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Abstract: Objective: A recent report has highlighted that amniotic fluid embolism (AFE) is the first among maternal mor-
tality in Japan. The clinical presentation is not the same with respect to symptoms, timing and subsequent course.

Methods: This article reviews the English language literature for pathophysiology on AFE based on the clinical and ani-
mal studies.

Results: First, AFE syndrome may be divided into three subgroups designated the classical subtype, the anaphylactoid
subtype and the DIC subtype, each having a distinct pattern of clinical symptoms and disease severity. Second, AFE-
associated reactions can be classified as an anaphylactoid reaction or complement activation to fetal antigens or an idio-
syncratic reaction. Host idiosyncrasy may be a major cause of hypersensitivity reaction. Third, the AFE reaction may be
caused by a combination of immunologic and vasospastic factors. Finally, the development of effective markers for diag-
nosing entry of amniotic fluid into the maternal circulation would have an impact on early diagnosis and AFE-related
mortality.

Conclusion: This review summarizes new insights into the pathophysiology of AFE, with a focus on the potential direc-

tion of future research.
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INTRODUCTION

Amniotic fluid embolism (AFE) is a significant world-
wide health problem. This disorder was first described by
Meyer in 1926 [1], gaining widespread recognition by
Steiner and Lushbaugh in 1941 [2]. This syndrome is diag-
nosed on the basis of its characteristic clinical features of
sudden onset of cardiopulmonary arrest, acute hypoxia, acute
hypotension, hemodynamic instability, or consumption co-
agulopathy, and the absence of other illness that could ex-
plain the signs and symptoms [3]. The most frequent mode
of clinical presentation of AFE is acute respiratory failure
and cardiovascular collapse. Despite its rare occurrence (~5
per 100,000 birth), AFE is a major obstetric catastrophic
illness in the peripartum or postpartum period, with a high
mortality rate (20-50%), and is the major cause of maternal
mortality [4-6]. The underlying mechanism for AFE is still
poorly understood, but it is clear that sufficient amniotic
fluid, meconium and fetal debris have to enter the maternal
circulation.

Recent evidence suggests that the occurrence of AFE is
not a consequence of the “simple” mechanical respiratory
obstruction, but a humoral effect causing anaphylactoid reac-
tions [4] or complement activation [7]. In this review we will
summarize and update the current knowledge with respect to
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this intriguing and complex new hallmark of AFE, paying
special attention to the subtypes in AFE.

MATERIALS AND METHODS

The present article reviews the literatures for clinical,
biological, pathogenetic and pathophysiological studies on
AFE. For studies that reported data on the obstetric disor-
ders, data pertaining to AFE and anaphylaxis were included.
A computerized literature search was performed to identify
relevant studies reported in the English language. MEDLINE
updates were conducted monthly, and all abstracts were re-
viewed by two investigators to identify papers for full-text
review. We initially searched PubMed MEDLINE electronic
databases (http://www.ncbi.nlm.nih.gov/sites/entrez) for a
30-year period (1980-2010), combining the keywords
““pathogenesis” “‘pathophysiology” ‘‘anaphylaxis” “‘anaphy-
lactoid” “‘mediator” ““tryptase” “sialyl Tn” *‘zinc-
coproporphyrin”  ““amniotic fluid” *“‘meconium” “‘vaso-
spasm” “‘vasoconstriction” or “model” with “‘AFE”. Addi-
tionally, references in each article were searched to identify
potentially missed studies. Target publications are mainly
reports on human AFE and animal models, as well as studies
in gene and protein expression systems. As the main interest
is AFE obtained from human samples, we have not yet in-
cluded animal preeclampsia model alone. However, we in-
cluded the animal studied performed to support clinical data.
A priori, case reports, and abstracts were not included, since
abstracts do not undergo a stringent peer review process. We
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finally discuss the conventional marker for AFE diagnosis
and novel biomarker candidates.

Initially, 202 potentially relevant articles were identified
by screening electronic databases. 59 peer-reviewed journal
articles were additionally identified from referrences in each
article. 16 articles were excluded because of duplicated pub-
lication. In the end, 34 publications with full text papers dis-
playing a focus on AFE were retrieved and reviewed. The
data drawn from the previously published report [8] was
recalculated in this review.

