of  human pathologies, 
bioinformatics, and laboratory equipment manipulation and control. 

Columns
The columns in the issues of  WJM will include: (1) Editorial: To 
introduce and comment on major advances and developments in the 
field; (2) Frontier: To review representative achievements, comment 
on the state of  current research, and propose directions for future 
research; (3) Topic Highlight: This column consists of  three formats, 
including (A) 10 invited review articles on a hot topic, (B) a commen-
tary on common issues of  this hot topic, and (C) a commentary on 
the 10 individual articles; (4) Observation: To update the development 
of  old and new questions, highlight unsolved problems, and provide 
strategies on how to solve the questions; (5) Guidelines for Basic 
Research: To provide Guidelines for basic research; (6) Guidelines for 
Clinical Practice: To provide guidelines for clinical diagnosis and treat-
ment; (7) Review: To review systemically progress and unresolved 
problems in the field, comment on the state of  current research, and 
make suggestions for future work; (8) Original Articles: To report 
innovative and original findings in basic and clinical medical research 
methodology; (9) Brief  Articles: To briefly report the novel and in-
novative findings in basic and clinical medical research methodology; 
(10) Case Report: To report a rare or typical case; (11) Letters to the 
Editor: To discuss and make reply to the contributions published in 
WJM, or to introduce and comment on a controversial issue of  gen-
eral interest; (12) Book Reviews: To introduce and comment on qual-
ity monographs of  basic and clinical medical research methodology; 
(13) Guidelines: To introduce Consensuses and Guidelines reached 
by international and national academic authorities worldwide on the 
research basic and clinical medical research methodology; and (14) 
Voices: to publicize methodology-related communications that have 
been rejected or impossible for publication elsewhere due to evident 
prejudice and/or unreasonable reasons. Similarly, your experiences 
of  the proven mistreatment during the past grant applications can be 
narrated or documented in this corner. The corresponding responses 
and echoes from readers are also welcome here.
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Abstract
AIM: To understand how work climate and related fac-
tors influence teamwork and collaboration in a large 
medical center. 

METHODS: A survey of 3462 employees was conduct-
ed to generate responses to Sexton’s Safety Attitudes 
Questionnaire (SAQ) to assess perceptions of work en-
vironment via a series of five-point, Likert-scaled ques-
tions. Path analysis was performed, using teamwork 
(TW) and collaboration (CO) as endogenous variables. 
The exogenous variables are effective communication 
(EC), safety culture (SC), job satisfaction (JS), work 
pressure (PR), and work climate (WC). The measure-

ment instruments for the variables or summated sub-
scales are presented. Reliability of each sub-scale are 
calculated. Alpha Cronbach coefficients are relatively 
strong: TW (0.81), CO (0.76), EC (0.70), SC (0.83), JS 
(0.91), WP (0.85), and WC (0.78). Confirmatory factor 
analysis was performed for each of these constructs. 

RESULTS: Path analysis enables to identify statisti-
cally significant predictors of two endogenous vari-
ables, teamwork and intra-organizational collaboration. 
Significant amounts of variance in perceived teamwork 
(R 2 = 0.59) and in collaboration (R 2 = 0.75) are ac-
counted for by the predictor variables. In the initial 
model, safety culture is the most important predictor 
of perceived teamwork, with a β weight of 0.51, and 
work climate is the most significant predictor of col-
laboration, with a β weight of 0.84. After eliminating 
statistically insignificant causal paths and allowing 
correlated predictors1, the revised model shows that 
work climate is the only predictor positively influencing 
both teamwork (β = 0.26) and collaboration (β = 0.88). 
A relatively weak positive (β = 0.14) but statistically 
significant relationship exists between teamwork and 
collaboration when the effects of other predictors are 
simultaneously controlled.

CONCLUSION: Hospital executives who are interested 
in improving collaboration should assess the work cli-
mate to ensure that employees are operating in a set-
ting conducive to intra-organizational collaboration.

© 2012 Baishideng. All rights reserved.
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INTRODUCTION
Change efforts such as total quality management and 
continuous quality improvement reveal the importance 
of  teamwork and collaboration to organizational success. 
In health care, teamwork has consistently been shown 
to improve the quality of  health care and reduce medical 
errors[1,2]. In addition, Hoegl and Gemuenden[2] demon-
strated that the quality of  the teamwork is significantly 
associated with team performance on innovative projects, 
which indicates that teamwork is crucial to organizational 
growth and development. Both of  these studies showed 
that communication is of  the utmost importance for 
determining teamwork and collaboration. This paper 
uses path analysis to construct a causal path model which 
helps identify intra-organizational factors influencing the 
variation in perceived teamwork and collaboration within 
a large medical center.

MATERIALS AND METHODS
Literature review
Teamwork is viewed as group members working together 
to accomplish a common goal. The key insight is that 
team members must possess a mutual awareness (i.e., 
shared perceptions about communication, safety culture, 
work climate and work pressure ), which enables them to 
interact, anticipate each other’s actions and needs, and car-
ry out team processes like coordination. In recent years, 
organizational collaboration has begun to emerge as a dis-
tinct focus of  scholarly and empirical research[3]. Under-
standing employees’ perceptions of  an organization has 
become increasingly important in recent years. Collabora-
tion is defined as “to work jointly with others or together 
especially in an intellectual endeavor”[4]. Thomas et al[3] de-
fined inter-organizational collaboration as a term used by 
scholars and practitioners to describe a process that can 
emerge as organizations interact with one another to cre-
ate new organizational and social structures. The amount 
of  research on inter-organizational collaboration could fill 
many volumes[5]. However, the amount of  research on its 
counterpart, intra-organizational collaboration, pales by 
comparison. The discrepancy may reflect the longstanding 
precedence of  the inter-organizational view in organiza-
tional research[3]. However, in recent years, intra-organiza-
tional views begun to gain attention[5]. These views focus 
more on the organizational relationships within a specific 
organization rather than on those that form outside the 
organization[5]. In particular, the collaboration among em-
ployees within an organization can be just as important 

as, if  not more important than the collaboration between 
organizations. This paper will pursuit the former view and 
quantitatively assesses a path analysis model of  predictors 
of  intra-organizational collaboration.

With respect to demographics, research has indicated 
the women tend to be more collaborative than men, 
which is why women who work in environments requir-
ing high levels of  teamwork often excel in leadership 
positions[6]. Gellers and Kuipert[7] demonstrated that age 
also is positively related to teamwork; as the average age 
of  team members increases, so too does the quality of  
the group’s work. 

Research questions and hypotheses
Given the obvious importance of  teamwork and collabo-
ration in organizations, the central question in this study 
is to what degree work climate, work pressure, percep-
tions of  safety, job satisfaction, and communication are 
significant determinants of  teamwork and collaboration. 
Various organizational research articles have provided 
the basis for the theoretical framework used to develop 
the study hypotheses[8-15]. The exogenous variables in 
this study are Effective Communication (EC), Safety 
Culture (SC), Job Satisfaction (JS), Work Pressure (PR), 
and Work Climate (WC). The endogenous variables are 
teamwork (TW) and collaboration (CO). Each of  the five 
exogenous variables is hypothesized to exert influence in-
dependently on the two endogenous variables. The study 
assumes that teamwork predicts collaboration.

Methodology
Data were gathered from a sample selected in 2008 that 
consists of  3462 employees working for the same tertiary 
medical center in Taipei, Taiwan. Participants were asked 
to respond to Sexton’s[16-18] Safety Attitudes Questionnaire 
(SAQ) to assess perceptions of  work environment via a 
series of  five-point, Likert-scaled questions. This ques-
tionnaire was translated and piloted tested as part of  the 
large survey conducted in the facility. 

The exogenous variables are effective communication 
(EC), safety culture (SC), job satisfaction (JS), work pres-
sure (PR), and work climate (WC). The endogenous vari-
ables are teamwork (TW) and collaboration (CO). Team-
work is measured by responses from six related questions 
in regard to employees’ perceived acceptance of  any sug-
gestions, opportunities for expressing concerns with care 
problems, ability to solve clinical problems together, pro-
vision of  patient support collectively, ability to engender 
collegial responses, and partnership between physicians 
and nurses as a well-coordinated team. Collaboration 
is operationally defined as physicians, nurses, and other 
clinical staff  who work collaboratively within the medical 
center. The measurement instruments for the variables or 
summated subscales are presented in Table 1. Reliability 
of  each sub-scale was calculated. Alpha Cronbach coef-
ficients are relatively strong: TW (0.81), CO (0.76), EC 
(0.70), SC (0.83), JS (0.91), WP (0.85), and WC (0.78). 
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Confirmatory factor analysis was performed for each of  
these constructs. Similar results on psychometric proper-
ties as documented in previous studies[19-21] were found. 
The confirmatory factor analysis results of  this study 
could be obtained from the authors at request.

To analyze the causal relationship among these vari-
ables, a path analysis model was developed using the five 
exogenous variables as predictors and the two endog-
enous variables as the outcome measures. It is postulated 
that teamwork positively affect intra-organizational col-
laboration. Age and gender are considered control vari-
ables (Table 1).

RESULTS
Table 2 shows the summary statistics for each of  the 
study variables measured by the average of  a summative 
scale, ranging from 1 (strongly disagree) to 5 (strongly 
agree). As far as demographics of  the hospital employees 
are concerned, the descriptive analysis showed that 81.4 
% of  the sample were females and 18.6 % were males. 
Younger individuals outnumber older individuals (65.1% 
of  the sample was under the age of  40 years). Although 
all exogenous variables are significantly correlated, no 
strong multicollinearity exists (Table 3). Thus, no predictor 
variables were excluded from the analysis. The correlation 
between teamwork and collaboration is 0.62.

In the initial analysis, effective communication (EC), 
safety culture (SC), job satisfaction (JS), work pressure 
(PR) and work climate (WC) were considered as predic-
tors of  perceived teamwork and collaboration. The total 
variance in teamwork accounted for by the five predic-
tors is 40%, whereas the total variance in collaboration 
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Table 1  Variables, questions, and constructs for the analysis

Construct Question or statement1

Communication 
effectiveness (CE)

It is easy for personnel here to ask questions when 
there is something that they do not understand
I know the proper channels to direct questions 

regarding problems encountered at work
I receive appropriate feedback about my perfor-

mance
My suggestions about safety issues would be acted 

upon if I expressed them to management
Teamwork (TW)

Staff input is well received in the work area
If it is difficult to speak up if I perceive a problem in 

the work setting
Disagreements in the work setting are resolved ap-

propriately
I have the support I need from other personnel

The professional staff here work together as a well-
coordinated team

Safety culture (SC)
I would feel safe being taken care of in my work 

area
Errors or mistakes are  handled appropriately in the 

work area
It is very difficult to discuss errors or mistakes at 

work
I am encouraged by  my colleagues to report any 

concerns I may have
The culture here makes it easy to learn from the 

errors of others
Job satisfaction (JS)

I like my job
Working here is like being part of a large family

This is a good place to work
I am proud to work in this place

Morale here is very high
Work pressure 
(WP)

When my workload becomes excessive, my perfor-
mance is impaired

I am less effective at work when fatigued
I am more likely to make errors in tense or hostile 

situations
Fatigue impairs my performance during emergency 

situations
Collaboration 
(CO)

I experience good collaboration with other nurses
I experience good collaboration with  physicians
I experience good collaboration with other health 

professionals
Work climate 
(WC)

Problem personnel  are dealt with constructively by 
management

This hospital does a good job of training new per-
sonnel

All the necessary information for diagnostic and 
therapeutic decisions is routinely available to me

Trainees in my discipline are adequately supervised

1Likert scale was used for each question: Disagree strongly (1); disagree 
slightly (2); neutral (3); agree slightly (4); and agree strongly (5). Subscales 
were constructed by summing the relevant items under the respective con-
structs. 

Table 2  Descriptive statistics for the study variables (n  = 
3467 employees)

EC SC JS PR WC TW CO

Mean 3.38 3.69 3.76 3.76 3.55 3.76 3.69
Standard deviation 1 0.66 0.89 0.9 0.62 0.71 0.71

EC: Effective communication; SC: Safety culture; JS; Job satisfaction; PR: 
Work pressure; WC: Work climate; TW: Perceived teamwork; CO: Col-
laboration. 

Table 3  Correlation matrix for the study variables

EC SC JS PR WC TW CO2

EC 1.00
SC 0.331 1.00
JS 0.261 0.661 1.00
PR -0.131 -0.041 -0.131 1.00
WC 0.471 0.681 0.611 -0.061 1.00
TW 0.371 0.721 0.611 -0.061 0.671 1.00
CO 0.311 0.581 0.521 -0.03 0.861 0.621 1.00

1Statistically significant at 0.01 or less, 2Endogenous variable. EC: Effective 
communication; SC: Safety culture; JS; Job satisfaction; PR: Work pressure; 
WC: Work climate; TW: Perceived teamwork; CO: Collaboration. 
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accounted for by five predictors and teamwork is 78% 
(Figure 1A). However, work pressure is not significantly 
related to teamwork. Work pressure and job satisfac-
tion are not significantly related to collaboration. Finally, 
teamwork is significantly but weakly related to collabora-
tion (β = 0.11) when the effects of  other predictors are 
simultaneously controlled. 

A revised path analysis that includes only statistically 
significant predictors of  perceived teamwork and collab-
oration as well as intercorrelations among the predictor 
variables is presented in Figure 1B. This model accounts 
for 59% of  variance in teamwork and 75% of  variance in 
collaboration. Teamwork remains weakly and positively 
correlated with collaboration (β = 0.14).

Gender and age were considered as control variables 
in the primary analysis of  perceived teamwork and col-
laboration. However, gender was found not to be a 
statistically significant factor to explain the variation in 
teamwork. Age was found to be negatively correlated 
with teamwork, in contrast to previous research[6] has 
demonstrated just the opposite relationship.

Table 4 shows that the Chi-square value (χ 2) is 1.75, 
with 1 degree of  freedom (Γ), which is statistically sig-
nificant at the 0.186 level; χ 2/Γ is 1.75; the NFI index is 
1.00 and the CFI index is 1.00; lastly, the RMSEA is 0.02. 
These goodness-of-fit statistics show that the final path 
model fits very well with the data. Of  the four statisti-
cally significant predictors of  teamwork, safety culture 
(β =0.42) exerts the most influence on the variability in 
teamwork. Effective communication, job satisfaction and 
work climate have a positive influence on teamwork. For 
intra-organizational collaboration, work climate exerts (β 
= 0.88) more than three times the positive influence on 
collaboration than on team work. However, a negative 
and weak relationship of  collaboration to effective com-
munication and safety culture was found and reported in 
Table 4.

DISCUSSION
A relatively parsimonious path model was presented 
and evaluated. The findings reveal that a significant 
amount of  variance in perceived teamwork (R2 = 0.59) 
and in collaboration (R2 = 0.75) is accounted for by the 
predictor variables. The most important predictor of  
perceived teamwork is safety culture, with a β weight of  
0.42. The most significant predictor of  collaboration is 
work climate, with a β weight of  0.85. Therefore, it is 
recommended that health care executives who are inter-
ested in improving collaboration should assess the work 
climate to ensure that employees are operating in a set-
ting conducive to intra-organizational collaboration and 
cooperation. Considering previous research, a bizarre and 
surprising finding is that effective communication (β = 
-0.13) and safety culture (-0.08) are negatively associated 
with collaboration. It is believed that the measurement of  
effective communication should be revised to use quality 
indicators of  communication that more accurately reflect 
how teamwork is facilitated by a favorable work climate.

Because the analysis is based on perceptions of  em-
ployees in a single large medical center, its generalizability 
may be limited. It is unknown whether data drawn from 
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Figure 1  Path analysis and revised path analysis (B) of predictors for 
perceived teamwork and collaboration. Teamwork (TW); collaboration (CO); 
effective communication (EC); safety culture (SC); job satisfaction (JS); work 
pressure (PR); and work climate (WC). 

Table 4  Regression statistics of the revised path analysis

Predictor 
variables

Standardized 
regression 
coefficients

Unstandardized 
regression 
coefficients

Standard 
errors

Critical 
values

SC→TW  0.42  0.45 0.02  25.461

JS→TW  0.15  0.12 0.01    9.391

WC→TW  0.29  0.33 0.02  18.471

EC→CO -0.13 -0.09 0.01 -13.531

TW→CO  0.10  0.10 0.01    8.551

WC→CO  0.85  0.98 0.01  69.041

1Statistically significant at 0.01 or less. Goodness of fit (GOF) statistics 
for the structural equation model: χ 2 = 69.44 with 3 degrees of freedom; 
CMIN/Γ = 23.15, P = 0.001; NFI index = 1.00; CFI index = 0.995; and root 
mean squares error = 0.08. EC: Effective communication; SC: Safety cul-
ture; JS; Job satisfaction; PR: Work pressure; WC: Work climate; TW: Per-
ceived teamwork; CO: Collaboration.
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another sample would produce similar results. Future re-
searchers could consider sampling employees from other 
comparable facilities and other industries to determine 
whether the findings could extend beyond the medical 
care organization sampled in this research. A related limi-
tation is that the sample was disproportionately female; 
future researchers should sample males and females more 
evenly. Furthermore, including contextual and organiza-
tional characteristics for a variety of  health care organiza-
tions could enhance the explanatory power of  the pre-
dictor variables for teamwork and collaboration. Future 
research should therefore consider multilevel modeling 
of  both work-unit and hospital characteristics that might 
be significant in determining the variability in teamwork 
and collaboration[22,23].

In conclusion, organizational behavior research needs 
to choose a proper theoretical framework for specifying 
the causal paths for validation. Without a proper theo-
retical framework, the creation of  a path analysis model 
may be fruitless or groundless. Even with a well fitting 
model, using path analysis models without a theoretical 
framework is like shooting in the dark. It is the theoreti-
cal framework that must guide the researcher in assuming 
specific causal paths among the study variables.

It is clear that work climate has a large direct effect 
on intra-organizational collaboration. Safety culture has 
a moderate impact on teamwork. All of  the other vari-
ables have a somewhat diminishing role in affecting the 
two endogenous variables, teamwork and collaboration. 
Taken together, the revised path analysis model explains 
a good proportion of  the variance in both teamwork and 
collaboration. This new-found knowledge should be used 
to foster effective management of  employees’ safety cul-
ture and work climate. Mechanisms that either facilitate 
or impede effective teamwork should be explored and 
experimented with, as suggested by the expert panel from 
the Canadian Health Services Research Foundation[24] 
and other investigators[25-27]. Furthermore, improvement 
in work climate alone could substantially influence intra-
organizational collaboration.
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and communication of  scientific research results. The open access 
model has been proven to be a true approach that may achieve the 
ultimate goal of  the journals, i.e. the maximization of  the value to 
the readers, authors and society.

