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treatment and the progress of the study group is compared
with an untreated control group.
Plasma and urine
concentrations of specific metabolites are commonly used to
measure the progress of the study group. Sometimes, the
change in values gives mixed results, which renders the test
inconclusive and the clinical trials of the drug are forced to
be abandoned. In such cases, it would be useful to determine
the causes of the change (or lack of change) in the metabolite
levels which can provide further insight into the action of the
drug. In some cases, the drug may be effective but the
metabolite levels are inconclusive due to other reasons. In
such cases, it would also be useful to identify if such effects
are present. Thus, it is necessary to have a framework by
which clinicians can make decisions regarding causes of
observed conditions, quantitatively validate their heuristics
and assess the utility of new biomarkers.
One of the main limitations of clinical studies is the fact
that metabolite levels are compared with reference levels,
but their role in the biochemical pathway is not used
explicitly for diagnoses. Biochemical pathways such as
metabolic, regulatory or signal transduction pathways can
be viewed as interconnected processes forming an intricate
network of functional and physical interactions between
molecular species in the cell. The amount of information
available on such pathways for different organisms is
increasing rapidly. This offers the possibility of performing
various analyses on the structure of the full network of
pathways for one organism as well as across different
organisms, and has therefore generated interest in analysis
of pathways. Pathways can also be analyzed to study the
metabolic changes that take place when a tumor forms, and
can hence be used to predict or diagnose a tumor.
One such important class of tumors are Dopamineproducing paragangliomas which originate in the ganglia of
the sympathetic nervous system. These tumors are rare, but
are important to diagnose early because of their disposition
to produce distant metastases [1, 2]. Patients who have
predominantly Dopamine producing tumors are generally
normotensive, which poses a significant diagnostic challenge.
Further, the sole reliance on the measurement of plasma
concentrations of Epinephrine and Norepinephrine or their
O-methylated metabolites fails to detect Dopamine
predominant tumors. In a recent clinical study [3], it was
proposed that Methoxytyramine could be a better marker for
Dopamine-predominant paragangliomas. We provide a novel
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I.

INTRODUCTION

Biochemical tests are often the first means of detecting
any abnormality in patients; hence they are extremely
important with respect to screening and diagnosis. The basis
of biochemical testing is that the secretions of the diseased
tissues are different from those of the normal tissue.
Concentrations of these secretions, which ideally need to be
measured at the specific tumor site, are most conveniently
estimated by their concentrations in the blood plasma and
urine. The tests are designed based on the biochemical
pathway relevant to the disease and their success depends on
the sensitivity and specificity of these secretions, which serve
as biomarkers for the disease. The changes in concentration
are useful for the differentiation between normal and
abnormal tissue. The distinction is made mostly based on
heuristics and in case of conflicting evidence, by the expert
judgment of the clinician. Since the experience and insight of
clinicians differ, it is important to have a system that can aid
clinicians in their assessment. Biochemical tests are also
used in clinical trials where a study group is subject to a
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quantitative framework
f
baased on statisstical path annalysis,
which can hellp quantify succh clinical hyppotheses and provide
p
further insigghts in case of conflictting evidencee. The
experimental background and significaance is presennted in
a
as appplied to
Section 2. Thee theory of staatistical path analysis
the diagnosis of paraganglliomas is preesented in secction 3.
C
a presented in sections 4 and 5
are
Results and Conclusions
respectively.
II.

thhat Methoxytyrramine could be a more sen
nsitive markerr than
thhe current markkers, Norepinnephrine and Epinephrine.
E
Itt was
alsso predicted that
t
urinary D
Dopamine may
y not be a relliable
inndicator of Doopamine secreetions since itt is more likeely to
result from thee renal eliminnation of plassma DOPA rrather
ma Dopamine.
thhan the eliminaation of plasm