The Major Causes of Maternal Death

The main causes of maternal mortality worldwide are
eclampsia/preeclampsia (pregnancy-induced hypertension,
PIH) (28%), indirect causes (26%; AIDS, anemia, malaria,
and cardiac disease), hemorrhage (20%), infection (18%),
unsafe abortion (4%) and other direct causes [9]. On the
other hand, obstetric hemorrhage, thromboembolism,
preeclampsia/PIH, primary infection, cerebral bleeding and
AFE remain the leading causes of maternal death in devel-
oped countries [10,11]. In Japan, maternal mortality was
relatively high over 20 years ago. The reported maternal
mortality rates in 1990 for Japan, the United States, and
United Kingdom were 8.6, 8.2, and 7.6 per 100,000 live
births, respectively. Hemorrhage (38%), intracranial hemor-
rhage (14%), PIH (9%), pulmonary thromboembolism (9%),
AFE (4%), and other direct causes are the most frequently
reported causes of maternal deaths [12,13]. Recently, mater-
nal mortality rate decreased dramatically in Japan. It reached
3.2 per 100,000, one of the lowest in the world. Furthermore,
perinatal and infant mortality rates were the lowest world-
wide [13]. Interestingly, more recent investigation in Japan
showed that AFE, disseminated intravascular coagulation
(DIC) related to PIH, pulmonary thromboembolism and in-
jury to the birth canal were the major causes of maternal
death [14]. AFE is the first among maternal mortality. The
current estimated incidence for AFE is 1 in 50,000 deliveries
[15,16]. AFE diagnosed by autopsy in Japan was often clini-
cally diagnosed as atonic bleeding or DIC of unknown cause
[14].

Definition of AFE

Better definition of the clinical signs and symptoms
would have potential importance in AFE. However, different
entry/diagnostic criteria have been recommended by differ-
ent expert groups. The following is entry criteria for sus-
pected AFE consisting of the presence of the following four
factors in the United States [4] and in the United Kingdom
[17]: 1) acute hypotension or cardiac arrest; 2) acute hy-
poxia; 3) coagulopathy or severe clinical hemorrhage in the
absence of other explanations; and 4) all of these occurring
during labor, cesarean delivery, or dilation and evacuation or
within 30 minutes postpartum with no other explanation for
the clinical findings.

On the other hand, in Japan, the diagnosis of AFE is
based on a combination of the clinical features listed in the
Japan Consensus Criteria for the Diagnosis of AFE estab-
lished in 2002 (Table 1). AFE has been classified as fatal
(pathologically confirmed; fatalities) or non-fatal (survivors).
Definite diagnosis can be confirmed by identification of
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lanugo, fetal hair and fetal squamous cells (squames) in the
histological studies at autopsy or in blood aspirated from the
right ventricle [18]. The combination of clinical symptoms
with detection of these cells is required. Inclusion criteria
were as follows: 1) at least one of the following symptoms;
cardiac arrest (acute hypoxia and hypotension), respiratory
arrest (dyspnea), or consumptive coagulopathy (severe ob-
stetric hemorrhage), 2) onset of all of the signs and symp-
toms developed during pregnancy, labor, cesarean section, or
within 12 h postpartum, and 3) the absence of other illness
that could explain the signs and symptoms. The study sub-
jects were drawn from the Japan AFE Registration Center in
Hamamatsu University School of Medicine, Shizuoka, which
is closely linked to the AFE Association of Japan, Nara
Medical University. Study population and sample collection
have been described elsewhere [8].

Table 1. The Japan Consensus Criteria for the Diagnosis of

AFE

A. The fatal AFE (fatalities)*:

The diagnosis is made on the basis of clinical presentation after ex-
cluding differential diagnosis and at autopsy in the event of death of
the parturient. The diagnosis was confirmed by histochemical stud-
ies in the established individuals.

B. The non-fatal AFE (survivors):
The survivors have the hallmark clinical manifestations of AFE.
1. Signs and symptoms
Cardiac arrest (acute hypoxia and hypotension)
Respiratory arrest (dyspnea)

Consumptive coagulopathy (disseminated intravascular coagu-
lation)

2. Onset of all of the signs and symptoms developed during preg-
nancy, labor, cesarean section or within 12 h
postpartum

3. The absence of other illness that could explain the signs and
symptoms described above

* Definite diagnosis can be confirmed by identification of lanugo, fetal hair and fetal
squamous cells (squames) in the histological studies at autopsy or in blood aspirated
from the right ventricle (16).