Maximization of personal benefits
The role of  academic journals is to exhibit the scientific levels of  
a country, a university, a center, a department, and even a scientist, 
and build an important bridge for communication between scien-
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tion of  scientific articles lies not only in disseminating and com-
municating innovative scientific achievements and academic views, 
as well as promoting the application of  scientific achievements, but 
also in formally recognizing the "priority" and "copyright" of  in-
novative achievements published, as well as evaluating research per-
formance and academic levels. So, to realize these desired attributes 
of  WJM and create a well-recognized journal, the following four 
types of  personal benefits should be maximized. The maximization 
of  personal benefits refers to the pursuit of  the maximum personal 
benefits in a well-considered optimal manner without violation of  
the laws, ethical rules and the benefits of  others. (1) Maximization 
of  the benefits of  editorial board members: The primary task of  
editorial board members is to give a peer review of  an unpublished 
scientific article via online office system to evaluate its innovative-
ness, scientific and practical values and determine whether it should 
be published or not. During peer review, editorial board members 
can also obtain cutting-edge information in that field at first hand. 
As leaders in their field, they have priority to be invited to write 
articles and publish commentary articles. We will put peer review-
ers’ names and affiliations along with the article they reviewed in 
the journal to acknowledge their contribution; (2) Maximization of  
the benefits of  authors: Since WJM is an open-access journal, read-
ers around the world can immediately download and read, free of  
charge, high-quality, peer-reviewed articles from WJM official web-
site, thereby realizing the goals and significance of  the communica-
tion between authors and peers as well as public reading; (3) Maxi-
mization of  the benefits of  readers: Readers can read or use, free of  
charge, high-quality peer-reviewed articles without any limits, and 
cite the arguments, viewpoints, concepts, theories, methods, results, 
conclusion or facts and data of  pertinent literature so as to vali-
date the innovativeness, scientific and practical values of  their own 
research achievements, thus ensuring that their articles have novel 
arguments or viewpoints, solid evidence and correct conclusion; 
and (4) Maximization of  the benefits of  employees: It is an iron law 
that a first-class journal is unable to exist without first-class editors, 
and only first-class editors can create a first-class academic journal. 
We insist on strengthening our team cultivation and construction so 
that every employee, in an open, fair and transparent environment, 
could contribute their wisdom to edit and publish high-quality ar-

ticles, thereby realizing the maximization of  the personal benefits 
of  editorial board members, authors and readers, and yielding the 
greatest social and economic benefits.

Aims and scope
WJM aims to rapidly report the most recent results in medical di-
agnostics, therapeutic techniques and equipment, clinical medical 
research, clinical and experimental techniques and methodology. It 
provides a platform to facilitate the integration of  clinical medicine 
and experimental techniques and methodology to help clinicians 
improve diagnostic accuracy and therapeutic efficacy. The journal 
publishes original articles and reviews on the following topics: (1) 
Clinical medical techniques, including but not limited to those for 
pharmaceutical medicine, laboratory medicine, radioactive medicine, 
medical imaging, nuclear medicine, physical therapy, pathology, 
surgery, disinfection, nutritional therapy, transfusion and medical 
equipment; (2) Clinical medical research on etiology, epidemiology, 
pathogenesis, morphology and function, signs and symptoms, clini-
cal trials, and evidence-based medicine; and (3) Laboratory meth-
odology, including but not limited to techniques in DNA/RNA 
sequencing, preparation and transformation of  competent cells, 
PCR, protein biochemistry, cell biology, genetics and epigenetics, 
immunology, microbiology, animal models of  human pathologies, 
bioinformatics, and laboratory equipment manipulation and control. 

Columns
The columns in the issues of  WJM will include: (1) Editorial: To 
introduce and comment on major advances and developments in the 
field; (2) Frontier: To review representative achievements, comment 
on the state of  current research, and propose directions for future 
research; (3) Topic Highlight: This column consists of  three formats, 
including (A) 10 invited review articles on a hot topic, (B) a commen-
tary on common issues of  this hot topic, and (C) a commentary on 
the 10 individual articles; (4) Observation: To update the development 
of  old and new questions, highlight unsolved problems, and provide 
strategies on how to solve the questions; (5) Guidelines for Basic 
Research: To provide Guidelines for basic research; (6) Guidelines for 
Clinical Practice: To provide guidelines for clinical diagnosis and treat-
ment; (7) Review: To review systemically progress and unresolved 
problems in the field, comment on the state of  current research, and 
make suggestions for future work; (8) Original Articles: To report 
innovative and original findings in basic and clinical medical research 
methodology; (9) Brief  Articles: To briefly report the novel and in-
novative findings in basic and clinical medical research methodology; 
(10) Case Report: To report a rare or typical case; (11) Letters to the 
Editor: To discuss and make reply to the contributions published in 
WJM, or to introduce and comment on a controversial issue of  gen-
eral interest; (12) Book Reviews: To introduce and comment on qual-
ity monographs of  basic and clinical medical research methodology; 
(13) Guidelines: To introduce Consensuses and Guidelines reached 
by international and national academic authorities worldwide on the 
research basic and clinical medical research methodology; and (14) 
Voices: to publicize methodology-related communications that have 
been rejected or impossible for publication elsewhere due to evident 
prejudice and/or unreasonable reasons. Similarly, your experiences 
of  the proven mistreatment during the past grant applications can be 
narrated or documented in this corner. The corresponding responses 
and echoes from readers are also welcome here.
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Notes in tables and illustrations
Data that are not statistically significant should not be noted. aP < 
0.05, bP < 0.01 should be noted (P > 0.05 should not be noted). If  
there are other series of  P values, cP < 0.05 and dP < 0.01 are used. 
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Abstract
AIM: Use a recently developed varying coefficient mod-
el to determine the effects of exercise in adults with 
depression.

METHODS: Data from a recent meta-analysis address-
ing the effects of exercise on depression in adults were 
used. Studies were limited to randomized controlled 
intervention trials of any type of chronic exercise (for 
example, walking and jogging) in adults greater than 
or equal to 18 years of age with a diagnosis of depres-
sion. For each study, the standardized mean difference 
(exercise minus control) effect size for depression, ad-
justed for small-sample bias, was calculated. Variance 
statistics for each effect size and pooling of results 
were calculated using the recently proposed varying 
coefficient (VC) model for standardized mean differ-
ences. Standardized effect-sizes of 0.20, 0.50 and 0.80 
were considered to represent small, medium and large 
effects. Results were considered statistically significant 
if the 95% confidence intervals did not cross 0, with 
negative results indicative of reductions in depression. 

These findings were then compared with results using 
traditional random-effects (RE) models.

RESULTS: A total of 23 studies representing 907 men 
and women (476 exercise, 431 control) were pooled 
for analysis. Both RE and VC models resulted in large, 
statistically significant improvements in depression as 
a result of exercise in adults. However, the VC model 
resulted in a larger overall effect size as well as con-
fidence intervals that were narrower than previously 
reported using the RE model. The overall mean effect 
size for the RE model was -0.82 with a 95% confi-
dence interval of -1.12 to -0.51. For the VC model, 
overall mean effect size was -0.88 with a 95% confi-
dence interval of -1.08 to -0.68. The relative difference 
between the RE and VC approaches was 7.3%.

CONCLUSION: The VC model, a potentially preferable 
model, confirms the positive effects of exercise on de-
pression in adults.

© 2012 Baishideng. All rights reserved.
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INTRODUCTION
Depression is a major public health problem affecting an 
estimated 9.0% of  adults in the United States[1]. A recent 
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meta-analysis using the traditional random-effects (RE) 
model reported statistically significant improvements in 
depressive symptoms as a result of  any exercise modal-
ity in adults with depression[2]. However, since that time, 
a potentially more valid varying coefficient (VC) model 
has been proposed[3]. Given the importance of  reach-
ing accurate conclusions regarding a body of  research, 
the objective of  this brief  report was to confirm the 
previously reported effects of  exercise on depression in 
adults using the newly proposed VC model.

MATERIALS AND METHODS
Data source
Data from a recent meta-analysis addressing the effects 
of  exercise on depression in adults, details of  which have 
been described elsewhere, were used[2]. Briefly, studies 
were limited to randomized controlled intervention trials 
of  any type of  chronic exercise in adults ≥ 18 years of  
age with a diagnosis of  depression, as defined by trial au-
thors[2]. 

Calculation and pooling of effect sizes for VC model
For each study, the standardized mean difference (ex-
ercise minus control) ES for depression, adjusted for 
small-sample bias, was calculated[4,5]. Variance statistics 
for each ES and pooling of  results were calculated using 
the recently proposed VC model for standardized mean 
differences, a model that makes no assumptions with re-
spect to a common ES or random sampling from a nor-
mally distributed super-population of  studies[3]. The only 
assumption is that a random sample is obtained from 
each study population.

The mean unweighted estimate of  the population 
standardized mean difference ES was calculated as fol-
lows: 

where   is the pooled mean standardized ES, m rep-
resents each study,    is the standardized ES from each 
study, and bi is Hedge’s small sample-size adjustment for 
ESs, calculated as bi = 3/[4(/ni +n2)-9][5]. The indepen-
dent samples variance for each study was calculated as:

where dfij = nij - 1 and
The 95% confidence interval around the pooled stan

dardized mean ES is calculated as:

When compared to fixed-effect (FE) and RE appro
aches, the VC model has been shown to have superior 
coverage probabilities for standardized ESs[3]. Generally, 
standardized ESs of  0.20, 0.50 and 0.80 represent small, 
medium and large effects[6]. Results were considered sta-
tistically significant if  the 95% confidence intervals did 
not cross 0, with negative results indicative of  reductions 

in depression. All VC data were analyzed using Synthe-
sizer 1.0[7].

RESULTS
A total of  23 studies representing 907 men and women 
(476 exercise, 431 control) were pooled for analysis[2]. 
Both RE and VC models resulted in large, statistically sig-
nificant improvements in depression as a result of  exer-
cise in adults [RE,    , 95% CI: -0.82 (-1.12 to -0.51); VC: 
-0.88 (-1.08 to -0.68)]. However, the VC model resulted 
in a larger overall ES of  7.3% as well as confidence inter-
vals that were narrower than previously reported using 
the RE model[2]. 

DISCUSSION
Exercise, a nonpharmacologic intervention that can be 
implemented in the public health setting, has been re-
ported to reduce depression in adults[2]. Using a recently 
developed and novel VC model[3], the findings of  the 
current investigation support the overall results of  a pre-
vious RE meta-analysis in which exercise resulted in im-
provements in depression among adults diagnosed with 
depression[2]. Confirmation of  these findings is important 
given the prevalence and costs, estimated to be more than 
$83.1 billion in the year 2000, associated with depression 
in adults[1,8].

The two most common methods currently used to 
pool data in a meta-analysis are the FE model and the 
RE model. A FE model assumes that all studies share the 
same common ES and that any differences in effects are 
limited to sampling error. Consequently, study weights 
are limited to controlling for within-study error with no 
attention paid to between-study error. The FE model is 
usually appropriate if  the studies included in the meta-
analysis are identical and if  the purpose is to calculate a 
common ES for the included studies and not generalize 
to other populations[9]. However, rarely are the studies 
included in a meta-analysis identical. In addition, one is 
usually interested in generalizing the findings to other 
populations. In contrast to the FE model, the RE model 
assumes that the true ES varies from study to study and 
they represent a random sample of  true effects. Conse-
quently, in a RE model, study weights are assigned to try 
and minimize both within and between-study variance[9]. 
Given the fact that RE models try to account for both 
within and between study variance, they are usually the 
preferred model to use. However, a major limitation of  
the RE model is the unrealistic assumption that each ES 
from the included studies is a random-sample of  true 
effects. To try and address the problems associated with 
fixed and RE models, Bonett has recently proposed the 
VC model used in the current report[3]. As previously 
described, this model does not assume a common ES 
or random sampling of  study populations and has been 
shown to have superior coverage probabilities to the fixed 
and RE models[3]. Importantly, simulation results sug-
gest that confidence intervals based on the FE model are 
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too narrow while confidence intervals based on the RE 
model are too wide[3]. 

While the results for both RE and VC models in the 
current study were similar, the use of  the VC model may 
be preferable given the greater coverage probabilities 
reported as well as the fact that the assumptions under-
lying the VC model may be more realistic in the meta-
analytic setting[3]. For example, as previously mentioned, 
no assumptions with respect to a common ES or random 
sampling from a normally distributed population of  stud-
ies are made with the VC model[3]. Thus, the larger ES 
and narrower confidence intervals from the VC model in 
this brief  report may be a more accurate reflection of  the 
effects of  exercise in the treatment of  depression among 
adults. Given the former, it is recommended that the VC 
model be considered when conducting meta-analytic re-
search on depression and other mental health conditions. 
However, regardless of  the model chosen, it’s important 
to understand that the external validity of  a meta-analysis 
depends not only on the statistical models used but also 
on the quality and representativeness of  the individual 
studies included[7], factors not considered in this brief  re-
port. In conclusion, using the apparently more valid VC 
model, this brief  report confirms the results of  a previ-
ous RE meta-analysis with respect to exercise reducing 
depression in men and women diagnosed with depres-
sion[2].

COMMENTS
Background
Meta-analysis is a quantitative approach for synthesizing information from mul-
tiple studies and for reaching general conclusions regarding a body of research. 
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istic assumption that results from the included studies are a random-sample of 
true effects.
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tive model for meta-analysis. This model does not assume a common effect 
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GENERAL INFORMATION
World Journal of  Methodology (World J Methodol, WJM, online ISSN 
2222-0682, DOI: 10.5662) is a bimonthly peer-reviewed, online, 
open-access (OA), journal supported by an editorial board consist-
ing of  238 experts in methodology from 41 countries.

The biggest advantage of  the OA model is that it provides free, 
full-text articles in PDF and other formats for experts and the pub-
lic without registration, which eliminates the obstacle that traditional 
journals possess and usually delays the speed of  the propagation 
and communication of  scientific research results. The open access 
model has been proven to be a true approach that may achieve the 
ultimate goal of  the journals, i.e. the maximization of  the value to 
the readers, authors and society.

Maximization of personal benefits
The role of  academic journals is to exhibit the scientific levels of  
a country, a university, a center, a department, and even a scientist, 
and build an important bridge for communication between scien-
tists and the public. As we all know, the significance of  the publica-
tion of  scientific articles lies not only in disseminating and com-
municating innovative scientific achievements and academic views, 
as well as promoting the application of  scientific achievements, but 
also in formally recognizing the "priority" and "copyright" of  in-
novative achievements published, as well as evaluating research per-
formance and academic levels. So, to realize these desired attributes 
of  WJM and create a well-recognized journal, the following four 
types of  personal benefits should be maximized. The maximization 
of  personal benefits refers to the pursuit of  the maximum personal 
benefits in a well-considered optimal manner without violation of  
the laws, ethical rules and the benefits of  others. (1) Maximization 
of  the benefits of  editorial board members: The primary task of  
editorial board members is to give a peer review of  an unpublished 
scientific article via online office system to evaluate its innovative-
ness, scientific and practical values and determine whether it should 
be published or not. During peer review, editorial board members 
can also obtain cutting-edge information in that field at first hand. 
As leaders in their field, they have priority to be invited to write 
articles and publish commentary articles. We will put peer review-
ers’ names and affiliations along with the article they reviewed in 
the journal to acknowledge their contribution; (2) Maximization of  
the benefits of  authors: Since WJM is an open-access journal, read-
ers around the world can immediately download and read, free of  
charge, high-quality, peer-reviewed articles from WJM official web-
site, thereby realizing the goals and significance of  the communica-
tion between authors and peers as well as public reading; (3) Maxi-
mization of  the benefits of  readers: Readers can read or use, free of  
charge, high-quality peer-reviewed articles without any limits, and 
cite the arguments, viewpoints, concepts, theories, methods, results, 
conclusion or facts and data of  pertinent literature so as to vali-
date the innovativeness, scientific and practical values of  their own 
research achievements, thus ensuring that their articles have novel 
arguments or viewpoints, solid evidence and correct conclusion; 
and (4) Maximization of  the benefits of  employees: It is an iron law 
that a first-class journal is unable to exist without first-class editors, 
and only first-class editors can create a first-class academic journal. 
We insist on strengthening our team cultivation and construction so 
that every employee, in an open, fair and transparent environment, 
could contribute their wisdom to edit and publish high-quality ar-

ticles, thereby realizing the maximization of  the personal benefits 
of  editorial board members, authors and readers, and yielding the 
greatest social and economic benefits.

Aims and scope
WJM aims to rapidly report the most recent results in medical di-
agnostics, therapeutic techniques and equipment, clinical medical 
research, clinical and experimental techniques and methodology. It 
provides a platform to facilitate the integration of  clinical medicine 
and experimental techniques and methodology to help clinicians 
improve diagnostic accuracy and therapeutic efficacy. The journal 
publishes original articles and reviews on the following topics: (1) 
Clinical medical techniques, including but not limited to those for 
pharmaceutical medicine, laboratory medicine, radioactive medicine, 
medical imaging, nuclear medicine, physical therapy, pathology, 
surgery, disinfection, nutritional therapy, transfusion and medical 
equipment; (2) Clinical medical research on etiology, epidemiology, 
pathogenesis, morphology and function, signs and symptoms, clini-
cal trials, and evidence-based medicine; and (3) Laboratory meth-
odology, including but not limited to techniques in DNA/RNA 
sequencing, preparation and transformation of  competent cells, 
PCR, protein biochemistry, cell biology, genetics and epigenetics, 
immunology, microbiology, animal models of  human pathologies, 
bioinformatics, and laboratory equipment manipulation and control. 

Columns
The columns in the issues of  WJM will include: (1) Editorial: To 
introduce and comment on major advances and developments in the 
field; (2) Frontier: To review representative achievements, comment 
on the state of  current research, and propose directions for future 
research; (3) Topic Highlight: This column consists of  three formats, 
including (A) 10 invited review articles on a hot topic, (B) a commen-
tary on common issues of  this hot topic, and (C) a commentary on 
the 10 individual articles; (4) Observation: To update the development 
of  old and new questions, highlight unsolved problems, and provide 
strategies on how to solve the questions; (5) Guidelines for Basic 
Research: To provide Guidelines for basic research; (6) Guidelines for 
Clinical Practice: To provide guidelines for clinical diagnosis and treat-
ment; (7) Review: To review systemically progress and unresolved 
problems in the field, comment on the state of  current research, and 
make suggestions for future work; (8) Original Articles: To report 
innovative and original findings in basic and clinical medical research 
methodology; (9) Brief  Articles: To briefly report the novel and in-
novative findings in basic and clinical medical research methodology; 
(10) Case Report: To report a rare or typical case; (11) Letters to the 
Editor: To discuss and make reply to the contributions published in 
WJM, or to introduce and comment on a controversial issue of  gen-
eral interest; (12) Book Reviews: To introduce and comment on qual-
ity monographs of  basic and clinical medical research methodology; 
(13) Guidelines: To introduce Consensuses and Guidelines reached 
by international and national academic authorities worldwide on the 
research basic and clinical medical research methodology; and (14) 
Voices: to publicize methodology-related communications that have 
been rejected or impossible for publication elsewhere due to evident 
prejudice and/or unreasonable reasons. Similarly, your experiences 
of  the proven mistreatment during the past grant applications can be 
narrated or documented in this corner. The corresponding responses 
and echoes from readers are also welcome here.
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analysis, limited to those that allow both an intercept-
only as well as at least one predictor in the model, is 
given. These descriptions include those found in an 
existing general statistics software package as well as 
one developed specifically for an aggregate data meta-
analysis. Following this, some of the disadvantages of 
random-effects meta-analysis are described. We then 
describe recently proposed alternative models for con-
ducting aggregate data meta-analysis, including the 
varying coefficient model. We conclude the paper with 
some recommendations and directions for future re-
search. These recommendations include the continued 
use of the more commonly used random-effects models 
until newer models are more thoroughly tested as well 
as the timely integration of new and well-tested models 
into traditional as well as meta-analytic-specific soft-
ware packages.

