
re-equilibration step with 75% A/25% B before the next injection. Flow rate was
0.7 ml min21 and the column temperature was 40 8C. The mass spectrometer (Agilent
1946D) was equipped with an electrospray ionization inlet and mass spectra were acquired
in the negative ion mode. The mass spectrometer was set to selectively monitor for mass
ions 294 and 296 m/z of which mass 294 m/z, the deprotonated molecular mass, was used
to quantify the diclofenac residues. The mean recovery from spiked avian kidney tissue
was approximately 70%, and this value was used to calculate the final sample
concentration of diclofenac.

Virus isolation
Virus isolation in cell culture was performed in primary avian cell cultures prepared by the
method of ref. 26 from chicken, duck and peregrine falcon embryos, and in Vero cells.
Tissue samples were prepared by homogenization in Eagle’s minimal essential medium
with penicillin, streptomycin and amphotericin B, centrifuged to remove debris, filtered
through 0.45-mm filters, and added to the cells. Cell cultures were observed daily for
cytopathology. At the end of each passage (5–8 days), the cells and media were aspirated,
stored at 280 8C, rapidly thawed, and added to new cells for the next passage.

Polymerase chain reaction assays for infectious agents
RNA and DNA were extracted from 0.1–0.3 g of tissue with a commercial RNA extraction
kit (Trizol Reagent; BRL Life Technologies) or a commercial DNA extraction kit
(Puregene; Gentra Systems) as per the manufacturer’s instructions. In addition to positive
and negative control RNA or DNA for each agent, intact sample RNA and DNA were
verified by demonstrating the presence of avian cellular b-actin gene RNA or DNA, and the
absence of nonspecific inhibitors was verified by spiking samples with positive control
RNA or DNA.

The polymerase chain reaction with the reverse transcription (RT–PCR) procedure for
infectious bronchitis virus was as published in ref. 27—the positive control for this assay
was the Arkansas strain. The RT–PCR procedure for avian influenza was as published in
ref. 28—the positive control for this assay was viral RNA obtained from the USDA National
Veterinary Services Laboratory, Ames, Iowa. The RT–PCR procedure for West Nile virus
was as published in ref. 29—the positive control for this assay was viral RNA obtained from
the USDA National Veterinary Services Laboratory, Ames, Iowa.

Identification of M. avium
Acid-fast bacilli were detected with Ziehl–Neelsen stains of tissue impression smears.
Mycobacterium avium was identified by PCR amplification and restriction enzyme
polymorphisms in the heat-shock protein gene30.

Uric acid measurement
Uric acid levels were measured in heparinized plasma with a colorimetric assay for the
production of hydrogen peroxide by uricase.

Animal subjects
Animals were maintained and experiments performed in accordance with the Animal
Health and Welfare Regulations of Bahauddin Zakariya University, Pakistan.
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The geometry and dimensions of branched structures such as
blood vessels or airways are important factors in determining the
efficiency of physiological processes. It has been shown that
fractal trees can be space filling1 and can ensure minimal
dissipation2–4. The bronchial tree of most mammalian lungs is
a good example of an efficient distribution system with an
approximate fractal structure5,6. Here we present a study of the
compatibility between physical optimization and physiological
robustness in the design of the human bronchial tree. We show
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that this physical optimization is critical in the sense that small
variations in the geometry can induce very large variations in the
net air flux. Maximum physical efficiency therefore cannot be a
sufficient criterion for the physiological design of bronchial
trees. Rather, the design of bronchial trees must be provided
with a safety factor and the capacity for regulating airway calibre.
Paradoxically, our results suggest that bronchial malfunction
related to asthma is a necessary consequence of the optimized
efficiency of the tree structure.

In the bronchial tree, airways branch by dichotomy with a
systematic reduction of their length and diameter. In the human
lung, for example, the conducting airway tree ends at about 217

terminal bronchioles, each of which is followed by roughly six
generations of alveolar ducts that constitute the acini7 and are
involved in gas exchange. Considering the lower part of the
bronchial tree (generations 6–16) and assuming that air flow in
this duct system obeys Poiseuille law (a good approximation below
the sixth generation at rest8), a ‘best’ structure can be deduced by
minimizing the total viscous dissipation in a finite tree volume. A
purely mathematical argument using Lagrange multipliers2 suggests
that the best tree is fractal with a fractal dimension equal to 3. In
such an ideal tree, the successive airway segments are homothetic
with a size ratio, h, equal to (1/2)1/3 ø 0.7937. This is what is known
as the Hess–Murray law, which was first formulated by Hess9 for
blood vessels and then developed further by Murray10.