Analysis of the Japan registry revealed that AFE occurred
during labor, before delivery and within 30 min postpartum
in 17% of cases. The remaining AFE cases (83%) had symp-
toms more than 30 min after delivery: the average time from
delivery to symptom onset was 3.3 h and the standard devia-
tion was 4.3 h [8]. These patients were related to DIC, even-
tually causing bleeding manifestations [8]. AFE is consid-
ered as a cause of a coagulopathy. All AFE patients who had
clinical symptoms within 12 h postpartum period were in-
cluded in the Japan AFE Registration when there is no other
explanation for the clinical findings. Different criteria used
for diagnosing AFE would provide differing results.

Impact on Clinical Symptoms and Disease Severity

Oi et al., retrospectively analyzed the data in AFE pa-
tients registered in the Japan AFE Registration Center (1992-
2006) [8]. Totally 135 patients were analyzed, with 65 fatal
AFE and 70 non-fatal AFE. Although respiratory distress,
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cardiac dysfunction and massive bleeding were three main
manifestations of the patients, the mode of death or clinical
manifestations are not the same for each cause. We have
proposed a model of AFE that takes into account the diverse
nature of this syndrome and correlates the clinical and patho-
logical features of the disease.

In this model, AFE was divided into three categories
(subgroups), on the basis of symptoms at presentation, des-
ignated the classical subtype (respiratory arrest or distress),
the anaphylactoid subtype (cardiac arrest or ventricular dys-
function) and the DIC subtype (massive bleeding): the clas-
sical subtype in 41 cases, the anaphylactoid subtype in 46
cases, the DIC subtype in 48 cases, a combination of the two
categories in 52 cases, and a combination of the three catego-
ries in 52 cases (Table 2). There is overlap between these
subgroups and clinical characteristics associated with AFE.
Therefore, the number of each pure subgroup is low. The
data drawn from the previously published report (ref. [8])
was recalculated and summarized in Table 2. The impact on
mortality of each AFE subgroup has been evaluated. Mortal-
ity rate was 53.7% in the classical subtype, 39.1% in the
anaphylactoid subtype and 25.0% in the DIC subtype, dem-
onstrating that each subgroup has a distinct pattern of disease
severity. The classical subgroup has a higher frequency of
sudden death when compared to the DIC subgroups. Both
clinical and autopsy signs of DIC were essentially absent in
the case of sudden death. The prognosis of the DIC subgroup
is relatively good. Early detection and adequate treatment of
DIC can improve the prognosis of AFE [19].

Similarities, Overlap and Differences in AFE Subgroups

The aim of this section was to provide an overview of the
pathophysiology of AFE subgroups (Table 3).

First, non-thrombotic pulmonary embolism (NTPE) is a
disease entity that is commonly defined as the partial or total
occlusion of the pulmonary circulation [20]. Amniotic fluid
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is one of the main sources of NTPE [21]. Previous theories
published more than 70 years ago attributed AFE to acute
obstruction of maternal pulmonary vessels. In light of recent
study results, this embolization theory (“simple” mechanical
obstruction) may be abandoned. However, the embolization
by massive amniotic debris (epithelial squamous cells, gran-
ules of meconium-derived bile pigment, and even several
lanugo hairs) might lead to sudden respiratory arrest, pulmo-
nary hypertension, right heart failure, hypoxia and subse-
quent death.

Laboratory tests can only be helpful for establishing the
cause of the disease. Kobayashi et al., have initially reported
a significant high serum level of sialyl Tn (STN) antigen in
the AFE cases (110.8 + 48.1 U/ml for AFE vs. 17.3 + 2.6
U/ml for control) [22]. STN is a glycoprotein derived from
human meconium [22,23]. The method for detecting STN in
the maternal serum of patients with AFE is a direct way to
demonstrate the release of meconium-derived mucin into the
maternal circulation and is a simple and noninvasive method
for diagnosis of AFE [22,23].