© 2012 Baishideng. All rights reserved.
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INTRODUCTION
Meta-analysis is currently the most common approach 
for quantitatively combining the results of  the same out-
come from different studies. Indeed, the use of  meta-
analysis has increased dramatically over the past 30 years. 
For example, a recent PubMed search by the authors us-
ing the keyword “meta-analysis” resulted in 6 hits in the 
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Abstract
Aggregate data meta-analysis is currently the most 
commonly used method for combining the results 
from different studies on the same outcome of inter-
est. In this paper, we provide a brief introduction to 
meta-analysis, including a description of aggregate 
and individual participant data meta-analysis. We then 
focus the rest of the tutorial on aggregate data meta-
analysis. We start by first describing the difference 
between fixed and random-effects meta-analysis, with 
particular attention devoted to the latter. This is fol-
lowed by an example using the random-effects, method 
of moments approach and includes an intercept-only 
model as well as a model with one predictor. We then 
describe alternative random-effects approaches such as 
maximum likelihood, restricted maximum likelihood and 
profile likelihood as well as a non-parametric approach. 
A brief description of selected statistical programs avail-
able to conduct random-effects aggregate data meta-
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year 1980 vs 6865 hits in the year 2010 (unpublished re-
sults). Meta-analysis can be accomplished using either an 
aggregate data (AD) or individual participant data (IPD) 
approach. Using an AD approach, summary data for 
the same outcome from each study, for example, change 
outcome means and standard deviations for resting sys-
tolic blood pressure, are pooled for statistical analysis. 
In contrast, an IPD meta-analysis includes the pooling 
of  raw data for each participant from each included 
study. While the IPD approach might be considered the 
ideal in that it allows for such things as (1) standardizing 
statistical analyses from each study; (2) obtaining sum-
mary results directly, indigenous of  study reporting; (3) 
checking the assumptions of  models; (4) assessing par-
ticipant-level effects; and (5) examining interactions[1], the 
obtainment of  IPD as well as the associated costs for 
conducting an IPD meta-analysis can be prohibitive[1]. In 
addition, since the main interest in meta-analysis is often 
the overall result[2,3], both the IPD and AD approaches 
should yield similar findings[4,5]. Given these realities, the 
AD approach continues to be the most commonly used 
method for pooling the findings of  separate studies. 
Congruent with the use of  the AD approach is the need 
to select a model for combining findings from different 
studies as well as examining the potential influence of  
selected covariates on the overall results. Given the for-
mer, the purpose of  this paper is to provide a brief  tuto-
rial of  several models currently available for AD meta-
analysis, with an emphasis on random-effects models. 

FIXED VS RANDOM-EFFECTS META-
ANALYSIS 
The statistical aspects of  an AD meta-analysis encom-
pass a two-stage approach. In the first stage, the sum-
mary statistics from each study are calculated. In the 
second stage, these summary statistics from each study 
are combined to yield an overall result. The focus of  this 
brief  tutorial is on the second stage. For a more detailed 
description of  stage one, the reader is referred to the 
work of  Lipsey et al[6].

As previously mentioned, the meta-analyst is often 
most interested in the overall result(s)[2,3]. Borrowing 
from Harbord et al[7] and regardless of  whether a fixed or 
random-effects model is used, conducting an AD meta-
analysis requires that the analyst be able to derive from 
study i of  n studies an estimate of  the outcome of  inter-
est (g i) such as a difference in means or log odds ratio, 
and a standard error of  the estimate s i, often which has 
to be estimated from other data in each study. A fixed-
effect meta-analysis assumes that all observed variation is 
caused by the play of  chance, that is, within-study sam-
pling error. Thus, since all studies are assumed to mea-
sure the same overall effect, i.e., a single true effect size q, 
the intercept-only fixed-effect model can be denoted as 
g i = q + e i where e i represents the sampling error for g i.

In contrast, the intercept-only random-effects model 
allows qi to differ between studies under the assumption 
of  a normal distribution around q . This can be denoted 

as g i = q + e i + m i, where m i represents the between 
study variance t2 that must be estimated from the data. 
Put more simply, a fixed-effect model tests the null hy-
pothesis that there is zero effect in every study while a 
random-effects model tests the null hypothesis that the 
mean effect is zero[8]. The fixed-effect model is appropri-
ate for an AD meta-analysis when all included studies are 
identical and the goal is to estimate a common effect size 
for the identified population and not generalize to the 
rest of  the population. However, since most researchers 
are probably interested in generalizing results across a 
variety of  situations and the included studies are unlikely 
to be functionally equal, the random-effects model is 
usually the more appropriate model[8,9].

In addition to generating an overall effect size from 
the pooling of  studies, one may also be interested in look-
ing at the effect of  potential covariates on the overall ef-
fect size, especially, but not exclusively, when significant 
between-study heterogeneity exists. Since the random vs 
fixed-effect model is usually the more appropriate model 
to use, we focus our discussion on the random-effects 
model in the form of  regression, i.e., meta-regression. 
This is denoted as g i = xi b + m i + e i, where the single 
linear covariate (predictor) xi b replaces the mean q .

Several different types of  random-effects meta-regres-
sion models have been recommended for use in an AD 
meta-analysis, the primary difference being in the calcula-
tion of  the between-study variance t2[10]. These models 
may be better described as mixed-effects models when 
covariates are included. However, in order to avoid confu-
sion, they will continue to be described as random-effects 
models.

Regardless of  the model chosen, random-effects meta-
regression models will initially estimate t2, the between-
study variance, followed by b, the regression coefficients. 
The regression coefficients are calculated using weighted 
least squares, 1/(s i

2 + t2), where s i
2 represents the stan-

dard error of  the estimated effect size from study i. 
Currently, the most common random-effects meta-

regression model used is an extension of  the nonitera-
tive method of  moments approach originally proposed 
by DerSimonian et al[11]. For this model t2 is estimated 
as:[12]

where Qres is the residual weighted sum of  squares 
heterogeneity statistic, calculated as:

and hi represents the ith diagonal element of  the hat 
matrix X(X’V0

-1X)-1 XV0
1, and V0 = diagonal (s1

2,s2
2, ... 

sn
2). 
Based on the work of  Higgins et al[13], the proportion 

of  residual heterogeneity is calculated as:
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proteins in adult men and women at least 18 years of  age 
will serve as the brief  example[16]. This dataset reflects 
the real world of  AD meta-analysis with respect to the 
small number of  studies that are usually included and 
while being mindful that participants are nested within 
studies, thereby increasing power and precision[17,18]. The 
focus of  the example is on effect size changes in tri-
glycerides, a continuous variable and one of  the primary 
outcomes of  the original meta-analysis[16]. At stage one, 
effect sizes from each study were calculated by subtract-
ing the change score in the intervention group (aerobic 
exercise and diet) from the change score in the control 
group. Negative values were indicative of  improvements 
(reductions) in triglycerides. Variances were calculated 
from the pooled standard deviations of  change scores in 
the intervention and control groups. At stage two, results 
were pooled using method of  moments random-effects 
meta-regression[11]. While somewhat arbitrary, residual 
heterogeneity (    ) was classified as small (< 50%), medi-
um (50% to < 75%) and large (≥ 75%)[19]. All data were 
analyzed using the updated metareg command (version 
2.2.6)[7] in version 11.2 of  Stata[20].

The intercept-only results are shown in Table 1, Mod-
el 1. As can be seen, a statistically significant decrease of  
approximately 9 mg/dL was observed for triglycerides as 
a result of  a combined aerobic exercise and diet interven-
tion. In addition, non-overlapping confidence intervals 
were found. However, based on fixed-effect analysis, 
there was a large amount of  residual variation attribut-
able to heterogeneity (   ). This is not uncommon in 
meta-analysis. The 95% prediction interval for a new trial 
was -34.08 to 15.35 mg/dL. While a lack of  substantial 
residual heterogeneity should not exclude one from con-
ducting covariate analysis, the presence of  a large amount 
of  heterogeneity does provide support for such. Table 
1, Model 2 includes effect size changes in bodyweight 
(change outcome difference between the intervention and 
control group) as a single covariate. As can be seen, body 
weight is a statistically significant covariate for triglycer-
ides. For every 1 kg decrease in bodyweight, an approxi-
mate 3 mg/dL decrease in triglycerides can be expected. 
The adjusted R2 is 76.9%, meaning that 76.9% of  the 
between-study variance (93.7%) is explained by changes 
in bodyweight while the remaining 23.1% is unexplained. 
Importantly, the 76.9% and 23.1% sum to 100% because 
we’re solely concerned here with the variance between 

Table 1  Meta-regression models for changes in triglycerides (mg/dL)

Variable Studies (n ) Participants (n ) β σ z p(z) 95% CI t2 I2
res

Model 1 (intercept-only)
   Intercept 6 559 -9.4 3.7 -2.5 0.01 -16.6 to -2.1 65.4 98.8
Model 2 (intercept + 1 covariate)
   Intercept 6 559 7.5 5.9 1.3 .02 -4.1 to 19.1
   Bodyweight (kg) 6 559 2.9 0.9 3.2 .001 1.1 to 4.8 15.1 93.7

β: Coefficient; σ: Standard error; z: z-value; p(z): Alpha value for z; 95% CI: 95% confidence interval; t2: Tau-squared between-study variance; I2
res: Percent-

age of residual heterogeneity that is attributable to between-study heterogeneity. 

Adjusted R2 (the proportion of  between study vari-
ance explained by the covariates) is calculated as

where    is the estimate of  the between-study vari-
ance in the model with covariates and    is the estimate 
of  the between-study variance without covariates, i.e., 
intercept-only model.

Summary random-effects estimates do not provide 
any information regarding how treatment effects from 
new individual trials are distributed around the summary 
effect[14]. This may be problematic since the treatment ef-
fect is assumed to vary between studies when a random-
effects model is used. Recently, prediction intervals have 
been developed and recommended for determining how 
treatment effects from new individual trials are distribut-
ed about the mean in a random-effects meta- analysis[14]. 
This is calculated as 

where    is the average weighted estimate across 
studies,    - 2 is the 100 (1 - α/2)% percentile of  the 
t-distribution with k-2 degrees of  freedom,          is the 
estimated squared standard error of    , and    is the es-
timated between study variance. This is in contrast to 
obtaining a confidence interval of     + 1.96            [14,15]. 
As previously described in more detail[15], the major point 
is that the variability between studies, as measured by    , 
needs to be included when making predictions for a new 
study but not if  making inferences about the average ef-
fect size. In addition, using the t-distribution vs the nor-
mal distribution for prediction intervals is in recognition 
of  the fact that it is estimated rather than being known. 
Furthermore, it is important to understand that conclu-
sions based on prediction intervals should not be used to 
determine whether confidence intervals for underlying 
mean effects are correct or incorrect since prediction 
intervals are based on a random mean effect while confi-
dence intervals are not.

RANDOM-EFFECTS ANALYSIS (A BRIEF 
EXAMPLE)
Data from a previously published meta-analysis of  six 
randomized controlled trials addressing the efficacy of  
combined aerobic exercise and diet on lipids and lipo-
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studies and not the within-study variability. Additionally, 
from the ���   �  output in Table 1, Model 2, a large amount 
of  residual variation is still due to heterogeneity (93.7%) 
while only 6.3% is attributable to within-sample vari-
ability. Thus, while decreases in bodyweight appear to be 
a strong predictor of  decreases in triglycerides, a large 
amount of  between-study heterogeneity continues to ex-
ist. This suggests that other covariates are also contribut-
ing to between-study heterogeneity. This occurrence is 
not uncommon in meta-analysis[13]. To address this issue, 
a radically different approach has recently been pro-
posed in which a formal process for soliciting opinions 
is sought from quantitatively trained assessors regarding 
internal biases and subject-matter specialists regarding 
external biases[21,22]. After adjusting for these biases, the 
authors reported no apparent heterogeneity[21].

DISCUSSION
Irrespective of  the type of  meta-regression model cho-
sen, it’s important to realize that when conducting a 
meta-analysis, studies are not randomly assigned to co-
variates[23]. Consequently, meta-regression that includes 
covariates is considered to be observational in nature 
and thus, does not support causal inferences. Rather, 
the validity of  these findings would need to be tested in 
large, well-designed randomized controlled trials.

While the original DerSimonian and Laird random-
effects model is the most widely used[11], it may not be 
the most appropriate. For example, Brockwell et al[24] 
found that even with large sample sizes, the intervals 
based on the DerSimonian and Laird method did not 
attain the preferred coverage for the odds-ratio. This ap-
peared to be the result of  the estimated inverse variance 
weights that included estimates of  the variance com-
ponent. The DerSimonian and Laird approach has also 
been critiqued by Hardy et al[25]. While not commonly 
used, DerSimonian et al[26] have recently provided up-
dated random-effects models that they believe are more 
valid than the original DerSimonian and Laird model. 
These models include two new two-step methods that 
appear to approximate the optimal iterative method bet-
ter than the earlier and most commonly used one-step 
non-iterative method[11].

Alternative and more computationally intensive para-
metric random-effects models for estimating between-
study heterogeneity in an AD meta-analysis have been 
proposed. These include, but are not necessarily limited 
to, maximum likelihood, restricted maximum likelihood 
and profile likelihood[10,25,27]. One nonparametric random-
effects model, the permutations model, has also been 
proposed for estimating the between-study variance in 
an aggregate data meta-analysis[28]. While not discussed 
further, the empirical Bayes model for estimating t2 has 
also been proposed for random-effects meta-analyses[27]. 
However, the results for such have been mixed[10,29].

As described by others[30], the maximum likelihood 
model assumes that both the within and between-study 

effects have normal distributions. The between-studies 
variance for the log-likelihood function is then solved it-
eratively. Unfortunately, this model does not always con-
verge, the end result being that estimates are reported as 
missing. In addition, when the between studies variance 
is negative, it is set to zero. When this occurs, the model 
collapses into a fixed-effect model. 

Coterminous with the maximum likelihood approach, 
the restricted maximum likelihood model also follows 
the same assumptions of  normal within and between-
study effects. However, unlike the maximum likelihood 
model, only that portion of  the likelihood function that 
doesn’t change, for example, μ if  estimating t2 is maxi-
mized. Another similarity to the maximum likelihood 
approach is that this method doesn’t always converge, 
resulting in estimates being reported as missing. In addi-
tion, when the between-studies variance is negative, the 
model collapses into a fixed-effect model. 

Thompson et al[10] advocate for the use of  a restricted 
maximum likelihood model but not the maximum like-
lihood model because the latter does not account for 
the degrees of  freedom employed when estimating the 
fixed-effect portion of  the model. The end result is a 
smaller    and standard errors. This may be particularly 
relevant when the number of  studies included is small, a 
common occurrence in meta-analysis. 

The profile likelihood method also utilizes the same 
function as the maximum likelihood model. However, 
unlike the maximum likelihood model, nested iterations 
that converge to a maximum are used to account for the 
uncertainty associated with the between studies variance. 
However, similar to the maximum likelihood and re-
stricted maximum likelihood models, the model doesn’t 
always converge. Consequently, values not calculated are 
reported as missing. In addition, the confidence intervals 
produced by this model are asymmetric.

A nonparametric random-effects approach for esti-
mating between-study heterogeneity is the permutations 
model described by Follmann et al[28]. By permuting the 
sign of  each observed effect, a dataset of  observed study 
outcomes is generated under the assumption that all true 
study effects are zero and observed effects are due to 
random variation. The original DerSimonian and Laird 
model[11] is then used to estimate an overall effect size 
for each combination. Based on the distribution of  these 
effect sizes, asymmetric confidence intervals as well as 
heterogeneity statistics are estimated. 

When conducting an AD meta-analysis, one is usu-
ally interested in a fast, efficient and accurate way of  not 
only calculating the outcome of  interest (intercept-only 
model) but also the association with one or more predic-
tor variables with the outcome of  interest (meta-regres-
sion). With the former in mind, the user-written routine 
metaan[30], developed for use in the general statistics pack-
age Stata[20], allows one to conduct random-effects AD 
meta-analysis using the method of  moments, maximum 
likelihood, restricted maximum likelihood and profile 
likelihood approaches. In addition, the metareg user-
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written routine[7], also for Stata[20], allows one to calculate 
the method of  moments, maximum likelihood, restricted 
maximum likelihood and empirical Baye’s estimate. Com-
prehensive meta-analysis[31], a statistical software package 
developed specifically for AD meta-analysis, allows the 
user to conduct random-effects analysis using the method 
of  moments and maximum likelihood approaches. How-
ever, only a single predictor (simple meta-regression) is 
allowed in each model.

While random-effects models are generally preferred 
over fixed-effect models, random-effects models also 
have disadvantages. For example, random effects models 
assume that study-level effect sizes are sampled from a 
larger distribution of  effect sizes[8]. However, this may 
not be realistic. In addition, the smaller the number of  
studies included, the poorer the estimate of     , i.e., weak-
er precision[8]. Unfortunately, to the best of  the authors’ 
knowledge, no definitive cutpoint for what constitutes a 
small number of  studies has been established. 

Alternative models to both fixed and random-effects 
meta-analysis for aggregate data have recently been pro-
posed. For example, Bonett et al[32-34] has advocated for 
what is known as the varying coefficient model. As de-
scribed by Krizan et al[35], Bonett argues that current fixed-
effect models inappropriately assume a common effect 
size across all included studies and perform poorly when 
heterogeneity exists while current random-effects models 
require unrealistic assumptions about random sampling 
of  observed effect sizes from a normally distributed “su-
perpopulation”. In contrast, the varying coefficient model 
makes no assumptions with respect to a common effect 
size or random sampling of  study populations from a 
normally distributed, well-defined “superpopulation” of  
studies. The varying coefficient model has been shown 
to have better coverage probabilities than both fixed and 
selected random-effects models when applied across a va-
riety of  statistics[32-34], including unstandardized and stan-
dardized mean differences[32]. Other alternative models 
have also been recently proposed by Kulinskaya et al[36].

In time, it is likely that the DerSimonian et al[11] ap-
proach will be replaced by more accurate and precise 
models. However, at this time, it is probably imprudent 
to over-react to newly proposed models. This is espe-
cially true since many of  the alternatives proposed as a 
means of  dealing with specific problems in meta-analysis 
may turn out to have problems of  their own, often with 
substantially worse impact than the problems they were 
intended to solve. In addition, the usually minor differ-
ences in results from the use of  different random-effects 
approaches for meta-analysis may have little effect on 
the “big picture”, something that should be considered 
as practically relevant. The former notwithstanding, a 
need exists for extensive testing of  all current models as 
well as the development of  newer ones across a variety 
of  different scenarios. In addition, a gap exists between 
the development and testing of  these models and their 
timely integration into traditional as well as meta-analytic-
specific software packages, one or both of  which are 
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probably used by the vast majority of  those conducting 
meta-analytic research. However, from our perspective, 
the final decision about when a model is ready for wide-
spread use is truly Solomonic.
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GENERAL INFORMATION
World Journal of  Methodology (World J Methodol, WJM, online ISSN 
2222-0682, DOI: 10.5662) is a bimonthly peer-reviewed, online, 
open-access (OA), journal supported by an editorial board consist-
ing of  238 experts in methodology from 41 countries.

The biggest advantage of  the OA model is that it provides free, 
full-text articles in PDF and other formats for experts and the pub-
lic without registration, which eliminates the obstacle that traditional 
journals possess and usually delays the speed of  the propagation 
and communication of  scientific research results. The open access 
model has been proven to be a true approach that may achieve the 
ultimate goal of  the journals, i.e. the maximization of  the value to 
the readers, authors and society.

Maximization of personal benefits
The role of  academic journals is to exhibit the scientific levels of  
a country, a university, a center, a department, and even a scientist, 
and build an important bridge for communication between scien-
tists and the public. As we all know, the significance of  the publica-
tion of  scientific articles lies not only in disseminating and com-
municating innovative scientific achievements and academic views, 
as well as promoting the application of  scientific achievements, but 
also in formally recognizing the "priority" and "copyright" of  in-
novative achievements published, as well as evaluating research per-
formance and academic levels. So, to realize these desired attributes 
of  WJM and create a well-recognized journal, the following four 
types of  personal benefits should be maximized. The maximization 
of  personal benefits refers to the pursuit of  the maximum personal 
benefits in a well-considered optimal manner without violation of  
the laws, ethical rules and the benefits of  others. (1) Maximization 
of  the benefits of  editorial board members: The primary task of  
editorial board members is to give a peer review of  an unpublished 
scientific article via online office system to evaluate its innovative-
ness, scientific and practical values and determine whether it should 
be published or not. During peer review, editorial board members 
can also obtain cutting-edge information in that field at first hand. 
As leaders in their field, they have priority to be invited to write 
articles and publish commentary articles. We will put peer review-
ers’ names and affiliations along with the article they reviewed in 
the journal to acknowledge their contribution; (2) Maximization of  
the benefits of  authors: Since WJM is an open-access journal, read-
ers around the world can immediately download and read, free of  
charge, high-quality, peer-reviewed articles from WJM official web-
site, thereby realizing the goals and significance of  the communica-
tion between authors and peers as well as public reading; (3) Maxi-
mization of  the benefits of  readers: Readers can read or use, free of  
charge, high-quality peer-reviewed articles without any limits, and 
cite the arguments, viewpoints, concepts, theories, methods, results, 
conclusion or facts and data of  pertinent literature so as to vali-
date the innovativeness, scientific and practical values of  their own 
research achievements, thus ensuring that their articles have novel 
arguments or viewpoints, solid evidence and correct conclusion; 
and (4) Maximization of  the benefits of  employees: It is an iron law 
that a first-class journal is unable to exist without first-class editors, 
and only first-class editors can create a first-class academic journal. 
We insist on strengthening our team cultivation and construction so 
that every employee, in an open, fair and transparent environment, 
could contribute their wisdom to edit and publish high-quality ar-

ticles, thereby realizing the maximization of  the personal benefits 
of  editorial board members, authors and readers, and yielding the 
greatest social and economic benefits.