ANALYSIS OF BIOCHEMICA
AL PATHWAYS
S

The conceentrations of catecholamine
c
e secretions foollow a
certain well-uunderstood bioochemical pathhway, in whicch each
product is foormed from itts precursor by
b the actionn of an
enzyme. The biochemical ppathway of Dopamine
D
prodduction
in the human glands is shoown in Fig. 1. In the figuree given
a TH
below, the ennzymes governning the varioous reactions are
(Tyrosine hyydroxylase), AADC (Aroomatic aminoo acid
decarboxylasee),COMT (Caatechol O-metthyltransferasee), and
DBH (Dopam
mine β-hydroxxylase). Thesse tissue metaabolites
may either bee secreted intoo the bloodstrream to form plasma
metabolites or
o eliminated via the kidnney to form urinary
u
metabolites. Normally,
N
bothh plasma and urine concenttrations
are measured to get the effe
fective concenttrations. In a clinical
c
study on thee diagnosis off these paraggangliomas [33], 120
patients with catecholaminne producing tumors were chosen
from a largerr group of 279 patients with tumors, baased on
results obtainned from biiochemical teesting. Thesee tests
included meaasurement off plasma conncentrations of the
catecholaminees and their respective
r
O-m
methylated prroducts.
It also incluuded the measurement
m
of plasma DOPA
concentrationn and 24-hour urinary outpuuts of catecholamines,
using the techhnique of HPL
LC [12].

Figure 2. Pathh Analysis appliedd to the Dopamin
ne Pathway.

III.

PA
ATH ANALYSIS

In this workk, the above mentioned measurements
m
were
annalyzed usingg the methodd of Statistical Path Analysis.
Sttatistical Path Analysis [6] was developeed as a methood of
deecomposing correlations
c
iinto differentt componentss for
innterpretation of
o effects andd is closely related
r
to muultiple
regression. Thiis technique allows us to
t test theoreetical
a
cause--effect relattionships without
prropositions about
m
manipulating
variables. The path analysiss model applieed to
thhe Dopamine synthesis
s
pathw
way is given in Fig. 2.
where
•

pij dennotes the path coefficient beetween precurssor ‘j’
and prroduct ‘i’

•

ei denootes the error tterm which acccounts for caauses
outsidee the model.
If Zi denottes the normaalized concenntration of thhe ith
m
metabolite
in the pathwaay, the systeem of equaations
deescribing the model
m
can be w
written as

(1)

Figure 1.
1 Biochemical Paathway of Dopmaaine Synthesis

Computationn of path ccoefficients may
m
be donee by
deetermining the correlation coefficients and decompoosing
thhem into the following components,
c
each denotin
ng a
sppecific type off effect.

fo the
Through similar studdies, referencce ranges for
w
determineed from a com
mbined group of 175
compounds were
normotensive and 110 hyppertensive vollunteers. Thesse were
D
oducing
used to issolate patiennts with Dopamine-pro
paragangliom
mas and assesss the suitabiility of the current
biomarkers. From
F
the meeasurements, it
i was hypothhesized

1.
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v
on another,
Direct effect (DE): the eeffect of one variable
b a single causal
which is represented inn the model by
path

2.
3.
4.

Indirect effect (IE): a path from one variable to another,
which passes through some other variable (the
intervening variable or mediator)
An unanalyzed component (U): due to lack of
information on the direction of causation for a path or
due to correlated exogenous variables.
Spurious component (S): correlation between two
variables due to a common cause.

•

Therefore, r = DE + IE + U + S
In order to compute the path coefficients for the
Dopamine pathway, the measured concentrations of
metabolites above the Upper Reference Level (URL) were
considered as raw variables. Standardization of raw data was
carried out through the calculation of Z scores, using the
formula
Z = (x - µ)/σ

Thus knowing the values of correlation coefficients, the
values of the respective path coefficients can be computed.
IV.

(2)

For every precursor (a)-product (b) metabolite pair within
the biosynthetic pathway, a correlation coefficient was
computed as follows:
(3)

Substituting (1) in (3) and applying the following
simplifications
•
•

∑Ziej = 0 since there is no effect of ei on Zj(for i≠j)
(1/N) ∑ZiZi= 1 since Ziare normalized,

TABLE I.

We obtain a system of equations relating path coefficients
and the correlation coefficients.