The effect of airway geometry on ventilation can be developed as
follows. Assuming that bifurcating branches are symmetric (a
reasonable assumption for the deeper part of the lung), the ratio
of diameter and length between generation p 2 1 and generation p
is called hp. Denoting R and V, respectively, as the resistance and
volume of a given duct, the h-reduced duct has a Poiseuille
resistance of R/h3, because this resistance is proportional to the
duct length and inversely proportional to the fourth power of the
diameter. By contrast, the volume is multiplied by a factor h3 at each
generation. After p generations, the sizes are reduced by a factor
h1 £ h2 £ … £ h p21, such that the total resistance and volume of a
tree with N þ 1 generations (indexed 0 to N) can be written as:

RN ¼ R0 þ
PN

p¼1
1
2p

R0

ðh1£h2£…£hpÞ
3

VN ¼ V0 þ
PN

p¼1 2pðh1 £ h2 £…£ hpÞ
3V0

If F is the global airflow, the total pressure drop is DPN ¼ RNF,
and the total dissipation can be written as FDPN. This power loss
can be minimized relative to h1,…,hN on the surface defined by the
constraint VN ¼ Q. The minimum of RN on V N ¼ Q is character-
ized by the existence of a Lagrange multiplier, m, such that

7(RN) ¼ m7(VN). The energy dissipation per unit volume of the
tree, equal to FDPN/VN, is also optimized through this operation.
This leads to h1 ¼ [(Q 2 V 0)/(2NV0)]1/3 and h i ¼ (1/2)1/3 for i in
the series {2,…, N}. The ‘best’ tree is then fractal with a constant
reduction factor h i ¼ (1/2)1/3. In consequence, the fractal dimen-
sion is equal to log(2)/log(21/3) ¼ 3. For simplicity, we study here
symmetric bifurcations, but, as shown below, the same results hold
for asymmetric bifurcations.

More generally, assuming a constant reduction factor h between
generations, the fractal dimension would be equal to ln(2)/ln(1/h),
which is larger than 3 for h . (1/2)1/3. Figure 1 shows that with each
generation the size factor falls with h, whereas the number of ducts
per generation increases by a factor of 2. At generation p, therefore,
the number of ducts is 2p and the size factor is hp. Thus, the volume
and pressure drop can be written as:

VN ¼ V0 1þ
PN

p¼1 ð2h3Þp
h i

DPN ¼ R0F 1þ
PN

p¼1
1

ð2h3Þp

h i

One observes that the same factor (2h3)p appears in both the
numerator and in the denominator. Depending on whether h is
smaller or larger than (1/2)1/3, either the volume or the pressure
drop is infinite for an infinitely divided tree. In other words, it is
impossible to have a nonzero flux from a ‘finite’ pressure drop for an
‘infinite’ tree of finite volume. But minimizing DP N for a finite
tree in a given (finite) volume leads to the optimal h value equal to
(1/2)1/3.

If h is smaller than (1/2)1/3 ø 0.79, the pressure drop for a given
flux diverges with N. An increased pressure drop can be overcome
by greater respiratory efforts, but in severe cases this will cause
exertion. This situation can be called ‘overcritical’. In contrast, if h is
larger than (1/2)1/3, the resistance is small and the volume is larger
than necessary. Notably, real lungs are not so far from optimality,
with a homothety ratio h of about 0.85 (ref. 11), as shown in Fig. 2.
The dependence on h of the volume and resistance of an
11-generation tree is shown in Fig. 3. Such a tree, obeying Poiseuille
flow, is representative of the deeper airways in the human lung
(generations 6–16). The human bronchial tree, with h < 0.85
(ref. 11), is thus not truly optimized: its volume is too large and
its overall resistance is too small. This corresponds to an ‘under-
critical’ condition. It gives, in fact, a safety margin for breathing
with respect to possible bronchial constriction.

The fact that the homothety ratios of real bronchial trees are a few

Figure 1 Geometry of a dichotomic and homothetic tree structure. In the third generation,

the size reduction with respect to the first generation is the product of the homothety

ratios in the second and third generations.