Aims and scope
WJM aims to rapidly report the most recent results in medical di-
agnostics, therapeutic techniques and equipment, clinical medical 
research, clinical and experimental techniques and methodology. It 
provides a platform to facilitate the integration of  clinical medicine 
and experimental techniques and methodology to help clinicians 
improve diagnostic accuracy and therapeutic efficacy. The journal 
publishes original articles and reviews on the following topics: (1) 
Clinical medical techniques, including but not limited to those for 
pharmaceutical medicine, laboratory medicine, radioactive medicine, 
medical imaging, nuclear medicine, physical therapy, pathology, 
surgery, disinfection, nutritional therapy, transfusion and medical 
equipment; (2) Clinical medical research on etiology, epidemiology, 
pathogenesis, morphology and function, signs and symptoms, clini-
cal trials, and evidence-based medicine; and (3) Laboratory meth-
odology, including but not limited to techniques in DNA/RNA 
sequencing, preparation and transformation of  competent cells, 
PCR, protein biochemistry, cell biology, genetics and epigenetics, 
immunology, microbiology, animal models of  human pathologies, 
bioinformatics, and laboratory equipment manipulation and control. 

Columns
The columns in the issues of  WJM will include: (1) Editorial: To 
introduce and comment on major advances and developments in the 
field; (2) Frontier: To review representative achievements, comment 
on the state of  current research, and propose directions for future 
research; (3) Topic Highlight: This column consists of  three formats, 
including (A) 10 invited review articles on a hot topic, (B) a commen-
tary on common issues of  this hot topic, and (C) a commentary on 
the 10 individual articles; (4) Observation: To update the development 
of  old and new questions, highlight unsolved problems, and provide 
strategies on how to solve the questions; (5) Guidelines for Basic 
Research: To provide Guidelines for basic research; (6) Guidelines for 
Clinical Practice: To provide guidelines for clinical diagnosis and treat-
ment; (7) Review: To review systemically progress and unresolved 
problems in the field, comment on the state of  current research, and 
make suggestions for future work; (8) Original Articles: To report 
innovative and original findings in basic and clinical medical research 
methodology; (9) Brief  Articles: To briefly report the novel and in-
novative findings in basic and clinical medical research methodology; 
(10) Case Report: To report a rare or typical case; (11) Letters to the 
Editor: To discuss and make reply to the contributions published in 
WJM, or to introduce and comment on a controversial issue of  gen-
eral interest; (12) Book Reviews: To introduce and comment on qual-
ity monographs of  basic and clinical medical research methodology; 
(13) Guidelines: To introduce Consensuses and Guidelines reached 
by international and national academic authorities worldwide on the 
research basic and clinical medical research methodology; and (14) 
Voices: to publicize methodology-related communications that have 
been rejected or impossible for publication elsewhere due to evident 
prejudice and/or unreasonable reasons. Similarly, your experiences 
of  the proven mistreatment during the past grant applications can be 
narrated or documented in this corner. The corresponding responses 
and echoes from readers are also welcome here.
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the statistical techniques are suitable or correct; (3) Only homoge-
neous data can be averaged. Standard deviations are preferred to 
standard errors. Give the number of  observations and subjects (n). 
Losses in observations, such as drop-outs from the study should be 
reported; (4) Values such as ED50, LD50, IC50 should have their 
95% confidence limits calculated and compared by weighted probit 
analysis (Bliss and Finney); and (5) The word ‘significantly’ should 
be replaced by its synonyms (if  it indicates extent) or the P value (if  
it indicates statistical significance). 
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cate any potential conflict they might have reviewing a particular 
paper. Before submitting, authors are suggested to read “Uniform 
Requirements for Manuscripts Submitted to Biomedical Journals: 
Ethical Considerations in the Conduct and Reporting of  Research: 
Conflicts of  Interest” from International Committee of  Medical 
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Statement of informed consent
Manuscripts should contain a statement to the effect that all human 
studies have been reviewed by the appropriate ethics committee or it 
should be stated clearly in the text that all persons gave their informed 
consent prior to their inclusion in the study. Details that might disclose 
the identity of  the subjects under study should be omitted. Authors 
should also draw attention to the Code of  Ethics of  the World Medi-
cal Association (Declaration of  Helsinki, 1964, as revised in 2004).

Statement of human and animal rights
When reporting the results from experiments, authors should follow 
the highest standards and the trial should conform to Good Clini-
cal Practice (for example, US Food and Drug Administration Good 
Clinical Practice in FDA-Regulated Clinical Trials; UK Medicines 
Research Council Guidelines for Good Clinical Practice in Clinical 
Trials) and/or the World Medical Association Declaration of  Hel-
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tional standard. If  doubt exists whether the research was conducted 
in accordance with the above standards, the authors must explain the 
rationale for their approach and demonstrate that the institutional 
review body explicitly approved the doubtful aspects of  the study. 

Before submitting, authors should make their study approved by 
the relevant research ethics committee or institutional review board. 
If  human participants were involved, manuscripts must be accompa-
nied by a statement that the experiments were undertaken with the 
understanding and appropriate informed consent of  each. Any per-
sonal item or information will not be published without explicit con-
sents from the involved patients. If  experimental animals were used, 
the materials and methods (experimental procedures) section must 
clearly indicate that appropriate measures were taken to minimize 
pain or discomfort, and details of  animal care should be provided.

SUBMISSION OF MANUSCRIPTS
Manuscripts should be typed in 1.5 line spacing and 12 pt. Book 
Antiqua with ample margins. Number all pages consecutively, and 
start each of  the following sections on a new page: Title Page, Ab-
stract, Introduction, Materials and Methods, Results, Discussion, 
Acknowledgements, References, Tables, Figures, and Figure Leg-
ends. Neither the editors nor the publisher are responsible for the 
opinions expressed by contributors. Manuscripts formally accepted 
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the relevant guidelines for the care and use of  laboratory animals 
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Authors should retain one copy of  the text, tables, photo
graphs and illustrations because rejected manuscripts will not be 
returned to the author(s) and the editors will not be responsible 
for loss or damage to photographs and illustrations sustained dur-
ing mailing.

Online submissions
Manuscripts should be submitted through the Online Submission 
System at: http://www.wjgnet.com/esps/. Authors are highly recom-
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htm) before attempting to submit online. For assistance, authors en-
countering problems with the Online Submission System may send 
an email describing the problem to wjm@wjgnet.com, or by tele-
phone: +86-10-85381892. If  you submit your manuscript online, do 
not make a postal contribution. Repeated online submission for the 
same manuscript is strictly prohibited.

MANUSCRIPT PREPARATION
All contributions should be written in English. All articles must be 
submitted using word-processing software. All submissions must be 
typed in 1.5 line spacing and 12 pt. Book Antiqua with ample mar-
gins. Style should conform to our house format. Required informa-
tion for each of  the manuscript sections is as follows:

Title page
Title: Title should be less than 12 words.

Running title: A short running title of  less than 6 words should be 
provided.

Authorship: Authorship credit should be in accordance with the 
standard proposed by ICMJE, based on (1) substantial contribu-
tions to conception and design, acquisition of  data, or analysis and 
interpretation of  data; (2) drafting the article or revising it critically 
for important intellectual content; and (3) final approval of  the ver-
sion to be published. Authors should meet conditions 1, 2, and 3.

Institution: Author names should be given first, then the complete 
name of  institution, city, province and postcode. For example, Xu-
Chen Zhang, Li-Xin Mei, Department of  Pathology, Chengde 
Medical College, Chengde 067000, Hebei Province, China. One au-
thor may be represented from two institutions, for example, George 
Sgourakis, Department of  General, Visceral, and Transplantation 
Surgery, Essen 45122, Germany; George Sgourakis, 2nd Surgical 
Department, Korgialenio-Benakio Red Cross Hospital, Athens 
15451, Greece

Author contributions: The format of  this section should be: 
Author contributions: Wang CL and Liang L contributed equally 
to this work; Wang CL, Liang L, Fu JF, Zou CC, Hong F and Wu 
XM designed the research; Wang CL, Zou CC, Hong F and Wu 
XM performed the research; Xue JZ and Lu JR contributed new 
reagents/analytic tools; Wang CL, Liang L and Fu JF analyzed the 
data; and Wang CL, Liang L and Fu JF wrote the paper.

Supportive foundations: The complete name and number of  sup-
portive foundations should be provided, e.g. Supported by National 
Natural Science Foundation of  China, No. 30224801

Correspondence to: Only one corresponding address should be 
provided. Author names should be given first, then author title, af-
filiation, the complete name of  institution, city, postcode, province, 
country, and email. All the letters in the email should be in lower 
case. A space interval should be inserted between country name and 
email address. For example, Montgomery Bissell, MD, Professor of  
Medicine, Chief, Liver Center, Gastroenterology Division, Universi-
ty of  California, Box 0538, San Francisco, CA 94143, United States. 
montgomery.bissell@ucsf.edu

Telephone and fax: Telephone and fax should consist of  +, coun-
try number, district number and telephone or fax number, e.g. Tele-
phone: +86-10-85381892 Fax: +86-10-85381893

Peer reviewers: All articles received are subject to peer review. 
Normally, three experts are invited for each article. Decision for 
acceptance is made only when at least two experts recommend 
an article for publication. Reviewers for accepted manuscripts are 
acknowledged in each manuscript, and reviewers of  articles which 

were not accepted will be acknowledged at the end of  each issue. 
To ensure the quality of  the articles published in WJM, reviewers 
of  accepted manuscripts will be announced by publishing the name, 
title/position and institution of  the reviewer in the footnote ac-
companying the printed article. For example, reviewers: Professor 
Jing-Yuan Fang, Shanghai Institute of  Digestive Disease, Shanghai, 
Affiliated Renji Hospital, Medical Faculty, Shanghai Jiaotong Uni-
versity, Shanghai, China; Professor Xin-Wei Han, Department of  
Radiology, The First Affiliated Hospital, Zhengzhou University, 
Zhengzhou, Henan Province, China; and Professor Anren Kuang, 
Department of  Nuclear Medicine, Huaxi Hospital, Sichuan Univer-
sity, Chengdu, Sichuan Province, China.

Abstract
There are unstructured abstracts (no less than 256 words) and 
structured abstracts (no less than 480). The specific requirements 
for structured abstracts are as follows: 

An informative, structured abstracts of  no less than 480 words 
should accompany each manuscript. Abstracts for original contri-
butions should be structured into the following sections. AIM (no 
more than 20 words): Only the purpose should be included. Please 
write the aim as the form of  “To investigate/study/…; MATERI-
ALS AND METHODS (no less than 140 words); RESULTS (no 
less than 294 words): You should present P values where appropri-
ate and must provide relevant data to illustrate how they were ob-
tained, e.g. 6.92 ± 3.86 vs 3.61 ± 1.67, P < 0.001; CONCLUSION (no 
more than 26 words).

Key words
Please list 5-10 key words, selected mainly from Index Medicus, which 
reflect the content of  the study.

Text
For articles of  these sections, original articles and brief  articles, the 
main text should be structured into the following sections: INTRO-
DUCTION, MATERIALS AND METHODS, RESULTS and 
DISCUSSION, and should include appropriate Figures and Tables. 
Data should be presented in the main text or in Figures and Tables, 
but not in both. The main text format of  these sections, editorial, 
topic highlight, case report, letters to the editors, can be found at: 
http://www.wjgnet.com/2222-0682/g_info_20100725072755.htm. 

Illustrations
Figures should be numbered as 1, 2, 3, etc., and mentioned clearly 
in the main text. Provide a brief  title for each figure on a sepa-
rate page. Detailed legends should not be provided under the 
figures. This part should be added into the text where the figures 
are applicable. Figures should be either Photoshop or Illustra-
tor files (in tiff, eps, jpeg formats) at high-resolution. Examples 
can be found at: http://www.wjgnet.com/1007-9327/13/4520.
pdf; http://www.wjgnet.com/1007-9327/13/4554.pdf; http://
www.wjgnet.com/1007-9327/13/4891.pdf; http://www.
wjgnet.com/1007-9327/13/4986.pdf; http://www.wjgnet.
com/1007-9327/13/4498.pdf. Keeping all elements compiled is 
necessary in line-art image. Scale bars should be used rather than 
magnification factors, with the length of  the bar defined in the leg-
end rather than on the bar itself. File names should identify the fig-
ure and panel. Avoid layering type directly over shaded or textured 
areas. Please use uniform legends for the same subjects. For exam-
ple: Figure 1  Pathological changes in atrophic gastritis after treat-
ment. A: ...; B: ...; C: ...; D: ...; E: ...; F: ...; G: …etc. It is our principle 
to publish high resolution-figures for the printed and E-versions.

Tables
Three-line tables should be numbered 1, 2, 3, etc., and mentioned 
clearly in the main text. Provide a brief  title for each table. Detailed 
legends should not be included under tables, but rather added into 
the text where applicable. The information should complement, 
but not duplicate the text. Use one horizontal line under the title, a 
second under column heads, and a third below the Table, above any 
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footnotes. Vertical and italic lines should be omitted.

Notes in tables and illustrations
Data that are not statistically significant should not be noted. aP < 
0.05, bP < 0.01 should be noted (P > 0.05 should not be noted). If  
there are other series of  P values, cP < 0.05 and dP < 0.01 are used. 
A third series of  P values can be expressed as eP < 0.05 and fP < 0.01. 
Other notes in tables or under illustrations should be expressed as 
1F, 2F, 3F; or sometimes as other symbols with a superscript (Arabic 
numerals) in the upper left corner. In a multi-curve illustration, each 
curve should be labeled with ●, ○, ■, □, ▲, △, etc., in a certain se-
quence.
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Express t test as t (in italics), F test as F (in italics), chi square test as 
χ2 (in Greek), related coefficient as r (in italics), degree of  freedom 
as υ (in Greek), sample number as n (in italics), and probability as P (in 
italics).

Units
Use SI units. For example: body mass, m (B) = 78 kg; blood pres-
sure, p (B) = 16.2/12.3 kPa; incubation time, t (incubation) = 96 h, 
blood glucose concentration, c (glucose) 6.4 ± 2.1 mmol/L; blood 
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Abstract
AIM: To demonstrate the potential of using 2-aminothi-
azoline-4-carboxylic acid (ATCA) as a novel biomarker/
forensic biomarker for cyanide poisoning. 

METHODS: A sensitive method was developed and 
employed for the identification and quantification of 
ATCA in biological samples, where the sample extraction 
and clean up were achieved by solid phase extraction 
(SPE). After optimization of SPE procedures, ATCA was 
analyzed by high performance liquid chromatography-
tandem mass spectrometry. ATCA levels following the 
administration of different doses of potassium cyanide 
(KCN) to mice were measured and compared to endog-
enous ATCA levels in order to study the significance of 
using ATCA as a biomarker for cyanide poisoning.

RESULTS: A custom made analytical method was es-
tablished for a new (mice) model when animals were 
exposed to increasing KCN doses. The application of 
this method provided important new information on 
ATCA as a potential cyanide biomarker. ATCA concen-
tration in mice plasma samples were increased from 
189 ± 28 ng/mL (n  = 3) to 413 ± 66 ng/mL (n  = 3) 
following a 10 mg/kg body weight dose of KCN intro-
duced subcutaneously. The sensitivity of this analytical 
method proved to be a tool for measuring endogenous 
level of ATCA in mice organs as follows: 1.2 ± 0.1 μg/g 
for kidney samples, 1.6 ± 0.1 μg/g for brain samples, 
1.8 ± 0.2 μg/g for lung samples, 2.9 ± 0.1 μg/g for 
heart samples, and 3.6 ± 0.9 μg/g for liver samples. 

CONCLUSION: This finding suggests that ATCA has 
the potential to serve as a plasma biomarker / forensic 
biomarker for cyanide poisoning.

© 2012 Baishideng. All rights reserved.

Key words: Forensic science; Biomarker; Cyanide poi-
soning; 2-aminothiazoline-4-carboxylic acid; LC-MS/MS

Peer reviewers: Srinivas Ayyadevara, Research Health Scientist, 
Research Assistant Professor, Department of Geriatrics, Univer-
sity of Arkansas for Medical Sciences, John L McClellan Medical 
Center, 4300 West 7th Street, Research 151, Room GB 103, Little 
Rock, AR 72205, United States; Murielle Mimeault, PhD, Depart-
ment of Biochemistry and Molecular Biology, College of Medi-
cine, Eppley Cancer Institute, 7052 DRC, University of Nebraska 
Medical Center, 985870 Nebraska Medical Center, Omaha, NE 
68198-5870, United States; Soledad Rubio, Professor, Department 
of Analytical Chemistry, University of Córdoba, Edificio Anexo 
Marie Curie, Campus de Rabanales, 14017, Córdoba, Spain

Yu JCC, Martin S, Nasr J, Stafford K, Thompson D, Petrikovics 
I. LC-MS/MS analysis of 2-aminothiazoline-4-carboxylic acid 
as a forensic biomarker for cyanide poisoning. World J Methodol 
2012; 2(5): 33-41  Available from: URL: http://www.wjg-
net.com/2222-0682/full/v2/i5/33.htm  DOI: http://dx.doi.
org/10.5662/wjm.v2.i5.33

ORIGINAL ARTICLE

33 October 26, 2012|Volume 2|Issue 5|WJM|www.wjgnet.com



INTRODUCTION
Cyanide is a swift and powerful poison. Suicidal, acciden-
tal, or homicidal death involving the determination of  
cyanide is encountered frequently in forensic toxicologi-
cal practice[1]. In crime scene investigations, two indica-
tors of  acute cyanide poisoning are (1) a “bitter almond” 
odor emanating from the victim; and (2) the presence 
of  pink lividity in the post mortem examination[2]. The 
presence of  cyanide can be confirmed chemically using 
a colorimetric test at the scene of  the crime, followed by 
a laboratory analysis using a gas chromatography-mass 
spectrometry (GC-MS). Samples, such as stomach con-
tents and whole blood are usually collected from victims 
and analyzed in order to confirm the cause of  death[3]. 
The determination of  the presence of  cyanide involves 
extraction of  hydrogen cyanide (HCN) from samples and 
the measurement of  cyanide from the extracts[4,5]. Bio-
logical fluids, such as blood or urine can be taken from 
the subject for analysis[6-9]. Due to the relatively short 
half-life of  cyanide (from minutes to hours depending on 
the matrix), direct analysis of  cyanide to confirm cyanide 
poisoning may only be feasible within the first few hours 
following exposure[10-12].