The patients who died had significantly higher concentra-
tions of STN than the survivors (p=0.003, ref. [8]). As shown
in Table 2, the median serum STN levels were significantly
higher in patients with the classical subtype (median, 25.3
U/ml; range, 3.1-324 U/ml) compared with patients with the
anaphylactoid subtype (18.1 U/ml; 3.1-1320 U/ml,
p=0.0571) and those with the DIC subtype (16.4 U/ml; 10-
1320 U/ml, p=0.0158), respectively. Microscopically, the
amniotic mucins were immunohistochemically visible as
STN-positive structures [23]. These findings form the “clas-
sical” pathologic findings in AFE. Deaths from this type tend
to be characterized by an immediate onset (within minutes)
and progression to arrest. Such immediate progression makes
treatment more difficult [24].

Second, about 15 years ago, Clark et al., have proposed
renaming this disorder “anaphylactoid syndrome of preg-

Table2. The Impact on Mortality and Serum STN Levels in Each Subgroup
Subtype n The classical subtype [C] The anaphylactoid subtype [A] The DIC subtype [D]
[C] 17 17
[A] 4 4
[D] 10 10
[C] +[A] 14 14 14
[C] +[D] 10 10 10
[A] +[D] 28 28 28
Total 41 46 48
Mortality rate 53.7 39.1 25.0
STN (U/ml)
Median (range) 25.3%(3.1-324) 18.1¢(3.1-1320) 16.4(10-1320)

The data drawn from the previously published report (ref. [8]) was recalculated. [C], the classical subtype; [A], the anaphylactoid subtype; and [D], the DIC subtype. Kruskal-Wallis
test showed significant difference (p=0.0221), with Scheffé post hoc test indicating difference with respect to AFE mortality rate. The mortality rates from AFE patients in the C and
D groups were 53.7 and 25.0 %, respectively, resulting in a statistically significant difference between the two groups (p=0.0211). No statistically significant interactions with respect
to AFE mortality rate were observed between the C and A groups (53.7% vs. 39.1%, p=0.3701) as well as the A and D groups (39.1% vs. 25.0%, p=0.3611). In addition, differences
in STN levels between groups were analyzed with Mann-Whitney U test. d vs. e, p=0.0571; d vs. f, p=0.0158; and e vs. f, p=0.6642. The STN levels in AFE patients in the C and D
groups were 25.3 U/ml and 16.4 U/ml, respectively, resulting in a statistically significant difference between the two groups (p=0.0158).
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Table3. A Broad Classification of AFE into Three Major Subtypes
. Volume of
Fetal anti- . .
s . Amniotic Fluid
. Initial Signs and Prognosis: Fatal or gens (STN) .
Subtype Mechanisms Onset . Entering the
Symptoms Non-Fatal in maternal
Maternal
serum . .
Circulation
Classic mechanl_cal pulmonary dyspnea |mm_ed|ate (within Aggressive course: clevated much
obstruction and arrest minutes) onset fatal > non-fatal
. . diac dysfuncti . . lightl
Anaphylactoid anaphylaxis cardiac dystunction intermediate onset fatal = non-fatal slightly moderate
and arrest elevated
DIC coagulation and coagulopathy delayed (within | Good response to therapy: slightly little
protease attack hours) onset fatal < non-fatal elevated

There has been a greater understanding of the spectrum and pathophysiology of AFE. Recent evidence suggests that AFE is not a single disease. In the present review, AFE was
classified as three distinct entities. The significant overlap exists between the classical subtype, the anaphylactoid subtype and the DIC subtype. Some of cases that are the anaphylac-
toid subtype are the classical subtype and also the DIC subtype. The classical subtype without the anaphylactoid or DIC subtype also exists. These overlaps are not complete.

nancy” [4]. AFE deaths resulting from maternal entry of am-
niotic fluid could be the result of a generalized or systemic
anaphylactoid reaction [4,18,19,25,26].