Patients

(4)
An alternate method of arriving at (4) is by decomposing
the correlations into various effects with respect to the model
(Fig. 2) and is carried out as follows:
•

•

RESULTS

A. Calculation of path coefficients
The method of statistical path analysis was applied to
data obtained from 9 patients with a confirmed diagnosis of
Dopamine-predominant paraganglioma. The plasma and
urinary concentrations of metabolites involved in the
Dopamine pathway were measured by the method of HPLC.
The plasma concentrations of the values of the metabolites
measured are given in Table 1. The Upper Reference Level
(URL) for the various compounds is also given. All
concentrations reported are in nanograms/litre. It can be seen
that all patients showed greater elevations in the plasma
concentrations of Dopamine and Methoxytyramine as
compared to the other compounds in the pathway. It can also
be seen that the concentration of plasma DOPA in these
patients is very high, which led to the suspicion that the
contribution of the plasma DOPA is much higher than that of
plasma Dopamine to urinary Dopamine [3].

Where µ is the mean of the distribution, σ the standard
deviation and x the raw value.

rab = (1/N) ∑ZaZb

NMN/MN, NE and MN, can be expressed in terms
of their respective direct and indirect effects. For
example, the indirect component of r72 is p17 x p21
The correlation between NE and MTY (sharing a
common cause DA), that between EPI and NMN
(sharing a common cause NE) and that between
plasma DA and urinary DA (sharing a common
cause plasma DOPA), can be decomposed into
their direct, indirect and spurious effects. For
example, the spurious component of r32 is p21xp31

The correlation between DOPA and DA, DA and
MTY, DA and NE, NE and NMN, NE and EPI,
EPI and MN can be decomposed into their
respective direct effects. For example, r71= p17
The correlation between DOPA and urinary DA,
DOPA and the O-methylated metabolites, DA and

PLASMA CONCENTRATIONS OF METABOLITES
Plasma concentrations

MTY

NMN

MN

DA

NE

EPI

DOPA

1

93

60

15

160

571

16

1805

2

419

29

38

600

118

44

1490

3

488

241

38

776

717

17

1615

4

634

624

44

2092

2784

12

2784

5

1189

1273

77

2669

2229

29

7988

6

2374

1053

26

3705

5131

57

1033

7

7022

4636

42

17749

14935

106

18221

8

9956

192

2

27942

1030

15

4782

9

12003

1259

5

55619

6553

177

48156

URL

14

112

61

58

496

83

2529

From these values, the correlation coefficients for all
metabolite pairs which have an immediate precursor-product
relationship were determined (Table 2).
The path
coefficients corresponding to these immediate pairs were
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obtained by solving the system of equations (4). The path
coefficients so obtained are given in Figure 3.

on urinary Dopamine is computed by considering direct
effect (p32) and spurious effect (given by p21 x p31).
Hence, the total effect of plasma Dopamine on urinary
Dopamine is 0.3113 + 0.7976 x 0.599 = 0.7891. This also
represents the correlation between plasma Dopamine and
urinary Dopamine. Thus, it can be seen that Plasma DOPA
is a more reliable indicator of urinary Dopamine than
plasma Dopamine. This has also been validated by expert
insights.
4) The path coefficients of the Norepinephrine and
Epinephrine sub-pathways have very low dominance (low
path coefficients). This indicates that in predominantly
Dopamine producing paragangliomas, the possibility of
Norepinephrine being formed from the Dopamine that is
produced by the tumor cells is low (r=0.3358). Since
Norepinephrine is primarily responsible for the production
of Noradrenaline and Adrenaline, the levels of
Norepinephrine and Epinephrine are not sufficiently high to
result in hypertension, in most of the cases. This justifies the
normotensive nature of most of the patients having
predominantly Dopamine producing paragangliomas. This
normotensive nature poses a diagnostic challenge.
5) The low dominance of the Norepinephrine pathway
also indicates that Norepinephrine and Epinephrine are not
suitable
markers
for
Dopamine-predominant
paragangliomas. Since current tests mainly rely on the levels
of Norepinephrine and Epinephrine to carry out diagnosis,
this also explains the reason behind the large number of
cases of Dopamine-producing paragangliomas which were
missed during clinical tests.
Sensitivity of Methoxytyramine as a marker for
dopamine-predominant paragangliomas is evident by the the
observed 104-fold increase [3]. By combining it with a
quantitative measure of specificity (via path analysis), it is
possible to establish quantitatively the utility of
Methoxytyramine in diagnosing dopamine-producing
paragangliomas.