Natural dietary and pulmonary intake of  cyanide 
from the environment provides a nonzero cyanide back-
ground level in the body. Smoke inhalation in fires greatly 
increases background cyanide levels[13]. The volatility and 
reactivity of  cyanide leaves direct measurements highly 
susceptible to errors introduced during the sample col-
lection and separation step[14]. An alternative approach 
that can help to minimize false positive (no cyanide is 
involved but cyanide is detected) and false negative (cya-
nide is involved but cyanide is not detected) results, is to 
detect stable biomarkers of  cyanide, rather than cyanide 
itself. Thiocyanate (SCN-), 2-aminothiazoline-4-carboxylic 
acid (ATCA), and cyanide-protein adducts in biological 
fluids and tissues have been reported as alternative bio-
markers for cyanide exposure and poisoning[15,16]. SCN- is 
the major cyanide metabolite found in blood[17]. However, 
SCN-

 is also a natural metabolite of  non-cyanide medi-
ated pathways and thus is not a good marker for cyanide 
exposure[18].

Detoxification of  cyanide by cystine to produce 
ATCA in vivo was first reported by Wood and Cooley[19]. 
They found that the pathway producing ATCA repre-
sents approximately 20% of  cyanide metabolism, that the 
quantity of  ATCA produced is directly proportional to 
the amount of  cyanide metabolized, and that harvested 
ATCA is stable for months in the freezer[20]. Therefore, 
ATCA has been considered a promising candidate as a 
chemically stable biomarker for cyanide poisoning. More 
details of  human metabolism of  cyanide and detection 
of  its biomarkers can be found in a recent review pub-
lished by Logue et al[21]. Aside from the -cyanide mediated 
pathway, there are currently no other known pathway for 
endogenous ATCA production in the human body.

There are numerous analytical techniques to deter-
mine cyanide[22] and thiocyanate[23] or both[24,25] in biologi-

cal samples, but only a few techniques are available to 
measure ATCA. Quantitative analysis of  ATCA begins 
with extraction from biological samples followed by 
derivatization to produce a sample that is suitable for 
quantitative analysis with liquid chromatography or gas 
chromatography. Cation exchange solid-phase extraction 
(SPE) columns and individual pre-treatment steps for the 
extraction and analysis of  ATCA from biological samples 
have been reported[26,27]. Derivatization steps were needed 
in those studies due to the use of  either fluorometric 
detection or gas chromatography. Molecularly imprinted 
stir bar sorption extraction (MISBSE) of  ATCA was re-
ported by Jackson et al[28]. The MISBSE technique enables 
the selective extraction of  ATCA from urine samples fol-
lowed by direct detection of  ATCA (without derivatiza-
tion) by a tandem mass spectrometer. This technique 
may in the future provide rapid analytical method for the 
direct detection of  ATCA for forensic urine analysis, but 
at the moment, MISBSE is not competitive with stan-
dard SPE methods due to the low binding capacities and 
sample recoveries.

The purpose of  this study was to determine the opti-
mal conditions for the quantification of  ATCA in various 
biological fluids and organs using SPE, and high perfor-
mance liquid chromatography coupled to tandem mass 
spectrometry (LC-MS/MS). Conditions associated with 
SPE sample loading, washing and final elution, were stud-
ied and refined. The effect of  ATCA signal fluctuations 
arising from electrospray ionization (ESI) suppression 
was minimized by using a structural analogue of  ATCA 
(2-aminothiazole-4-carboxylic acid, ATZA) as an internal 
standard. Similar LC-MS/MS analysis was previously re-
ported and employed for different purposes with different 
experimental setups on different animal (rat) models[29,30]: 
Determining ATCA levels in plasma and various organs 
after a constant dose of  cyanide exposure [4 mg/kg po-
tassium cyanide (KCN)] indicated that the plasma ATCA 
level following cyanide exposure was not significantly el-
evated from the endogenous ATCA level. This suggested 
that ATCA might not be a good biomarker for cyanide 
intoxication[29]; however, this study also demonstrated 
that ATCA is a valuable forensic biomarker, since the 
ATCA level significantly increased in certain organs after 
a constant dose (4 mg/kg) of  KCN administration. To 
determine how long ATCA persists in the circulation, 
ATCA was injected to the bloodstream, and samples 
were taken at periodic time intervals, and analyzed by the 
LC-MS/MS method[30]. Results suggested that ATCA is 
a chemically stable metabolite, suitable as a forensic bio-
marker. This study also compared the two sample prepa-
ration methods of  SPE and MISBSE suggesting the pri-
ority of  SPE over MISBSE. Present studies are reporting 
ATCA levels after exposing mice to higher, increasing (6, 
6, 8 and 10 mg/kg) KCN doses. Exogenously elevated 
levels of  ATCA were compared to endogenous levels of  
ATCA present in the biological fluids and organs prior 
to challenge. This new method can be extended to future 
toxicokinetic studies of  ATCA in other animal models 
in order to confirm the significance of  using ATCA as a 
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biomarker from different biological matrices for human 
cyanide poisoning.

MATERIALS AND METHODS
Ethics
All animal procedures were conducted in accordance 
with the guidelines in The Guide for the Care and Use 
of  Laboratory Animals (National Academic Press, 1996). 
The research facility was accredited by AAALAC (Ameri-
can Association for the Assessment and Accreditation of  
Laboratory Animal Care, International) and this animal 
study was approved by the IACUC (Institutional Animal 
Care and Use Committee) at Sam Houston State Univer-
sity.

Chemicals and samples
Trifluoroacetic acid (TFA) was obtained from EMD 
Chemicals (Gibbstown, NJ, USA) and used to prepare 
0.5% (v/v) TFA in methanol (0.5% TFA/MeOH) as the 
mobile phase. All solvents were at least HPLC grade. 
ATCA was obtained from Chem-Impex International 
(Wood Dale, IL, USA). ATZA was obtained from Syn-
thonix (Wake Forest, NC, USA). Molecular structures 
of  ATCA and ATZA are shown in Figure 1. KCN was 
purchased from Sigma-Aldrich (St. Louis, MO, USA). 
For in vivo study, serial dilutions were used to produce 
aqueous KCN solutions of  systematically decreasing con-
centration. KCN is acutely toxic. Ingestion of  KCN or 
exposure to its salt or its aqueous solutions by eye or skin 
contact can be fatal. Exposure to as little as 50-150 mg can 
cause immediate collapse and death. Working with cyanide-
containing compounds requires special care. Oasis® mixed 
mode cation exchange (MCX) cartridges were obtained 
from Waters Corporation (Milford, MA, USA). A 5% 
aqueous ammonium hydroxide/methanol solution (v/v) 
was prepared and used as the final elution solution. Mice 
liver, plasma, brain, heart and lung were used to evaluate 
the applicability of  the analytical method.

Instrumentation 
SPE was performed in a glass manifold equipped with 
Teflon needle inserts and evacuated with a Buchi V-700 
Vacuum Pump (Mallinckrodt Baker, Inc., Phillipsburg, 
NJ, USA). Homogenization was performed with ready-
to-use Precellys® lysing kits on a Precellys-24 tissue ho-
mogenizer (Bertin Technologies, France). Pierce Reacti-
Therm II Heating Module was used to stream air to 
borosilicate glass disposable culture tubes (13 mm × 
100 mm). A Shimadzu liquid chromatograph (LC-20AT, 
Shimadzu, Columbia, MD) coupled to a tandem mass 
spectrometer (API 3200 ESI/MS/MS system, Applied 
Biosystems, Foster City, CA) was employed for the LC-
MS/MS separation, detection and quantification of  
ATCA. A Luna CN column (3 micron, 100 mm × 2 mm; 
Phenomenx; Torrance, CA, USA) was used for the separa-
tion. A 5 μL aliquot was injected to the LC-MS/MS by an 
auto-sampler, and eluted isocratically at a 0.5 mL/min flow 

rate. Transition ions of  ATCA in positive mode (m/z 147 
→ 101) and ATZA (m/z 145 → 127) were generated us-
ing ESI and detected using multiple reaction monitoring 
(MRM). The source dependent conditions of  ESI were as 
follows: ionspray voltage: +5500 V, temperature: 450 ℃, 
curtain gas 350 kPa, gas 1: 480 kPa, gas 2: 140 kPa. The 
compound dependent parameters were as follows: colli-
sion gas (CAD): 41 kPa, collision cell entrance potential: 
14 V, and the collision cell exit potential: 4 V. More in-
strumentation details of  ESI/MS/MS for the detection 
of  ATCA can be found in our previous report[24]. 

Sample preparation and SPE procedure
ATCA standard solutions with concentrations ranging 
from 0-1000 ng/mL, were prepared from 330 μg/mL 
ATCA standard stock solutions by serial dilutions. Inter-
nal standard, 10 μg/mL of  ATZA, was prepared from a 
282 μg/mL ATZA standard stock solution. Both ATCA 
and ATZA stock solutions were prepared in mobile 
phase (0.5% TFA/MeOH). To construct the calibration 
curve, 200 μL of  each standard solution was mixed with 
20 μL of  internal standard. The standard solutions were 
sonicated for 5 min and then dried. They were recon-
stituted with 220 μL of  mobile phase, and then a 5 μL 
aliquot was injected to the LC-MS/MS for analysis. 

To prepare the ATCA spiked samples, known amounts 
of  ATCA were air-dried in the test tubes. Two hundred 
microliters of  sample (urine, plasma, and organ homog-
enates) and 20 μL internal standard were added to these 
test tubes and diluted with 800 μL of  10 mmol/L phos-
phate buffer (pH 7.4) before SPE. For organ homogeni-
zation, samples were thawed, chopped, and weighed in 
homogenizing tubes, and 0.1 mol/L HCl was added to 
make a concentration of  0.6 g organ mass/mL in each 
tube. The samples were homogenized for 3 min, 1 min 
per cycle with 3 cycles at 6000 r/min using the Precellys 
24. Homogenized mixtures of  samples were diluted with 
10 mmol/L phosphate buffer (pH 7.4) to obtain a final 
concentration of  organ homogenate of  0.15 g organ 
mass/mL buffer. The solution was vortexed and centri-
fuged for 10 min at 10 000 r/min and the supernatant 
was removed for the SPE extraction.

SPE was performed on a MCX cartridge prior to the 
LC-MS/MS analysis. The MCX cartridges were conditioned 
with 1 mL of  methanol and then 1 mL of  distilled water. 
The samples (1 mL total) were loaded into the conditioned 
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served as an internal standard. ATCA: 2-aminothiazoline-4-carboxylic acid.
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cartridges employing vacuum as needed. After sample load-
ing, the cartridges were washed with 1 mL of  0.1 mol/L 
HCl first and then washed with 1 mL methanol. The 
cartridges were finally eluted with 1 mL of  5% (v/v) am-
monium hydroxide in methanol (5% NH4OH/MeOH). 
Note that teflon inserts and waste test tubes were re-
placed with clean inserts and glass test tubes before final 
elution. The eluates were air dried first, then reconstituted 
with 220 μL of  mobile phase. After sonication for 5 min, 
the reconstituted samples were transferred to LC-MS/
MS auto-sampler vials containing 250 μL glass inserts. 

Quantitative analysis of ATCA
Detection of  ATCA by ESI/MS/MS has been previ-
ously reported[24]. Briefly, 5 μg/mL ATCA and ATZA 
standard solutions were infused separately to the MS/MS 
at 10 μL/min in order to observe certain compound-de-
pendent parameters for MRM transitions. When ATCA 
standard solution was infused to the ESI source under 
optimal ESI conditions, the ATCA molecular ion at m/z 
147, corresponding to (M + H)+, was detected. ATCA 
product ion at m/z 101 was the most abundant product 
ion after the optimization of  compound-dependent pa-
rameters of  MRM, hence the transition ion m/z 147 → 
101 was selected for identification and quantification of  
ATCA. Similarly, ATZA molecular ion at m/z 145 was 
generated under the optimal ESI condition. Its product 
ion m/z 127 was the most abundant product ions after 
optimization of  compound-dependent parameters of  
MRM, hence the transition ion m/z 145 → 127 was 
selected for detection of  the internal standard (ATZA). 
An internal standard corrected calibration curve was 
constructed by plotting the ratio of  ATCA peak area to 
ATZA peak area vs ATCA concentrations. External cali-
bration curves were also constructed to examine matrix 
and ionization suppression effects.

Quality control
The quality control (QC) sample was a 200 μL, 500 ng/mL  
ATCA standard with 20 μL of  10 μg/mL internal stan-
dard. The QC was analyzed prior to each sample to 
ensure that the instrumentation was working properly. 
Additionally, a blank sample (mobile phase with the in-
ternal standard only) was also run between samples to 
check for any potential carryovers. The peak shape for 
the QC was confirmed first, and any deviation from the 
known peak shape was interpreted as an instrumentation 
error. Conditioning of  separation column and tubing was 
performed when high backpressure was noticed. Once 
QC was passed, samples were analyzed using LC-MS/MS 
with good confidence.

Animal studies
For animal studies, Charles River provided the 18 CD-1 
mice, all of  which were male and weighed about 20 g. The 
experimental animals were housed in room temperature 
and light controlled rooms (22 ℃ ± 2 ℃, 12-h light/dark 
cycle). They were furnished with water and Teklad Rodent 

Diet (W) 8604 (Teklad HSD, Inc., WI, USA) ad libitum. 
Plasma and organs (brain, lungs, heart, liver, and kidneys) 
of  the mice were collected after subcutaneous injection of  
KCN at different doses. Three sublethal doses (6, 8, and 
10 mg/kg-body-weight) were applied (3 mice/dose), and 
the injection solutions were prepared from a 4-mg/mL 
KCN stock solution. Each dose was injected with a 25 G 
× 1 1/2 needle. Mice were terminated 15 min after cya-
nide exposure and organs were collected. Blood samples 
were taken by pipetting. The average volume of  blood 
obtained was 0.25 mL, and the blood was placed into 
Eppendorf  tubes with 40 L of  10 mg/mL of  heparin in 
water. The Eppendorf  tubes were vortexed, then centri-
fuged at 13 000 r/min for 5 min. Plasma was collected, 
and organs were collected as well. Plasma and organ 
samples were placed into plastic 3 mL tubes and stored in 
the freezer until they were thawed for analysis. Note that 
longer exposure of  cyanide was not performed in this 
work. The toxicokinetic and half-life studies of  ATCA 
are separate research projects in our laboratory.

RESULTS
SPE procedure
The use of  MCX cartridge for the extraction of  ATCA 
from acidified urine samples has been previously re-
ported[20]. The ACTA was eluted from the cartridge by 
concentrated NH4OH and converted to the trimethyl-
silyl derivative through reaction with 30% N-methyl-
N-trimethylsilyltrifluoroacetamide (MSTFA) in hexane 
before analysis by GC-MS. In our work, we have modi-
fied and optimized the SPE procedure for LC-MS/MS 
instrumentation. ATCA was detected by ESI-MS/MS 
without chemical derivatization. The impact of  solvent 
composition on ATCA and ATZA ionization at the ESI 
source was tested first. Solvents of  three ATCA standard 
solutions (500 ng/mL with ATZA) were evaporated by 
air (air-dry) and argon (argon-dry) gases and the residues 
were reconstituted with a freshly prepared mobile phase. 
As shown in Figure 2, the MS/MS signals of  ATCA and 
ATZA were compared with and without air drying. The 
decreased peak areas of  ATCA and ATZA in reconsti-
tuted solutions following air or argon drying were attrib-
uted to the variations of  TFA concentration in the stock 
solution and the freshly prepared mobile phase. Solvent 
evaporation with argon had similar effects to that with 
air. Therefore, the use of  an inert gas was not needed 
for solvent evaporation. It has been known that TFA is 
a good organic additive in chromatography, but a poor 
reagent for MS/MS signal. In our method development, 
it was unfortunate that we could not avoid the need for 
evaporation of  samples and calibration standards.

Concentrated (28%-30%) aqueous ammonium hy-
droxide, 5% NH4OH/MeOH, 0.5% TFA/MeOH, and 
1% TFA/MeOH were next tested to determine the op-
timal final elution solution. Triplicates of  each solution 
were performed through SPE. The optimal final elution 
solution was also determined by using 2 different elution 

36 October 26, 2012|Volume 2|Issue 5|WJM|www.wjgnet.com

Yu JCC et al . 2-Aminothiazoline-4-carboxylic acid as a forensic biomarker



volumes (1 and 2 mL) of  5% NH4OH/MeOH. Trip-
licates of  each volume were performed through SPE. 
These solutions yielded similar recoveries of  ATCA and 
ATZA. Because 5% NH4OH/MeOH was relative easy 
to air-dry, it was selected as the final elution solution for 
SPE.

Optimal SPE procedure for ATCA extraction
Various SPE procedures were tested and the best recov-
ery was obtained using the procedure below. Mice plasma 
or homogenized mice organs (200 μL) mixed with  
20 μL of  internal standard (ATZA) was diluted with  
800 μL of  10 mmol/L phosphate buffer (pH 7.4). ATCA 
and ATZA were then extracted with and eluted from 
the MCX cartridge. The samples eluted by the final elu-
tion solution were dried under gentle air streams. After 
air drying, the residues were reconstituted with 220 μL 
of  mobile phase. Standard solutions and samples were 
then sonicated for 5 min prior to LC-MS/MS analysis. 
With a volatile organic additive, such as TFA, in the mo-
bile phase, it is challenging to keep its concentration a 
constant from batch to batch. A precise control of  TFA 
concentration, or elimination of  matrix components 
could be investigated for method development, however, 
it is more applicable to just use an internal standard for 
calibration in our method.

Use of TFA as an additive in mobile phase
In our previous studies using ESI/MS/MS, a mobile 
phase of  0.5% acetic acid gave a good yield of  the MRM 
transition ion of  m/z 147 → 101 for the detection of  
ATCA. This mobile phase was found to be a poor elu-
ent of  ATZA. However, as shown in Figure 3, when 
TFA was added to the mobile phase a good sharp ATZA 
peak was detected. This result suggested that TFA was a 

more effective ion-paring reagent than acetic acid during 
the chromatography. Therefore, 0.5% TFA/MeOH was 
selected as the mobile phase, replacing the 0.5% acetic 
acid/MeOH mobile phase used in our prior work. 

Use of ATZA as the internal standard
ATCA standard solutions, ranging from 0-1000 ng/mL, 
were analyzed by LC-MS/MS with ATZA as the internal 
standard. External calibration curves were first con-
structed to show the relationship between ATCA con-
centrations and integrated ATCA LC-MS/MS peak areas. 
As shown in Figure 4A, the external standard calibration 
curves showed good linearity over the tested ATCA con-
centration range with average R2 = 0.999 in a between-
days experiment. The dashed lines show linear regression 
of  calibration in each day. These linear regression lines 
yielded an average calibration equation y = (199 ± 60) × 
(n = 4), relative standard deviation (RSD) of  calibration 
slopes = 30%. The high %RSD of  the slopes indicated a 
typical ionization suppression effect of  ESI. Internal cali-
bration curves were next prepared by plotting the ratio 
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Figure 3  Comparison of chromatograms of 2-aminothiazoline-4-carboxylic 
acid and 2-aminothiazole-4-carboxylic acid obtained by using 0.5% acetic 
acid/MeOH as mobile phase (A and C) and 0.5% trifluoroacetic acid/MeOH 
as mobile phases (B and D). When trifluoroacetic acid (TFA) was added to the 
mobile phase a good sharp 2-aminothiazole-4-carboxylic acid (ATZA) peak was 
detected. This result suggested that TFA was a more effective ion-paring re-
agent than acetic acid during the chromatography. Therefore, 0.5% TFA/MeOH 
was selected as the mobile phase, replacing the 0.5% acetic acid/MeOH mobile 
phase used in our prior work. ATCA: 2-aminothiazoline-4-carboxylic acid.
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of  ATCA to ATZA peak areas vs ATCA concentration. 
As shown in Figure 4B, ratioing to the internal standard 
peak area improved the reproducibility of  the calibra-
tion curves. The dashed lines show calibration curves 
obtained on different days. These internal standard com-
pensated calibration curves yielded an average calibration 
equation y = (0.018 ± 0.00007) × (n = 4), RSD = 4%. 
The decrease of  the RSD from 30% (external calibration) 
to 4% (internal standard calibration) demonstrated that 
the internal standard, ATZA, enables effective compen-
sation for ionization suppression and matrix effects, and 
substantially improves the precision with which ATCA 
can be quantified. The effect of  matrix components on 
MS/MS signals could be determined by comparing the 

slope of  internal standard calibration curves and matrix 
added calibration curves (e.g., standard addition). How-
ever, it could not eliminate matrix effect for the different 
biological samples. Note that the use of  an internal stan-
dard does not mean that the method is interference-free.