In general, food or venom-related anaphylaxis is the most
dramatic clinical presentation of serious allergy that occurs
after contact with an allergen and involves multiple organ
systems. Approximately half of the fatal anaphylactic reac-
tions were iatrogenic and a quarter each caused by foods or
insect venom [29]. Anaphylactic reactions cause variable
combinations of symptoms including the skin (acute urti-
caria, rash, angioedema, flushing, pruritis), the gastrointesti-
nal system (nausea, vomiting, diarrhea, abdominal pain) and
cardiopulmonary reactions (laryngeal edema, bronchospasm,
hypotension, syncope/presyncope, tachycardia, arrhythmia,
dyspnea, chest pain, wheezing, stridor, hypoxia, sudden
death), from mild skin reactions to cardiopulmonary arrest,
within the first minutes or hours of reaction [28]. Typical
severe anaphylaxis in deaths related to food, venom or drugs
may lead to shock, as a result of either direct effects of me-
diators on the heart, or profound shock resulting from pe-
ripheral vasodilatation [28]. The estimated incidence of food,
venom or drug-related anaphylaxis was 5-10 in 100,000,
with a mortality rate ranging from 1% to 5% [29]. In con-
trast, incidence of AFE is 2 per 100,000 with fatality in about
30% of cases, suggesting that the mortality rate in AFE is
higher than that in food, venom or drug-related anaphylaxis.
Although the pathophysiology has been believed to be im-
mune mediated, a few cases with typical skin reactions, la-
ryngeal edema and gastrointestinal symptoms have been
reported in association with AFE [24]. Thus, a part of AFE
syndrome is thought to have died from a reason other than
anaphylaxis (anaphylactic or anaphylactoid reactions). The
pathophysiology of AFE may not be the same for anaphylac-
toid, suggesting that other factors could interact to influence
or strengthen the development of AFE

Finally, the remaining AFE cases (the DIC subtype) were
accepted as being the result of peripartum and postpartum
bleeding. Amniotic fluid may also act as a trigger of events
resembling complement system activation [7] possibly
through meconium-containing protease activities [30], sub-
sequently resulting in DIC and multiple organ failure charac-
teristics. The DIC subtype causes delayed cardiac arrest with

massive bleeding rather than asphyxia from bronchospasm,
which is seen more commonly with anaphylactoid cases. The
DIC type reactions start with mild symptoms and progress
over several hours. Early detection of DIC immediately after
the onset of clinical symptoms can lead to curative treatment.

Taken together, AFE is not a single entity. AFE might be
classified into three largely distinct entities, namely the clas-
sical subtype, the anaphylactoid subtype and the DIC sub-
types (Table 3).

New Insights into the Pathophysiology

Why does AFE cause cardiopulmonary arrest? The cause
of AFE-associated reactions seems to be classified by two
hypothesis: an effect of amniotic fluid itself or a host idio-
syncrasy (“hypersensitivity” reaction).

Amniotic Fluid as a Causative Factor

Hypersensitivity reactions may depend on the causative
components including the infectious bacteria in amniotic
fluid, suggesting that some patients with the clinical diagno-
sis of AFE have infection as a mechanism of disease [31].
Meconium-stained amniotic fluid may be more toxic than
clear amniotic fluid. Meconium-stained amniotic fluid with-
out infection also contains proteolytic enzymes and chemical
mediators that can stimulate mast cell degranulation and
complement activation. It has been reported that meconium
is a vasoconstrictive agent [32]. Furthermore, trypsin and
thrombin in meconium may also play a pivotal role in vaso-
spasm.

Host Idiosyncrasy as a Causative Factor

On the other hand, more attention needs to be placed on
the host factors. For example, clinical symptoms from sting-
ing events involving honey bees are highly varied, ranging
from mild skin reactions to fatal outcomes. Death is often
caused by anaphylaxis, and the typical victim is over 40
years of age, with arteriosclerosis, heart disease, asthma,
renal disease, or diabetes playing a contributing role [33].
Moreover, the dysfunctional cardiac conditions with
ischemic heart disease and cardiomyopathy are major risk
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factors for fatal anaphylaxis [34]. These individuals with
heart disease are considered to be more susceptible to the
venom-induced anaphylactic shock, which often play an ag-
gravating role.

Triggiani et al., indicated that the heart is a central organ
of anaphylaxis [34]. The offensive antigens from amniotic
fluid, meconium and fetus initially meet the heart. The pro-
tective function depends on the abundant number of im-
munocompetent effector cells in heart. Of interest is the mast
cell, this cell is abundant in the heart [34]. Activation of mast
cells induces the release of preformed mediators (histamine,
tryptase, chymase, carboxypeptidase A, and renin) and the de
novo synthesis of leukotriene (LT) C,4, prostaglandin (PG)
D,, platelet activating factor and tumor necrosis factor
(TNF)-alpha [35]. The release of mast cell-derived chemical
mediators occurs within minutes, which initiate anaphylactic,
anaphylactoid and vasospastic reactions. Of interest is the
observation that, upon activation, cardiac mast cells release
renin that activates the angiotensin system locally via cardiac
renin-angiotensin-system (RAS) [34]. Angiotensin I, gener-
ated by renin, can be converted to angiotensin Il by cardiac-
derived chymase with angiotensin-converting enzyme activ-
ity, which further induces strong vasoconstriction [34]. AFE
may be attributed to an acute vasoconstriction. Therefore,
hypersensitivity reactions of AFE may depend on host
idiosyncrasy, who is more susceptible to the anaphylactic