Figure 2 Homothety ratios for length and diameters of deep bronchi in the human

lung (6 # Z # 16). Data are taken from ref. 19. Circles and crosses represent diameter

and length homothety ratios, respectively.
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per cent larger than the critical value has several consequences.
Considered as a rigid structure, the bronchial tree would be very
sensitive to geometrical imperfections. As there is always physio-
logical variability, this would create uneven ventilation–perfusion
relations in peripheral gas exchange units. This must be avoided by
regulating airway calibre12. Without such regulation, there would be
a multifractal distribution of air13, resulting in strongly non-
uniform ventilation with some regions of the lung poorly fed with
fresh air. Figure 2 shows that the homothety ratio for diameter
increases slightly in higher generation numbers, that is, towards the
periphery. Under the hypothesis that the cast measurements
reported in Fig. 2 represent the relaxed normal state of the airways,
these airways allow a greater degree of contraction before a critical
state is reached. In that sense, the safety margin is larger for smaller
bronchioles.

In the same spirit, it should be recalled that, in asthma, bronch-
iolitis or allergenic reaction to pollen, the inner diameters of
bronchioles, and not their lengths, are reduced. Thus, ducts are
no longer homothetic and the diameter and length ratios of
sequential bronchioles, denoted hd and h l, respectively, below, are
altered. As shown in Fig. 2, the length reduction ratio h l is constant
and equal to 0.85, whereas hd increases from 0.82 to 0.9. As the
Poiseuille resistance is affected by the fourth power of the bronchial
diameters, the pressure drop is:

DPN ¼ R0F 1þ
XN

p¼1

1

2p
ð
hl

h4
d

Þp

" #

The fourth-power dependence of the duct resistances modifies
the critical value of hd to (h l/2)1/4 ø 0.81, assuming a constant
value of h l ¼ 0.85.

The multiplicative effect of the tree structure combined with the
fourth-power dependence of airway resistance creates an extreme
sensitivity to variations in the homothety factor (see Methods). To
illustrate this effect, we have computed the resistance R10 as a
function of the hd values when they are diminished from their
normal values given in Fig. 2. The result is shown in Fig. 4. The
constriction creates a marked increase in the total resistance of the
tree: a 4% reduction of the homothety ratio hd would nearly double
the tree resistance, but it would increase the resistance of a simple
airway tube by only 15%.

It is important to determine whether these results are applicable
to the real human lung, where the bronchial tree has a marked
degree of asymmetry modulating its regular features11,14. Applying

the same approach, we consider an asymmetric tree built with two
different reduction ratios h 1 and h2 assigned randomly to the
daughter branches at each bifurcation. Although the structure is
random, the tree resistance can be written exactly as:

RN ¼ R0 1þ
XN

p¼1

1

h3
1 þ h3

2

 !p" #

The behaviour of this series is determined by the value of
1/(h1

3 þ h2
3). To give an example, we have computed the effect of

nonsymmetric bifurcations in which one of the branch has a
systematic 20% increase in h (h1 ¼ 1.2 h), whereas the other has a
systematic decrease of 20% (h2 ¼ 0.8 h). This corresponds to a ratio
of (1.2/0.8)3 ø 3.38 between the daughter branch resistances at any
bifurcation. The critical value of h is now h ¼ 1=ð1:23 þ 0:83Þ1=3 ø
0.76, instead of 0.79 for the symmetric model. As shown in Fig. 4,
the extreme sensitivity to bronchial constriction remains (it is only
slightly reduced) because the criticality depends on the basic tree
structure and not on the symmetry. Notably, at criticality the
asymmetric system has the same response as the symmetric tree.
We conclude that other mammalian lungs that have a greater degree
of asymmetry than the human lung, such as that of the dog, would
behave in a similar fashion.

In summary, we have shown that the optimal system is danger-
ously sensitive to fluctuations or physiological variability, such that
physical optimality cannot be the only criterion for the design of
the bronchial tree. The morphology of the human bronchial tree is,
however, close to providing maximal efficiency in assuring air
distribution with minimal viscous dissipation. As the real bronchi
are a little larger than optimal, they occupy a slightly larger volume
than is strictly necessary. This gives the system a safety margin with
respect to resistance, at the cost of an increased dead space that
requires a larger tidal volume. In the human lung, the volume of the
conducting airways is about 3% of the total lung volume, which is of
the same order as each of the venous and arterial trees. The
remaining 90% of the volume is occupied by the acini, where gas
exchange takes place. The acini are themselves built by space-filling

Figure 3 Dependence on the homothety ratio (h ) of the resistance (R ) and volume (V ) of

an 11-generation homothetic tree. Note the rapid variations, which indicate that the

properties of the system are highly sensitive to its geometry. The homothety ratio of

human airways is larger than the critical value.