Endogenous level of ATCA in mice organs
The endogenous levels of  ATCA in different organs of  
mice were measured using the SPE procedure and LC-
MS/MS conditions outlined above. As showed in Figure 5, 
triplicate samples from healthy mice showed endogenous 
ATCA concentrations as follows: 1.2 ± 0.1 μg/g for kid-
ney samples, 1.6 ± 0.1 μg/g for brain samples, 1.8 ± 0.2 
μg/g for lung samples, 2.9 ± 0.1 μg/g for heart samples, 
and 3.6 ± 0.9 μg/g for liver samples. 

DISCUSSION
Mobile phase composition can impact the ESI ioniza-
tion of  analytes[27], The responses of  positive ions may 
be varied by changes in the electrolyte concentration, pH, 
and percent methanol at the ESI ionization source[28]. 
TFA has been known to suppress ESI[29]. For quantitative 
analysis, it is important to air-dry the ATCA and ATZA 
standard solutions so that all solutions can be redissolved 
in the same batch of  mobile phase (freshly prepare mo-
bile phase is recommended). This ensures reproducible 
ionization suppression from sample to sample. We found 
that this solvent reconstitution step increased the preci-
sion of  signal from replicate standard solutions (%RSD 
of  ATCA < 5% and %RSD of  ATZA < 8%). Note that 
the ring in ATCA may open under heat and basic condi-
tions[24]. The evaporation of  solvent should be performed 
under ambient temperature.

Matrix components in the sample could interfere with 
the detection of  ATCA in LC-MS/MS. SPE was used 
to isolate the analyte from the complex sample matrices. 
However, while SPE generally reduces matrix effects, it 
can under certain circumstances also magnify matrix ef-
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fects[30], an internal standard was needed to minimize this 
deviation of  calibration. Ideally, the choice of  deuterated 
ATCA as the internal standard has advantages chromato-
graphically and can eliminate limitations of  chemical 
properties in separation and detection method develop-
ment. Unfortunately, deuterated ATCA was not commer-
cially available. From this work, ATZA was selected and 
proved as to be a good alternative as an internal standard. 
The use of  ATZA as an internal standard successfully 
mitigated ESI suppression and matrix effects. Note that 
the difference in the chemical properties of  ATZA and 
ATCA has been shown by the difference in MS/MS frag-
mentation and the pKa of  ATZA is different from ATCA 
which potentially can be a problem in separation. Fortu-
nately, ATZA co-eluted with ATCA in our method. This 
is advantageous because ion suppression at the ESI source 
should then be more uniform for both ATCA and ATZA. 

It has been suggested in an in vivo study that the reac-
tion of  an oxidized disulfide with a sulfur nucleophile 
from glutathione could be a plausible origin for ATCA[27]. 
It is likely that endogenous levels of  ATCA in each organ 
reflect the availability of  disulfide and the concentration 
of  glutathione in those organs. Thus, endogenous ATCA 
levels may give an estimate of  each organs capacity for 
cyanide detoxification. For example, the preliminary 
results showing lower endogenous ATCA levels in the 
kidneys and brain may be consistent with lower capacity 
for cyanide detoxification in those organs. This lower ca-
pacity might be partially due to the absence of  rhodanese 
enzymes in the kidney and brain. 

Mice received three different sublethal doses (6, 8 and 
10 mg/kg) of  cyanide subcutaneously (3 mice/doses) 
and were terminated 15 min after cyanide exposure. As 
shown in Figure 6, a significant correlation of  cyanide 
dose vs ATCA concentration in plasma samples was ob-
served. ATCA concentration in mice plasma samples was 

increased from 189 ± 28 ng/mL (n = 3 mice) for endog-
enous level (0 mg/kg body weight dose of  KCN) to 413 
± 66 ng/mL (n = 3 mice) for 10 mg/kg body weight dose 
of  KCN. This data represents the first in vivo study of  
ATCA concentration levels in plasma samples following 
administration of  various controlled doses of  cyanide.

Present in vivo study confirmed that ATCA concentra-
tion in plasma samples rose significantly with increasing 
cyanide dose levels in a mice model. This finding sug-
gests that ATCA has the potential to serve as a plasma 
biomarker for cyanide poisoning. However, further 
studies for detecting ATCA in biological samples after 
exposure of  various cyanide doses employing various 
animal models are necessary to reaffirm that ATCA can 
be established as a suitable cyanide biomarker/forensic 
biomarker. Since it is previously proven that ATCA is a 
persistent, chemically stable metabolite[26], more over the 
formed ATCA concentrations are significantly enhanced 
in certain organs even after a lower dose of  cyanide ex-
posure[25], This method can also be readily applied to actual 
autopsy materials. It is important to develop this method 
into a complementary method to extend the detection 
time window for cyanide poisoning cases, especially for 
those autopsy samples that have been stored for a long 
time where cyanide poisoning was suspected. These stud-
ies are superior to the previously reported studies with a 
different animal model (rat)[25]: While the previous experi-
mental setup of  applying one single KCN dose (4 mg/kg) 
did not prove the potential importance of  ATCA as a 
plasma biomarker, present studies confirm that at higher 
doses of  KCN administration the plasma ATCA level is 
proportionally and significantly increasing with increasing 
KCN doses. Earlier studies indicated enhanced ATCA 
levels in the urine and plasma[20] of  smokers vs non smok-
ers, suggesting that ATCA has potential as a cyanide bio-
marker in human. Different cyanide metabolite baseline 
levels in smokers vs nonsmokers is a factor that needs to 
be accounted for in all methods, including ATCA based 
methods, that seek to differentiate between chronic and 
acute cyanide exposure. Present findings provide ad-
ditional evidence to the study by Logue et al[20], for the 
potential of  ATCA to serve as a plasma biomarker in 
mice and human, and confirm its utility as a forensic bio-
marker what was in agreement with the earlier investiga-
tion using a single lower dose of  KCN in a rat model[29]. 
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Background
Cyanide (CN) is a potent poison, which people can be exposed to in a various 
ways. It has been widely recognized as a chemical warfare agent and is con-
sidered as a possible terrorist threat. It is important to determine cyanide itself, 
or its metabolites in biological matrices for forensic, clinical, military, research 
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Figure 6  2-aminothiazoline-4-carboxylic acid concentration in mice plas-
ma after different doses of potassium cyanide (endogenous level = 0 mg/
kg body weight dose of potassium cyanide). Mice received three different 
sublethal doses (6, 8 and 10 mg/kg) of cyanide subcutaneously (3 mice/doses) 
and were terminated 15 min after cyanide exposure. A significant correlation of 
cyanide dose vs 2-aminothiazoline-4-carboxylic acid (ATCA) concentration in 
plasma samples was observed. ATCA concentration in mice plasma samples 
was increased from 189 ± 28 ng/mL (n = 3 mice) for endogenous level [0 mg/kg 
body weight dose of potassium cyanide (KCN)] to 413 ± 66 ng/mL (n = 3 mice) 
for 10 mg/kg body weight dose of KCN. 
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and veterinary purposes. Common metabolites of cyanide include 2-aminothia-
zoline-4-carboxylic acid (ATCA) and thiocyanate. ATCA is formed when cyanide 
reacts with cysteine. 
Research frontiers
One of the most important frontiers in cyanide research to develop effective 
methods for forensic analysis of cyanide exposure, based on detection of CN 
and its metabolites (thiocyanate and ATCA). Since cyanide is present in the 
body in the volatile hydrogen cyanide form, it is rapidly depleted from blood 
(generally within the first 20 min of exposure) following exposure, leaving only 
metabolites as biomarkers. Important criteria for a biomarker include chemical 
stability, and biomarker concentration levels in biological matrices that correlate 
with the doses of exposure. Earlier studies proved that ATCA is a chemically 
stable cyanide metabolite. The present study indicates the cyanide dose vs 
ATCA blood concentration relation, therefore it suggests that ATCA might be 
established as a cyanide biomarker.
Innovations and breakthroughs
Logue et al (2005 and 2010) reported an analytical method gas chromatogra-
phy-mass spectrometry (GC-MS) to measure ATCA in biological matrices. Since 
ATCA is not volatile, it requires derivatization prior to measurement via GC-MS. 
The authors’ HPLC method detects ATCA without derivatization. For sample 
preparation before injecting the samples to the chromatography column (LC-MS/
MS method), Yu’s group at SHSU (Jackson et al, 2010) developed and reported 
a molecularly imprinted polymer stir bar sorption extraction for determining 
ATCA. The present study employs the LC-MS/MS method, and it compared the 
two extraction methods (molecularly imprinted polymer stir bar sorption extrac-
tion and SPE), and for further analysis it recommends the SPE extraction when 
determining ATCA by LC/MS/MS method. Employing the HPLC/MS/MS method 
with SPE extraction, this study confirmed that ATCA can serve as a biomarker 
for cyanide exposure. In an earlier study (Petrikovics et al, 2011) reported the 
possible establishment of ATCA as a forensic biomarker, since the post expo-
sure concentration of ATCA in organs was significantly elevated relative to the 
endogenous ATCA levels, especially in the liver in a rat model. Further inves-
tigations are being pursuedto determine endogenous cysteine/cystine levels 
in order to understand why certain organs contain more ATCA after a constant 
cyanide exposure. When a constant low dose of cyanide was administered, the 
plasma ATCA level was not elevated relative to the endogenous plasma ATCA. 
In the present study the authors report that when cyanide doses are higher, and 
more representative of acute exposure, the ATCA levels in the plasma are cor-
related with CN dose in a mice model.
Applications 
This results of this study suggest that ATCA holds promise as a forensic bio-
marker for CN. 
Peer review
The results of this study show that ATCA levels are strongly correlated with CN 
exposure levels in a mice model. These results are consistent with the hypothesis 
that ATCA might serve as a biomarker/ forensic biomarker for cyanide exposure. 
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Abstract
The purpose of this overview is to provide a concise 
introduction to the methodology and current advances 
in molecular dynamics (MD) simulations. MD simula-
tions emerged as a powerful and popular tool to study 
dynamic behavior of proteins and macromolecule 
complexes at the atomic resolution. This approach can 
extend static structural data, such as X-ray crystal-
lography, into dynamic domains with realistic times-
cales (up to millisecond) and high precision, therefore 
becoming a veritable computational microscope. This 
perspective covers current advances and methodology 
in the simulation of protein folding and drug design as 
illustrated by several important published examples. 
Overall, recent progress in the simulation field points 
to the direction that MD will have significant impact on 
molecular biology and pharmaceutical science.

© 2012 Baishideng. All rights reserved.
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INTRODUCTION
The understanding of  functions of  biological macro-
molecules has relied not only on the structural data but 
also their dynamical behavior. The early view of  the 
proteins as relatively rigid structures has been replaced 
by a dynamic model. In these models conformational 
changes and motions play an essential role in their func-
tion. In the last 25 years, biomolecular simulations has 
become a powerful tool to trace atomic motions of  pro-
tein and DNA molecules and yielded important insights 
into molecular mechanisms[1-3]. The molecular dynamics 
(MD) simulation is considered a pivotal methodology 
to access dynamical behavior of  macromolecules in 
silico. This technique provides ultimate atomic resolu-
tion details about the dynamic properties of  the system 
as a function of  time. It offers connection between the 
structure and function by enabling the exploration of  
the conformational space and energy landscape available 
to protein molecules. It is not surprising that the term 
“computational microscope” has been accepted by the 
scientific community[4]. 

One of  the first MD simulations of  proteins, bo-
vine pancreatic trypsin inhibitor (BPTI), was reported 
in 1977. This work should be considered as the first at-
tempt to utilize computer simulation to observe protein 
motions at 9.2 picosecond (ps) time scale[5]. In 1988, 
eleven years later, the same protein was simulated for 
210 ps using explicit solvent[6]. The latter work showed 
good correlation between the average structure pro-
duced by simulation and the high-resolution X-ray struc-
ture, emphasizing the importance of  longer simulation 
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time and use of  explicit water molecules. Since then the 
dramatic increase in computational power and significant 
improvement in methodology made the simulation much 
more accurate and stable. It is now routine to run simu-
lations from 100 ns (10-7 s) to several µs (10-6 s) where 
even shorter time scales (10-100 ns) can well describe 
local dynamics of  the proteins structures. Experimental 
measurements show that rotation of  protein side chains 
often occurs around 0.5 ns timescale [“Physical Biology 
of  the Cell”, Rob Phillips, Jane Kondev and Julie The-
riot (2009) and references therein]. However, since many 
functionally important biological events occur on times-
cales of  many microseconds or milliseconds, including 
protein folding, protein-protein or protein-drug interac-
tions, much longer time scales are needed for conforma-
tional sampling. Recently, there were a large number of  
efforts to extend simulations to a longer timescales by 
designing specialized hardware to speed up MD simula-
tions and/or by improving the code[7-9]. The longest MD 
simulation published to date is a millisecond (ms) [1000 
microsecond (µs)] simulation of  the BPTI protein on a 
special-purpose supercomputer (called Anton) designed 
for MD simulations[10-12]. This work showed that BPTI 
transitioned reversibly among a small number of  struc-
turally distinct states with two states in the simulation 
accounting for 82% of  the trajectory which agreed well 
with experimental data. Such behavior could not be ob-
served at shorter (µs) timescales and thus confirms the 
importance of  adequate simulations times.

The MD relies on the solution of  the equations 
that describes the motion of  the molecular system. In 
explicit, all-atom simulations, thousands to millions of  
individual atoms, representing, for instance, all atoms of  
the protein and surrounding water molecules, move in a 
series of  short [e.g., 2 femtoseconds (fs)], discrete time 
steps. The MD trajectory represents the sequential set of  
time-evolved snapshots of  atomic coordinates and gen-
erally provides data only at the level of  atomic positions, 
velocities and single-point energies. The application of  
statistical thermodynamics allows to obtain macroscopic 
properties such as pressure, heat capacity and free ener-
gies of  the system. The product is a detailed “movie” 
of  molecular behavior over time. As a result, MD has 
became a tool for researches to investigate structural 
aspects, kinetics and thermodynamics of  various mac-
romolecule systems, including the dynamics in enzyme 
activity[13-15], transport of  ion and small molecules[16-18], 
protein-protein and protein-DNA interactions [19-21], pro-
tein folding[22,23] and ligand-target interactions[24-27], just to 
mention a few. In general, each step in MD simulations 
consists of  computationally intensive force calculations, 
followed by a less expensive integration step that ad-
vances the positions of  the atoms according to classical 
laws of  motions. Forces for each atom of  the system are 
calculated based on the molecular mechanics equations. 
The functional form of  such equations is shown in Fig-
ure 1. The potential energy parameters (bond lengths, 
vibrational energies, force constants, atomic and partial 
atomic charges, proper van der Waals atomic radii, etc.) 

are derived empirically from experimental techniques 
such as spectroscopy and X-ray crystallography, and also 
from ab initio quantum mechanical calculations. Col-
lectively, these parameters describe the contributions of  
various atomic forces that govern MD and are called 
a ‘force field’. There are several well established force 
fields which are currently being used and continued to 
be developed. The Chemistry at HARvard Macromo-
lecular Mechanics (CHARMM) biomolecular force field 
developed by Karplus et al[28,29] is widely used for the 
simulation of  proteins and other many particle systems 
using CHARMM and NAMD molecular simulation 
programs[30]. The Assisted Model Building with En-
ergy Refinement (AMBER), developed by the Kollman 
group[31], is a set of  molecular mechanical force fields 
for the simulation of  biomolecules, which was initially 
developed for the nucleic acids and now adopted for the 
simulation of  a wide range of  the biomolecules, includ-
ing proteins. AMBER has a package of  molecular simu-
lation programs and can also be used by NAMD. There 
are several others that are available, including the Energy 
Calculation and Dynamics (ENCAD) developed by Lev-
itt [32], the GROMOS and the hydrocarbon force fields 
(MM2-4)[33]. ENCAD and CROMOS force fields are 
available through the Groningen Machine for Chemi-
cal Simulations computational package[7]. In general, the 
force fields express the total force on an atom as a sum 
of  3 major components: bonded forces which involve 
interactions between small groups of  atoms connected 
by one or two covalent bonds; van der Waals forces 
which include interactions between small groups of  at-
oms in the system; and electrostatic forces which include 
interactions between all pairs of  atoms (non-bonded 
pair-wise interactions) (see the functional form of  AM-
BER equation, Figure 1). Chemical bonds and atomic 
charges are modeled using simple harmonic motions, 
and dihedral angles are modeled using a sinusoidal func-
tion that approximates the energy differences between 
eclipsed and staggered conformations. The non-bonded 
forces arise from van der Waals forces and electrostatic 
interactions. The non-bonded energy terms between ev-
ery pair of  atoms increase as the square of  the number 
of  atoms for a pairwise model (N2) and represent largest 
summation term in the potential energy equation. This 
part of  the simulations is the most computationally ex-
pensive. The van der Waals forces fall quickly with the 
distance and in computer simulations are treated with 
12/6 Lennard-Jones potentials. To reduce the cost of  
calculations the contributions from these forces can be 
controlled by the user defined cutoff  distance. The very 
short cutoff  (-4 Å) does not adequately model the prop-
erties of  the system when a very long cutoff  (over 20 
Å) significantly increases simulation time and has been 
shown not to improve fidelity of  the simulation over the 
intermediate values around 9-12 Å which are commonly 
used in the modern simulation[34]. The electrostatic 
forces fall off  slowly with distance and truncation at 
cutoff  distance introduces significant errors in the simu-
lations. Electrostatic forces, modeled using Coulomb’s  
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law, are typically computed using approximate meth-
ods (such as Ewald summations) that account for long-
range effects with the explicit interaction of  all pairs of  
atoms[35,36]. However, recent studies showed that use of  
approximation methods could affect the results of  the 
simulations. For example, in case of  the protein folding 
using short (9 Å) cutoff  distances could shift the balance 
between hydrophobic and hydrophilic interactions lead-
ing to stabilization of  the more compact structures[37]. 
Moreover, the neglect to include long-range compo-
nent of  the Lennard-Jones interactions and the lack of  
highly accurate treatment of  the long-range electrostat-
ics could result in artifacts during the folding pathways. 
In contrary, the free energy of  the protein folding and 
structural properties of  the folded protein are relatively 
unaffected by these approximations[37]. The level of  the 
approximations used in MD simulations should depend 
in part on the goal and questions that these calculations 
are planned to address. 