sho%e number and density of cardiac mast cells are in-
creased in patients with ischemic heart disease and dilated
cardiomyopathy [34]. Histamine and tryptase content and
mast cell density are also higher in these failing hearts. Host
factors such as subclinical heart complications may be asso-
ciated with susceptibility to severe manifestations of AFE.
The available evidence supports a role for hypersensitivity:
cardiac conditions such as pre-existing subclinical or asymp-
tomatic heart disease including ischemic heart disease, car-
diomyopathy, or endothelial dysfunction might have contrib-
uted to the presentation and severity of AFE.

Based on the present knowledge and hypothesis of the
mechanisms, we will propose renaming AFE “hypersensitiv-
ity syndrome of pregnancy”. The proposed terminology “hy-
persensitivity” is an umbrella term including vasospasm.

DISCUSSION

AFE is an obstetric medical emergency that presents a
broad array of symptoms and signs. These clinical manifesta-
tions do not occur uniformly in all patients. AFE must be
considered as a differential diagnosis for any acute-onset
obstetric disorders. The diagnosis of AFE should be estab-
lished by the clinical course. AFE represents a heterogeneous
group that may arise via different pathogenetic pathways.

In this review, AFE might be divided into three sub-
groups designated the classical subtype, the anaphylactoid
subtype and the DIC subtype, each having a distinct pattern
of clinical symptoms and disease severity. First, AFE is ini-
tially believed to occur through the embolization by a large
amount of amniotic fluid and debris of fetal origin (namely
the classical subtype). Second, this syndrome has been later
classified as an anaphylactic reaction; this process is differ-
ent to the classical primary embolization. Finally, peripartum
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and postpartum acute hemorrhage supports the diagnosis of
AFE in the fulminant DIC subgroup. A release of soluble
mediators could explain the symptoms that are present in
AFE. Therefore, amniotic fluid release into maternal circula-
tion is the necessary precursor to AFE.

The present review allows us to speculate that AFE-
associated reactions might be derived from amniotic fluid
itself or host idiosyncratic reaction. There seems to be a case
of typical anaphylactic reaction, or a case of more consistent
with idiosyncratic reaction. Benson et al., suggested that
hypersensitivity reaction has been frequently under-
diagnosed, with mild symptoms being missed [36].

Despite this hypothesis, there is a lack of the basic
knowledge of the specific antigen(s) in amniotic fluid or
debris. The exact mechanisms of idiosyncratic reactions or
factors involved in host specificity (hypersensitivity) are also
still unclear so far. Upon reaction, the release of mast cell-
derived mediators occurs within minutes, which initiates
anaphylactic reaction, anaphylactoid reaction, complement
activation and vasospastic hypersensitivity reactions. These
reactions influence vasoconstriction and ventricular function,
suggesting that an important part of AFE is of known vaso-
spastic etiology. The AFE reaction might be caused by a
combination of immunologic and vasospastic factors. Hu-
moral factors, such as cardiac mast cell-derived mediators,
can exacerbate cellular responses and create complex path-
ways that lead to a variety of clinical manifestations. Hyper-
sensitivity reactions of AFE may depend on host idiosyn-
crasy, who is more susceptible to the anaphylactic shock.
These reactions can occur only in susceptible individuals: for
example, pregnant women with pre-existing subclinical heart
disease.

In conclusion, this review presents an AFE-induced
clinical manifestation of hypersensitivity syndrome and the
necessity of monitoring the patients clinically and by labora-
tory investigations. Through currently available data, both
the hypersensitivity hypothesis and the vasospastic mecha-
nism are able to be assessed.

CONDENSATION

This review summarizes new insights into the patho-
physiology of AFE, with a focus on an evaluation of existing
indicators and a potential direction for future research
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