 
 

Figure 4 Dependence of tree resistance on bronchial constriction expressed as a

percentage of reduction in diameter. The airway resistance has been normalized to its

value without constriction. The three curves show the sensitivity of four particular trees.

The dashed line corresponds to the critical trees (symmetric with h ¼ 0.79 and

asymmetric with h ¼ 0.76). The solid line corresponds to a symmetric tree with reduction

factors h l and h d obtained from data for the human lung19 and shown in Fig. 2; in this

system, a 4% reduction in diameter doubles the resistance. The dotted line corresponds

to an asymmetric tree with an average homothety ratio of h ¼ 0.85; this system is slightly

less sensitive to diameter reduction, but a 5% reduction in diameter still suffices to double

the resistance.
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surfaces around a branched duct system, and this provides the
necessary exchange surface between air and blood15.

We can draw another general conclusion from the large sensi-
tivity of the airway system to morphology. From a strictly physical
point of view, minor differences among individuals can induce
considerable differences in respiratory performance. This may
explain why athletes are particularly sensitive to the effects of
asthma or exercise-induced bronchospasm16. The higher perform-
ance of athletes resulting from increased aerobic capacity of muscle
induced by training7,17,18 requires higher ventilation rates to ensure
an adequate oxygen supply, but this is not accompanied by a
commensurate training-induced adjustment of lung structure.
The higher air-flow rates must be achieved in the given bronchial
tree and thus airway geometry becomes critical. An exercise-
induced narrowing of small airways results in a reduction of the
homothety factor hd, which causes the flow resistance to increase
steeply. This would be particularly hazardous if the homothety ratio
of relaxed airways was close to its critical value of 0.79, because
athletes working at their limit might not have the reserve to increase
the work of breathing that this would impose. The fact that there are
athletes that are capable of high performance in spite of exercise-
induced bronchospasm may indicate that the homothety factor of
airway branching has a sufficient safety margin to allow them
adequate ventilation of their pulmonary gas exchanger. A ‘more
optimal’ design of the airway tree would be dangerous. A

Methods
The total tree resistance can be expressed exactly as:

RN ¼ R0 1þ
XN

p¼1

1

2p
ð
hl

h4
d

Þp

" #
¼ R0

12 rNþ1

12 r

where r ¼ h l /2h d
4. The tree resistance is then a nonlinear function of 1/hd

4.
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Vaugirard, 75015 Paris, France
4Hospital for Dermato-Venereology, Nguyen Thong Street, District 3,
Ho Chi Minh City, Vietnam
5Leprosy Laboratory, Tropical Medicine Department Oswaldo Cruz Institute,
FIOCRUZ 20221-903 Rio de Janeiro, Brazil
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Leprosy is caused by Mycobacterium leprae and affects about
700,000 individuals each year1. It has long been thought that
leprosy has a strong genetic component2, and recently we mapped
a leprosy susceptibility locus to chromosome 6 region q25–q26
(ref. 3). Here we investigate this region further by using a
systematic association scan of the chromosomal interval most
likely to harbour this leprosy susceptibility locus. In 197 Vietna-
mese families we found a significant association between leprosy
and 17 markers located in a block of approx. 80 kilobases
overlapping the 5 0 regulatory region shared by the Parkinson’s
disease gene PARK2 and the co-regulated gene PACRG. Posses-
sion of as few as two of the 17 risk alleles was highly predictive of
leprosy. This was confirmed in a sample of 975 unrelated leprosy
cases and controls from Brazil in whom the same alleles were
strongly associated with leprosy. Variants in the regulatory
region shared by PARK2 and PACRG therefore act as common
risk factors for leprosy.

The 90% confidence interval4 for placement of the chromosome
6q25–q26 leprosy susceptibility locus that we previously identified3

is defined by markers D6S415 and D6S1277. The latter two markers
are separated by 6.4 megabases (Mb) of chromosomal DNA on
build 33 of the annotated human genome sequence (http://
www.ncbi.nlm.nih.gov), and 31 genes with known or predicted
function are located in this interval (Fig. 1a). By comparative
genome sequencing and database searching, we developed a panel
of 64 informative single-nucleotide polymorphisms (SNPs) (minor
allele frequency more than 5%) with at least one SNP located close
to or within each known gene (Fig. 1a, Supplementary Table 1).
With these 64 markers, we conducted an association scan of the
linkage peak interval among 197 Vietnamese families composed of
two parents and one leprosy-affected child. Six markers were
associated with leprosy susceptibility (P , 0.05), of which four,
including the two most significant, were clustered in the promoter
region of the PARK2 and PACRG genes (Fig. 1a).
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