The common protocol for performing MD simula-
tions consists of  a number of  steps and is shown in 
Figure 2. In simulations of  biomolecules, an X-ray crys-
tal structure or an nuclear magnetic resonance (NMR) 
structure is first obtained from the Brookhaven Protein 
Databank to be commonly used as the initial structure. 
It is also possible to use a theoretical structure developed 
by homology modeling (also known as comparative 
modeling) or extended protein sequence if  the research-
er desires to investigate protein folding. Prior to starting 
MD simulation, it is recommended to perform energy 
minimization of  the structure to remove any strong van 
der Waals interactions which might exist in the initial 
structure. These unwanted interactions can lead to local 
structural distortion resulting in an unstable simulation. 
At this point, explicit water molecules are added to sol-
vate the system. Another energy minimization with the 
macromolecule fixed should follow the solvation step 
to allow the added water molecules to readjust around 
the protein molecule. At this point, the initial velocities 
at a low temperature are assigned to each atom of  the 
system and Newton’s equations of  motion are integrated 
to propagate the system in time. In explicit solvent 
simulation, the protein position is fixed initially to al-
low equilibration of  water molecules. Once that is done, 
the constraints on the protein can be removed and the 
whole system (macromolecule system and waters) can 
evolve in time. At the beginning of  simulations velocities 
are assigned at low temperature and simulation proceeds 
via heating phase. Periodically, if  needed, new veloci-
ties are assigned at a slightly higher temperature and the 
simulation is allowed to continue. This is repeated until 
the desired temperature is reached (commonly around 
300-310 K). Once the desired temperature is reached, 
the equilibration simulation of  the system continues 
and properties such as structure, pressure, temperature 
and energy are monitored. The purpose of  equilibration 
dynamics is to run the simulation until these properties 
become stable with respect to time. If  the temperature 
increases or decreases significantly, the velocities can be 

scaled such that the temperature returns to near its de-
sired value. The final step of  the simulation is to run the 
simulation in “production” phase for the desired time 
length. This can be from several to 106 ns. The MD tra-
jectories from the production dynamics can be analyzed 
and post-processed to obtain conformational dynamics, 
thermodynamic parameters and free energy values for 
the system of  interest. There are many modifications of  
the procedure described above using different protocols 
to control the temperature and generate MD trajectories. 
The additional details on MD procedures and theory 
can be found elsewhere[38-40]. The new methods such as 
replica-exchange MD (REMD) have been developed and 
employed for the simulation of  macromolecules[41]. A 
series of  replicas are run in parallel at temperatures rang-
ing from a desired temperature to a high temperature at 
which the replica can easily overcome small energy barri-
ers[42]. The REMD approach can overcome the multiple-
minima problem known to trap structures in the local 
conformational minimum by exchanging non-interacting 
replicas of  the system at several temperatures.

The vast increase in the number of  MD papers 
published in the last 10 years, including publications in 
those highly respected journals such as Nature and Sci-
ence, is a clear evidence that MD simulations become a 
widely accepted tool for investigation of  conformational 
features for biological macromolecules. The number of  
publications using MD is now in tens of  thousands. For 
example, using “molecular dynamics” and “proteins” as 
topic words to search ISI “web of  science” (http://apps.
webofknowledge.com/) yielded almost 4000 papers in 
2011 vs about 1200 articles in 2001. Therefore, it is im-
possible for such a short review to adequately describe 
all major work done using MD simulations. Here we 
chose to describe a small number of  specific examples 
to illustrate the use of  the MD simulations to obtain 
functionally relevant information.

MD AND PROTEIN FOLDING
Understanding the protein folding or how the polypep-
tide chain is able to fold to its native conformation is 
essential to the description of  the function of  the pro-
tein. It is well established that misfolding is present in 
a variety of  diseases[43]. One of  the key aspects of  the 
protein folding is the mechanisms by which the protein 
finds the native conformation despite enormous number 
of  statistically possible conformations. In addition, the 
folding is slow on the simulation time scale with many 
proteins taking microseconds to fold. So far only small 
sized proteins (10 to 80 amino acid residues), with no di-
sulfide bonds or prostatic groups, have been successfully 
folded to its native conformation. The small sizes and 
rather short folding times of  such proteins make them 
good candidates for MD simulation using all-atom mod-
els in explicit solvent since the native conformation of  
these proteins is determined solely by the protein amino 
acid sequence[44]. The recent work from the DE Shaw 
group[45] summarized the simulations of  12 proteins 
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which represent three major structural classes (α-helical, 
β-sheet and mixed α/β). All simulations started from 
extended conformations to avoid bias toward the native 
state. In that work total of  approximately 8 ms of  MD 
simulations were collected. Figure 3 shows the represen-
tative structures of  those 12 proteins. For each protein 
MD folded structure is shown in blue and superimposed 
on the experimental determined structure. For most of  
the structures (8 out of  12) the root mean square devia-
tions of  Cα atoms (Cα-RMSDs) between the two struc-
tures, which includes flexible tails residues, were below 2 
Å, indicating an excellent agreement between experiment 
and simulation. To confirm the finding of  this work, 
simulations were performed near the melting tempera-
ture, at which both unfolding and folding could be ob-
served repeatedly bringing total to 10 unfolding and 10 
folding events for each protein[45]. The authors collected 
about 400 folding and unfolding events for a total of  8 
ms of  simulation. The proteins exhibiting larger RMSD 
values (BBL, protein B, homeodemain and α3D) all con-
tain 3 α-helices. It is possible to suggest that this could 
indicate minor imperfections of  the force-field, how-
ever, it is also possible to assume that the experimentally 
determined conformations for these proteins depend 
on experimental conditions[46,47]. Deviations between the 
MD and experimental data might represent differences 
between the protein’s structure at the simulated tempera-
ture and the lower temperatures used for experimental 
structure determination. Based on the MD simulations 
reported by Lindorff-Larsen et al[45], the authors were 
able to propose general principles that underline protein 
folding. They concluded that the pathway toward the na-
tive conformation occurs via formation of  the key long-
range contacts at the early stages of  the folding. These 
contacts support secondary structure elements which 
are only formed in the unfolded state. Nine out of  11 
proteins simulated in that work share more than 60% of  
the native contacts formed at any given time during the 
folding process. The formation of  number of  structural 
elements was observed in the similar order, suggesting 
a common folding pathway for the proteins studied. 
It is reasonable to propose that heterogeneous folding 
process for various proteins share a large fraction of  

structural features and could belong to the same folding 
“route”. The examination of  the thermodynamics and 
kinetics of  the folding process showed the absence of  a 
distinct free-energy barrier for folding and the analysis 
yielded multiple barriers along the folding path which 
were less than 4.5 kBT. Under experimental conditions 
corresponding to those used in above simulations fold-
ing of  the protein was also not determined by single, 
well-defined free-energy barrier. 

Recently, an all-atom MD simulations in explicit sol-
vent, were used to describe the folding path of  the 80 
amino acid λ-HG mutant of  λ-repressor fragment[48]. 
Using the temperature-dependent MD runs the authors 
showed that the folding of  the λ-repressor is not a two-
state process as suggested before. In addition, the au-
thors proposed possible mutation sites which could lead 
to a fast -folding mutant.

The results described above demonstrated that the 
current molecule mechanics force fields and simulations 
protocols are accurate and reliable to make long-time 
scale MD simulations as a powerful tool for character-
izing large conformational changes in proteins.

MD AND DRUG DISCOVERY
For the past 20 years drug discovery has already heavily 
relying on the computational methods. It is reasonable to 
predict that computational methods, such as MD simula-
tion, will further advance drug-optimization and enhance 
our ability to select and design better molecules for the 
interaction with specific protein targets. It is well estab-
lished that molecular recognition and drug binding are 
a very dynamic process. In solution, when a small mol-
ecule approaches a target, it deals with the macromol-

Figure 1  An example of the equation used to calculate atomic forces. 
The equation describes potential energy in the Assisted Model Building with 
Energy Refinement force field. The first summation term represents the energy 
between the covalently bonded atoms. Summing of the angles, second term, 
represents the energy due to the angle geometry. Third term represents the 
energy of the torsion angles. Forth term accounts for the energy of the non-
bonded interactions between all pairs of atom. This term can be decomposed 
into van der Waals and electrostatic energies. The subscript zero represents 
equilibrium values. The energy terms are parameterized to fit experimental (for 
example, spectroscopic) data and/or quantum-mechanical calculations.

Initial atomic model (experimental data, homology models, etc. )

Structure minimization followed by assignment of initial velocities

Heating dynamics (0 K to 300-310 K)

Equilibration dynamics (rescaling velocities if needed)

Production dynamics (currently up to ms, ~4 × 104 atoms)

Trajectory analysis and post processing

Figure 2  General steps used in molecular dynamics simulations. During 
the simulations molecular focus on each atom are calculated based on the 
equation shown in Figure 1. During dynamics calculations (heating, equilibra-
tion and production) the positions of atoms are moved according to Newton’
s law of motion. The simulation time is advanced, and the process is repeated 
numerous times to generate molecular dynamics rajectory. The longest trajec-
tory is generated during the production run.
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ecule in constant motions. Given that the static models 
produced by X-Ray crystallography and time-averaged 
structures by NMR tell little about protein dynamics, 
MD simulation can provide the dynamic picture of  the 
interaction between the small molecule (such as a drug) 
and the target molecule. Upon binding, the ligand mole-
cule may further induce conformational changes that are 
not typically sampled when the ligand is absent[49]. There 
are a number of  examples in which binding pathways 
were successfully reproduced using MD simulations. 
The complete reconstruction of  the binding process of  
the benzamidine molecule (a known inhibitor of  serine 
proteases) to trypsin was achieved using 495 MD simula-
tions of  100 ns each[50]. Out of  495 trajectories, 187 (37% 
of  total) produced binding events with RMSD less than 
2 Å from the crystallographic pose. The obtained bind-
ing paths revealed two metastable intermediate states (S2 
and S3, Figure 4). The simulation showed that the inhibi-
tor rolls on the surface of  the protein prior to entry into 
the binding pocket (S3 to S4 transition, Figure 4). Using 
MD simulations the authors estimated the standard free 
energy of  binding which was within 1 kcal/mol from 

the experimental value. Reconstruction of  the protein-
ligand binding process and identification of  the transi-
tion states suggest that mutations to the transition-state 
residues may alter the binding kinetics of  the inhibitor. 
Simulations of  the binding of  several β-blockers to two 
β-adrenergic receptors (G-protein-coupled receptor 
modulators, which constitute one-third of  all marketed 
drugs) showed the atomic details of  this pharmaceuti-
cally critical process in which drug molecules spontane-
ously bind to the G-protein-coupled receptors to achieve 
final poses matching those determined crystallographi-
cally[51]. The MD revealed dehydration of  the ligand 
and receptor along the binding pathway that represents 
unexpected kinetic barrier to binding. Such work sug-
gested how receptor/ligand dehydration, known to be a 
major factor for ligand affinity, might be modulated to 
affect drug binding kinetics. MD simulation can also be 
used to determine relative binding free energies between 
the drug candidate and target protein using Poisson-
Boltzmann surface area methods[52,53].

Besides identification of  pathways and kinetics of  
binding, MD simulation can be used to obtain the struc-

Chignolin 106 µs
cIn025 1.0 Å 0.6 µs

Trp-cage 208 µs
2JOF 1.4 Å 14 µs

BBA 325 µs
1FME 1.6 Å 18 µs

Villin 125 µs
2F4K 1.3 Å 2.8 µs

Homeodomain 327 µs
2P6J 3.6 Å 3.1 µs

NTL9 2936 µs
2HBS 0.5 Å 29 µs

BBL 429 µs
2WXC 4.8 Å 29 µs

Protein B 104 µs
1PRB 3.3 Å 3.9 µs

Protein G 1154 µs
1MIO 1.2 Å 65 µs

a3D 707 µs
2A3D 3.1 Å 27 µs

l-repressor 643 µs
1LMB 1.8 Å 49 µs

WW domain 1137 µs
2F21 1.2 Å 21 µs

Figure 3  Representative structures of 12 proteins used in molecular dynamics simulation studies[42]. Experimentally determined structures are shown in red 
and superimposed onto the structures obtained from molecular dynamics simulations (shown in blue). Protein Databank (PDB) entry, root mean square deviations of 
Cα atoms between two structures and simulation times (total and needed for folding) are displayed for each protein under the superimposed structures.  For Protein 
G the PDB entry was used for the closest homolog, since the structure for the simulated sequence has not been solved experimentally. Reproduced with permission 
(Copyright 2011, Science publishing group).
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ture of  the target using folding simulations, especially 
in cases where the structure of  the target can not be 
obtained experimentally. Alternatively, simulation may be 
used to prepare homology models. 

FUTURE DIRECTIONS 
Since the millisecond barrier has been broken in MD, it 
is more than likely that we will be able to make testable 
predications about the key molecular processes at the 
atomic levels. Based on the current progress of  all-atom 
MD simulations, a dramatic increase in the length of  the 
generated trajectories should be expected in the nearest 
future. Parallel to the increase in the timescales accessible 
to the simulations, there has also been a growth in the 
size of  the systems that can be studied. Much larger sys-
tems than those mentioned above have been already test-
ed using MD simulations. These systems are comprised 
of  several million atoms, such as bacterial ribosomes and 
viruses. In recent studies explicit solvent MD simula-
tions showed essential conformational motions in the 
ribosome needed for the binding of  aminoacyl-tRNA[54]. 
Such a system consists of  3.2 million atoms. This work 
showed that conformational motions of  the 3’-CCA 
end of  aminoacyl-tRNA resists simple accommodation 
(single lock-step mechanism), leading to a multistep ac-
commodation process. The proposed mechanism and 
observed interaction pathways help to interpret large 

number of  biochemical data and demonstrate that con-
formational changes during translation occur through 
a trial-and-error process, rather than in concerted lock-
step motions. The 1 million atoms simulation of  satellite 
tobacco mosaic virus (STMV) showed that the empty 
STMV capsid is not stable, thus explaining the failure of  
experimental efforts to prepare such empty capsids[55]. 

Although the conformational changes in the smaller 
system can be well described using MD simulations, 
the larger systems (5 millions of  atoms or more) still 
pose many challenges. First, the biologically relevant 
timescales tend to increase as the system size increases. 
Second, the high-resolution structures are only avail-
able for relatively few very large macromolecule com-
plexes[56]. The computational power to carry out simula-
tion increases can be related to the Moore’s law. This 
law describes how the performance of  processors has 
been increasing exponentially over the last 50 years by 
doubling approximately every 2 years. Based on the ap-
plication of  the Moore’s law to biological systems and 
without taking into account the design of  special hard-
ware architecture for MD, it has been proposed that for 
every 10-15 years in the past there was an increase of  
about three orders of  magnitude in the timescale and 
about one and half  orders of  magnitude in the system 
size used by MD simulations[57] . Continuation of  Moor’s  
law suggests that processor computational power may 
increase by 1000 fold in the next 10-15 years. In addition 

Figure 4  Five different metastable states (S0 to S4) identified for the benzamidine-trypsin complex[47]. The relative free energy between the unbound S0 and 
the bound S4 states is -6 kcal/mol. The most probable transition to the bound state S4 is from S3, since the barrier between two states is just 1.5 kcal/mol. In states 
S1 and S2, benzamidine is stabilized by π-π stacking interactions with Y151 and Y39 side chains. In S3, a hydrogen bond may be formed between the NH2 groups 
of benzamidine (only heavy atoms shown for clarity) and Q175 side chain, or by a cation-π interaction between the Q175 side chain and the benzamidine’s benzene 
ring. Reproduced with permission (Copyright 2011, PNAS). 
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to enhanced processor integration, software and hard-
ware advances will yield further increases. For example, 
recent application of  the Graphic Processing Units 
(GPUs), together with the development of  the general 
purpose GPU programming model called NVIDIA’
s Compute Device Architecture, can significantly in-
crease simulation times at fraction of  CPU’s cost and 
energy consumption. GPUs have been an integral part 
of  personal computers for decades and their develop-
ment and low cost has been strongly influenced by the 
entertainment industry. It has recently been shown that 
GPUs, due to their unique multiprocessor architecture, 
can greatly outperform their CPU equivalents. MD 
simulations can take advantage of  GPU acceleration and 
achieve performance levels up to hundred times better 
than a single CPU core[58,59]. Based on the time frames 
obtained in the benzamidine binding studies, nowadays 
it is possible to reconstruct those binding pathways of  5 
to 10 ligands per week on a moderately sized cluster of  
32-64 GPUs[50]. 

It can be expected that within next 20-25 years it 
will be possible to simulate all-atom dynamics of  a small 
bacterium and describe the complete set of  processes 
within[25]. Such simulations can be probably performed 
for only few milliseconds or even less and would not 
provide much information due to large timescales 
needed for diffusions of  macromolecules in bacterial 
processes. However, simulation of  the part of  a cell or 
fundamental pathways in molecular biology, such as pro-
tein synthesis, would be possible on the several seconds 
time-scales in the nearest future. It is obvious that mac-
romolecule-macromolecule interactions are essential for 
biological processes. One major task in MD simulations 
is to carry out large-scale simulations of  protein-protein 
and protein-DNA interactions. MD simulations will ad-
dress the binding pathways between the macromolecules 
and how the ligand binding sites created, at the interface 
or at allosteric sites? Simulations can be expected for 
very large complexes such as the nuclear pore. Based on 
generated trajectories from such simulations it will be 
possible to observe passage of  the delivery protein as 
it transits through a nuclear pore. In addition, MD will 
impose significant impact on the proteomics since the 
protein folding will be possible for larger proteins. Based 
on the current state of  the MD simulations extrapola-
tion suggests that folding of  the 300 residues protein 
(over 10 ms simulation of  approximately 100 000 atoms) 
will be possible within 10 years. Folding of  the larger 
proteins, consisting of  multiple subunits and over 1000 
residues, will be still challenging and likely be achievable 
within 25 years[25]. Significant improvement of  the time-
scales might come from omitting some motions in MD 
simulations. It might be possible to adequately sample 
conformational space without resolving all fast motions, 
thus reducing the computational power needed for the 
simulation of  the particular system. 

With constant gains in both computer power and 
algorithm design, MD simulation is expected to play an 

increasingly important role in the modern science from 
investigating the local motions in the biological macro-
molecules to the development of  novel pharmacologi-
cal therapeutics. This methodology has emerged as an 
integral part of  molecular biology studies, providing a 
fundamental and reliable tool for experimentalists.
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GENERAL INFORMATION
World Journal of  Methodology (World J Methodol, WJM, online ISSN 
2222-0682, DOI: 10.5662) is a bimonthly peer-reviewed, online, 
open-access (OA), journal supported by an editorial board consist-
ing of  238 experts in methodology from 41 countries.

The biggest advantage of  the OA model is that it provides free, 
full-text articles in PDF and other formats for experts and the pub-
lic without registration, which eliminates the obstacle that traditional 
journals possess and usually delays the speed of  the propagation 
and communication of  scientific research results. The open access 
model has been proven to be a true approach that may achieve the 
ultimate goal of  the journals, i.e. the maximization of  the value to 
the readers, authors and society.

Maximization of personal benefits
The role of  academic journals is to exhibit the scientific levels of  
a country, a university, a center, a department, and even a scientist, 
and build an important bridge for communication between scien-
tists and the public. As we all know, the significance of  the publica-
tion of  scientific articles lies not only in disseminating and com-
municating innovative scientific achievements and academic views, 
as well as promoting the application of  scientific achievements, but 
also in formally recognizing the "priority" and "copyright" of  in-
novative achievements published, as well as evaluating research per-
formance and academic levels. So, to realize these desired attributes 
of  WJM and create a well-recognized journal, the following four 
types of  personal benefits should be maximized. The maximization 
of  personal benefits refers to the pursuit of  the maximum personal 
benefits in a well-considered optimal manner without violation of  
the laws, ethical rules and the benefits of  others. (1) Maximization 
of  the benefits of  editorial board members: The primary task of  
editorial board members is to give a peer review of  an unpublished 
scientific article via online office system to evaluate its innovative-
ness, scientific and practical values and determine whether it should 
be published or not. During peer review, editorial board members 
can also obtain cutting-edge information in that field at first hand. 
As leaders in their field, they have priority to be invited to write 
articles and publish commentary articles. We will put peer review-
ers’ names and affiliations along with the article they reviewed in 
the journal to acknowledge their contribution; (2) Maximization of  
the benefits of  authors: Since WJM is an open-access journal, read-
ers around the world can immediately download and read, free of  
charge, high-quality, peer-reviewed articles from WJM official web-
site, thereby realizing the goals and significance of  the communica-
tion between authors and peers as well as public reading; (3) Maxi-
mization of  the benefits of  readers: Readers can read or use, free of  
charge, high-quality peer-reviewed articles without any limits, and 
cite the arguments, viewpoints, concepts, theories, methods, results, 
conclusion or facts and data of  pertinent literature so as to vali-
date the innovativeness, scientific and practical values of  their own 
research achievements, thus ensuring that their articles have novel 
arguments or viewpoints, solid evidence and correct conclusion; 
and (4) Maximization of  the benefits of  employees: It is an iron law 
that a first-class journal is unable to exist without first-class editors, 
and only first-class editors can create a first-class academic journal. 
We insist on strengthening our team cultivation and construction so 
that every employee, in an open, fair and transparent environment, 
could contribute their wisdom to edit and publish high-quality ar-

ticles, thereby realizing the maximization of  the personal benefits 
of  editorial board members, authors and readers, and yielding the 
greatest social and economic benefits.