B. Model Preditions and Analysis
From the quantitative results, we observe the following:
1) The correlation between plasma Dopamine and
Methoxytyramine (r=0.8452), plasma Dopamine and DOPA
(r=0.7976),
and
plasma
Norepinephrine
and
Normetanephrine (r=0.8586) show a strongly positive
association, indicating that an increase in one of the
compounds strongly contributes to an increase in the other.
2) The correlation between plasma Dopamine and
Norepinephrine (r=0.3358), plasma Norepinephrine and
Epinephrine (r=0.5827), urinary Dopamine and plasma
DOPA (r=0.599) and urinary Dopamine and plasma
Dopamine (r=0.3113) show a weak positive association. The
increase in one of the compounds causes an increase in the
other, but to a lesser extent than in the first case.
3) The correlation between plasma Epinephrine and
Metanephrine (r=-0.2474) indicates little or no association.
Increase or decrease in one compound maybe associated
with both an increase and a decrease in the other compound.
C. Inferences
Since the path coefficients indicate a cause-effect
relationship, the following can be deduced:
1) The
dominant
pathway
corresponds
to
DOPAÆDopamineÆMethoxytyramine.
Hence,
Methoxytyramine can serve as the most specific marker for
patients of this class of tumors.
2) The path coefficient for the production of
methoxytyramine from dopamine (0.8452) is greater than
the path coefficient for the production of norepinephrine
from dopamine (0.3358). This indicates that the dopamine
contributes more to the production of methoxytyramine than
to norepinephrine. Moreover since most of the
methoxytyramine comes from dopamine (r=0.8452), plasma
free methoxytyramine serves as a sufficiently good marker
for the detection of predominantly dopamine producing
paragangliomas. This also verified the results obtained by
biochemical testing carried out by Graeme Eisenhofer et al
[3].
3) The path coefficients can also be used to compute
the primary cause of increase in urinary Dopamine. To do
this, we need to consider two sub-pathways: plasma DOPA
Æ urinary Dopamine and plasma Dopamine Æ urinary
Dopamine. The effect of plasma DOPA on urinary
Dopamine is computed by considering both the direct and
indirect effects of plasma DOPA on urinary DA. Total
Effect = Direct Effect + Indirect Effect = 0.599 +
(0.7976)x(0.3113) = 0.8473. The effect of plasma Dopamine

Figure 3. Pathways with respective path coefficients.
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TABLE II.

CALCULATED CORRELATION COEFFICIENTS

r12

r13

r34

r35

r54

r56

r17

r32

r78

r18

0.8452

0.3358

0.8586

0.5827

0.46697

-0.2474

0.7976

0.4156

0.8473

0.78906

[3]

V.

CONCLUSION

We have presented a novel framework for quantitative
validation of clinical studies. The framework based on
statistical path analysis has been found to validate clinical
findings on a cohort of patients. The predictions of the model
have been found to agree very well with clinical findings in
terms of predicting the utility of Methoxytyramine as a
useful marker, the insensitivity of urinary Dopamine as a
marker and also additionally the clinical symptoms. This
promising method can be used further for verification of
biochemical diagnosis of diseases on patient cohorts.
It can also be used to compare the utility of various
biomarkers quantitatively for a patient group with a known
diagnosis. Path analysis can give an accurate indication of
the specificity of biomarkers. Currently, there is no
quantitative measure of specificity and path analysis may be
able to serve as one. However, the sensitivity of biomarkers
cannot be predicted by statistical path analysis yet and may
need additional measures.
One of the main challenges faced by clinicians is in
performing clinical trials. Comparisons between control and
test groups are often done by comparing the mean and
standard deviation of parameters. By employing statistical
path analysis models, it may be possible to judge not only the
improvements in the study group, but also whether the
biochemical changes justify such an improvement.
Thus, statistical path analysis is a powerful technique
which can be extended for multiple uses benefiting clinical
diagnosis and measurement of therapy response.
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