Aims and scope
WJM aims to rapidly report the most recent results in medical di-
agnostics, therapeutic techniques and equipment, clinical medical 
research, clinical and experimental techniques and methodology. It 
provides a platform to facilitate the integration of  clinical medicine 
and experimental techniques and methodology to help clinicians 
improve diagnostic accuracy and therapeutic efficacy. The journal 
publishes original articles and reviews on the following topics: (1) 
Clinical medical techniques, including but not limited to those for 
pharmaceutical medicine, laboratory medicine, radioactive medicine, 
medical imaging, nuclear medicine, physical therapy, pathology, 
surgery, disinfection, nutritional therapy, transfusion and medical 
equipment; (2) Clinical medical research on etiology, epidemiology, 
pathogenesis, morphology and function, signs and symptoms, clini-
cal trials, and evidence-based medicine; and (3) Laboratory meth-
odology, including but not limited to techniques in DNA/RNA 
sequencing, preparation and transformation of  competent cells, 
PCR, protein biochemistry, cell biology, genetics and epigenetics, 
immunology, microbiology, animal models of  human pathologies, 
bioinformatics, and laboratory equipment manipulation and control. 

Columns
The columns in the issues of  WJM will include: (1) Editorial: To 
introduce and comment on major advances and developments in the 
field; (2) Frontier: To review representative achievements, comment 
on the state of  current research, and propose directions for future 
research; (3) Topic Highlight: This column consists of  three formats, 
including (A) 10 invited review articles on a hot topic, (B) a commen-
tary on common issues of  this hot topic, and (C) a commentary on 
the 10 individual articles; (4) Observation: To update the development 
of  old and new questions, highlight unsolved problems, and provide 
strategies on how to solve the questions; (5) Guidelines for Basic 
Research: To provide Guidelines for basic research; (6) Guidelines for 
Clinical Practice: To provide guidelines for clinical diagnosis and treat-
ment; (7) Review: To review systemically progress and unresolved 
problems in the field, comment on the state of  current research, and 
make suggestions for future work; (8) Original Articles: To report 
innovative and original findings in basic and clinical medical research 
methodology; (9) Brief  Articles: To briefly report the novel and in-
novative findings in basic and clinical medical research methodology; 
(10) Case Report: To report a rare or typical case; (11) Letters to the 
Editor: To discuss and make reply to the contributions published in 
WJM, or to introduce and comment on a controversial issue of  gen-
eral interest; (12) Book Reviews: To introduce and comment on qual-
ity monographs of  basic and clinical medical research methodology; 
(13) Guidelines: To introduce Consensuses and Guidelines reached 
by international and national academic authorities worldwide on the 
research basic and clinical medical research methodology; and (14) 
Voices: to publicize methodology-related communications that have 
been rejected or impossible for publication elsewhere due to evident 
prejudice and/or unreasonable reasons. Similarly, your experiences 
of  the proven mistreatment during the past grant applications can be 
narrated or documented in this corner. The corresponding responses 
and echoes from readers are also welcome here.
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Biostatistical editing
Statistical review is performed after peer review. We invite an ex-
pert in Biomedical Statistics to evaluate the statistical method used 
in the paper, including t-test (group or paired comparisons), chi-
squared test, Ridit, probit, logit, regression (linear, curvilinear, or 
stepwise), correlation, analysis of  variance, analysis of  covariance, 
etc. The reviewing points include: (1) Statistical methods should 
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neous data can be averaged. Standard deviations are preferred to 
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tential bias, WJM requires authors of  all papers to declare any compet-
ing commercial, personal, political, intellectual, or religious interests  
in relation to the submitted work. Referees are also asked to indi-
cate any potential conflict they might have reviewing a particular 
paper. Before submitting, authors are suggested to read “Uniform 
Requirements for Manuscripts Submitted to Biomedical Journals: 
Ethical Considerations in the Conduct and Reporting of  Research: 
Conflicts of  Interest” from International Committee of  Medical 
Journal Editors (ICMJE), which is available at: http://www.icmje.
org/ethical_4conflicts.html. 
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Statement of informed consent
Manuscripts should contain a statement to the effect that all human 
studies have been reviewed by the appropriate ethics committee or it 
should be stated clearly in the text that all persons gave their informed 
consent prior to their inclusion in the study. Details that might disclose 
the identity of  the subjects under study should be omitted. Authors 
should also draw attention to the Code of  Ethics of  the World Medi-
cal Association (Declaration of  Helsinki, 1964, as revised in 2004).

Statement of human and animal rights
When reporting the results from experiments, authors should follow 
the highest standards and the trial should conform to Good Clini-
cal Practice (for example, US Food and Drug Administration Good 
Clinical Practice in FDA-Regulated Clinical Trials; UK Medicines 
Research Council Guidelines for Good Clinical Practice in Clinical 
Trials) and/or the World Medical Association Declaration of  Hel-
sinki. Generally, we suggest authors follow the lead investigator’s na-
tional standard. If  doubt exists whether the research was conducted 
in accordance with the above standards, the authors must explain the 
rationale for their approach and demonstrate that the institutional 
review body explicitly approved the doubtful aspects of  the study. 

Before submitting, authors should make their study approved by 
the relevant research ethics committee or institutional review board. 
If  human participants were involved, manuscripts must be accompa-
nied by a statement that the experiments were undertaken with the 
understanding and appropriate informed consent of  each. Any per-
sonal item or information will not be published without explicit con-
sents from the involved patients. If  experimental animals were used, 
the materials and methods (experimental procedures) section must 
clearly indicate that appropriate measures were taken to minimize 
pain or discomfort, and details of  animal care should be provided.

SUBMISSION OF MANUSCRIPTS
Manuscripts should be typed in 1.5 line spacing and 12 pt. Book 
Antiqua with ample margins. Number all pages consecutively, and 
start each of  the following sections on a new page: Title Page, Ab-
stract, Introduction, Materials and Methods, Results, Discussion, 
Acknowledgements, References, Tables, Figures, and Figure Leg-
ends. Neither the editors nor the publisher are responsible for the 
opinions expressed by contributors. Manuscripts formally accepted 
for publication become the permanent property of  Baishideng 
Publishing Group Co., Limited, and may not be reproduced by any 
means, in whole or in part, without the written permission of  both 
the authors and the publisher. We reserve the right to copy-edit and 
put onto our website accepted manuscripts. Authors should follow 
the relevant guidelines for the care and use of  laboratory animals 
of  their institution or national animal welfare committee. For the 
sake of  transparency in regard to the performance and reporting of  
clinical trials, we endorse the policy of  the ICMJE to refuse to pub-
lish papers on clinical trial results if  the trial was not recorded in a 
publicly-accessible registry at its outset. The only register now avail-
able, to our knowledge, is http://www.clinicaltrials.gov sponsored 
by the United States National Library of  Medicine and we encour-
age all potential contributors to register with it. However, in the case 
that other registers become available you will be duly notified. A 
letter of  recommendation from each author’s organization should 
be provided with the contributed article to ensure the privacy and 
secrecy of  research is protected.

Authors should retain one copy of  the text, tables, photo
graphs and illustrations because rejected manuscripts will not be 
returned to the author(s) and the editors will not be responsible 
for loss or damage to photographs and illustrations sustained dur-
ing mailing.

Online submissions
Manuscripts should be submitted through the Online Submission 
System at: http://www.wjgnet.com/esps/. Authors are highly recom-
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(http://www.wjgnet.com/2222-0682/g_info_20100722180909.
htm) before attempting to submit online. For assistance, authors en-
countering problems with the Online Submission System may send 
an email describing the problem to wjm@wjgnet.com, or by tele-
phone: +86-10-85381892. If  you submit your manuscript online, do 
not make a postal contribution. Repeated online submission for the 
same manuscript is strictly prohibited.

MANUSCRIPT PREPARATION
All contributions should be written in English. All articles must be 
submitted using word-processing software. All submissions must be 
typed in 1.5 line spacing and 12 pt. Book Antiqua with ample mar-
gins. Style should conform to our house format. Required informa-
tion for each of  the manuscript sections is as follows:

Title page
Title: Title should be less than 12 words.

Running title: A short running title of  less than 6 words should be 
provided.

Authorship: Authorship credit should be in accordance with the 
standard proposed by ICMJE, based on (1) substantial contribu-
tions to conception and design, acquisition of  data, or analysis and 
interpretation of  data; (2) drafting the article or revising it critically 
for important intellectual content; and (3) final approval of  the ver-
sion to be published. Authors should meet conditions 1, 2, and 3.

Institution: Author names should be given first, then the complete 
name of  institution, city, province and postcode. For example, Xu-
Chen Zhang, Li-Xin Mei, Department of  Pathology, Chengde 
Medical College, Chengde 067000, Hebei Province, China. One au-
thor may be represented from two institutions, for example, George 
Sgourakis, Department of  General, Visceral, and Transplantation 
Surgery, Essen 45122, Germany; George Sgourakis, 2nd Surgical 
Department, Korgialenio-Benakio Red Cross Hospital, Athens 
15451, Greece

Author contributions: The format of  this section should be: 
Author contributions: Wang CL and Liang L contributed equally 
to this work; Wang CL, Liang L, Fu JF, Zou CC, Hong F and Wu 
XM designed the research; Wang CL, Zou CC, Hong F and Wu 
XM performed the research; Xue JZ and Lu JR contributed new 
reagents/analytic tools; Wang CL, Liang L and Fu JF analyzed the 
data; and Wang CL, Liang L and Fu JF wrote the paper.

Supportive foundations: The complete name and number of  sup-
portive foundations should be provided, e.g. Supported by National 
Natural Science Foundation of  China, No. 30224801

Correspondence to: Only one corresponding address should be 
provided. Author names should be given first, then author title, af-
filiation, the complete name of  institution, city, postcode, province, 
country, and email. All the letters in the email should be in lower 
case. A space interval should be inserted between country name and 
email address. For example, Montgomery Bissell, MD, Professor of  
Medicine, Chief, Liver Center, Gastroenterology Division, Universi-
ty of  California, Box 0538, San Francisco, CA 94143, United States. 
montgomery.bissell@ucsf.edu

Telephone and fax: Telephone and fax should consist of  +, coun-
try number, district number and telephone or fax number, e.g. Tele-
phone: +86-10-85381892 Fax: +86-10-85381893

Peer reviewers: All articles received are subject to peer review. 
Normally, three experts are invited for each article. Decision for 
acceptance is made only when at least two experts recommend 
an article for publication. Reviewers for accepted manuscripts are 
acknowledged in each manuscript, and reviewers of  articles which 

were not accepted will be acknowledged at the end of  each issue. 
To ensure the quality of  the articles published in WJM, reviewers 
of  accepted manuscripts will be announced by publishing the name, 
title/position and institution of  the reviewer in the footnote ac-
companying the printed article. For example, reviewers: Professor 
Jing-Yuan Fang, Shanghai Institute of  Digestive Disease, Shanghai, 
Affiliated Renji Hospital, Medical Faculty, Shanghai Jiaotong Uni-
versity, Shanghai, China; Professor Xin-Wei Han, Department of  
Radiology, The First Affiliated Hospital, Zhengzhou University, 
Zhengzhou, Henan Province, China; and Professor Anren Kuang, 
Department of  Nuclear Medicine, Huaxi Hospital, Sichuan Univer-
sity, Chengdu, Sichuan Province, China.

Abstract
There are unstructured abstracts (no less than 256 words) and 
structured abstracts (no less than 480). The specific requirements 
for structured abstracts are as follows: 

An informative, structured abstracts of  no less than 480 words 
should accompany each manuscript. Abstracts for original contri-
butions should be structured into the following sections. AIM (no 
more than 20 words): Only the purpose should be included. Please 
write the aim as the form of  “To investigate/study/…; MATERI-
ALS AND METHODS (no less than 140 words); RESULTS (no 
less than 294 words): You should present P values where appropri-
ate and must provide relevant data to illustrate how they were ob-
tained, e.g. 6.92 ± 3.86 vs 3.61 ± 1.67, P < 0.001; CONCLUSION (no 
more than 26 words).

Key words
Please list 5-10 key words, selected mainly from Index Medicus, which 
reflect the content of  the study.

Text
For articles of  these sections, original articles and brief  articles, the 
main text should be structured into the following sections: INTRO-
DUCTION, MATERIALS AND METHODS, RESULTS and 
DISCUSSION, and should include appropriate Figures and Tables. 
Data should be presented in the main text or in Figures and Tables, 
but not in both. The main text format of  these sections, editorial, 
topic highlight, case report, letters to the editors, can be found at: 
http://www.wjgnet.com/2222-0682/g_info_20100725072755.htm. 

Illustrations
Figures should be numbered as 1, 2, 3, etc., and mentioned clearly 
in the main text. Provide a brief  title for each figure on a sepa-
rate page. Detailed legends should not be provided under the 
figures. This part should be added into the text where the figures 
are applicable. Figures should be either Photoshop or Illustra-
tor files (in tiff, eps, jpeg formats) at high-resolution. Examples 
can be found at: http://www.wjgnet.com/1007-9327/13/4520.
pdf; http://www.wjgnet.com/1007-9327/13/4554.pdf; http://
www.wjgnet.com/1007-9327/13/4891.pdf; http://www.
wjgnet.com/1007-9327/13/4986.pdf; http://www.wjgnet.
com/1007-9327/13/4498.pdf. Keeping all elements compiled is 
necessary in line-art image. Scale bars should be used rather than 
magnification factors, with the length of  the bar defined in the leg-
end rather than on the bar itself. File names should identify the fig-
ure and panel. Avoid layering type directly over shaded or textured 
areas. Please use uniform legends for the same subjects. For exam-
ple: Figure 1  Pathological changes in atrophic gastritis after treat-
ment. A: ...; B: ...; C: ...; D: ...; E: ...; F: ...; G: …etc. It is our principle 
to publish high resolution-figures for the printed and E-versions.

Tables
Three-line tables should be numbered 1, 2, 3, etc., and mentioned 
clearly in the main text. Provide a brief  title for each table. Detailed 
legends should not be included under tables, but rather added into 
the text where applicable. The information should complement, 
but not duplicate the text. Use one horizontal line under the title, a 
second under column heads, and a third below the Table, above any 

IIIWJM|www.wjgnet.com December 26, 2012|Volume 2|Issue 6|



footnotes. Vertical and italic lines should be omitted.

Notes in tables and illustrations
Data that are not statistically significant should not be noted. aP < 
0.05, bP < 0.01 should be noted (P > 0.05 should not be noted). If  
there are other series of  P values, cP < 0.05 and dP < 0.01 are used. 
A third series of  P values can be expressed as eP < 0.05 and fP < 0.01. 
Other notes in tables or under illustrations should be expressed as 
1F, 2F, 3F; or sometimes as other symbols with a superscript (Arabic 
numerals) in the upper left corner. In a multi-curve illustration, each 
curve should be labeled with ●, ○, ■, □, ▲, △, etc., in a certain se-
quence.
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written permission to use any copyrighted text and/or illustrations.
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Statistical data
Write as mean ± SD or mean ± SE.

Statistical expression
Express t test as t (in italics), F test as F (in italics), chi square test as 
χ2 (in Greek), related coefficient as r (in italics), degree of  freedom 
as υ (in Greek), sample number as n (in italics), and probability as P (in 
italics).

Units
Use SI units. For example: body mass, m (B) = 78 kg; blood pres-
sure, p (B) = 16.2/12.3 kPa; incubation time, t (incubation) = 96 h, 
blood glucose concentration, c (glucose) 6.4 ± 2.1 mmol/L; blood 
CEA mass concentration, p (CEA) = 8.6 24.5 mg/L; CO2 volume 
fraction, 50 mL/L CO2, not 5% CO2; likewise for 40 g/L formal-
dehyde, not 10% formalin; and mass fraction, 8 ng/g, etc. Arabic 
numerals such as 23, 243, 641 should be read 23 243 641.

The format for how to accurately write common units and 
quantums can be found at: http://www.wjgnet.com/2222-0682/
g_info_20100725073806.htm.

Abbreviations
Standard abbreviations should be defined in the abstract and on 
first mention in the text. In general, terms should not be abbrevi-
ated unless they are used repeatedly and the abbreviation is helpful 
to the reader. Permissible abbreviations are listed in Units, Symbols 
and Abbreviations: A Guide for Biological and Medical Editors and 
Authors (Ed. Baron DN, 1988) published by The Royal Society of  
Medicine, London. Certain commonly used abbreviations, such as 
DNA, RNA, HIV, LD50, PCR, HBV, ECG, WBC, RBC, CT, ESR, 
CSF, IgG, ELISA, PBS, ATP, EDTA, mAb, can be used directly 
without further explanation.

Italics
Quantities: t time or temperature, c concentration, A area, l length, 
m mass, V volume.
Genotypes: gyrA, arg 1, c myc, c fos, etc.
Restriction enzymes: EcoRI, HindI, BamHI, Kbo I, Kpn I, etc.
Biology: H. pylori, E coli, etc.
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Topic highlight: http://www.wjgnet.com/2222-0682/g_info_20100
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Observation: http://www.wjgnet.com/2222-0682/g_info_20100725
072232.htm

Guidelines for basic research: http://www.wjgnet.com/2222-0682/
g_info_20100725072344.htm

Guidelines for clinical practice: http://www.wjgnet.com/2222-068
2/g_info_20100725072543.htm

Review: http://www.wjgnet.com/2222-0682/g_info_201007250726
56.htm

Original articles: http://www.wjgnet.com/2222-0682/g_info_2010
0725072755.htm

Brief  articles: http://www.wjgnet.com/2222-0682/g_info_2010072
5072920.htm

Case report: http://www.wjgnet.com/2222-0682/g_info_20100725
073015.htm

Letters to the editor: http://www.wjgnet.com/2222-0682/g_info_2
0100725073136.htm

Book reviews: http://www.wjgnet.com/2222-0682/g_info_2010072
5073214.htm

Guidelines: http://www.wjgnet.com/2222-0682/g_info_201007250
73300.htm

SUBMISSION OF THE REVISED MANUSCRIPTS 
AFTER ACCEPTED
Authors must revise their manuscript carefully according to the 
revision policies of  Baishideng Publishing Group Co., Limited. 
The revised version, along with the signed copyright transfer 
agreement, responses to the reviewers, and English language 
Grade B certificate (for non-native speakers of  English), should 
be submitted to the online system via the link contained in the 
e-mail sent by the editor. If  you have any questions about the 
revision, please send e-mail to esps@wjgnet.com.

Language evaluation 
The language of  a manuscript will be graded before it is sent for 
revision. (1) Grade A: priority publishing; (2) Grade B: minor lan-
guage polishing; (3) Grade C: a great deal of  language polishing 
needed; and (4) Grade D: rejected. Revised articles should reach 
Grade A or B.

Copyright assignment form
Please download a Copyright assignment form from http://www.
wjgnet.com/2222-0682/g_info_20100725073726.htm.

Responses to reviewers
Please revise your article according to the comments/suggestions 
provided by the reviewers. The format for responses to the reviewers’ 
comments can be found at: http://www.wjgnet.com/2222-0682/
g_info_20100725073445.htm.
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