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The resolution of fluorescence microscopes is limited by diffraction, which determines the

extension of their point spread functions. We propose and study numerically a simple

method, based on a combination of subtraction microscopy with regular and annular

excitation beams, which permits to double the resolution compared to wide-field

microscopy. When combined with the fluorescence saturation phenomenon, this approach

would be able to deliver a resolution of a few tens of nanometers.
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1. Introduction

The fluorescence microscope is the instrument of choice when studying living cells and tissues.

Recent developments have permitted to overcome the conventional resolution limit with the

inventions of the confocal, theta, SPIM and 4Pi microscopes for example [1-4]. The better

resolution for these instruments is obtained by improving the illumination or the detection

process or both, but fundamentally, these instruments are still diffraction limited.

In order to further improve the resolution, non-linear phenomena have to be involved. For

example, STED microscopy takes profit of quantum effects to inhibit the fluorescence process at

undesired locations, therefore efficiently reducing the actual size of the point spread function

(PSF). A resolution about 100 nm in the three dimensions has been obtained [5],  and for 2-D

surface studies, resolution as small as 40 nm has been proven [5].

Another possible approach is to make use of the saturation effect when exciting the specimen. In

the general case, saturation has to be avoided, as it is known to indeed degrade the resolution.

When cleverly combined with a properly structured illumination, saturation may however be

used to improve the resolution [7-8]. With this method, particles as small as 50 nm have been

imaged [7]. The dynamic nature of saturation may also be taken into account in order to break

the Abbe limit [9].

A third technique consists in switching from a resolution problem, where one aims at

distinguishing small features, which emit light simultaneously, to a localization problem, where

those same features emit light sequentially. Known as PALM, F-PALM, STORM, or PALMIRA

[10-13], this technique has proven to deliver a nanometric resolution in far-field fluorescence

microscopy.
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These techniques have proven an unsurpassed resolution, and are still constantly being refined

and improved, in terms of ease of use, speed and precision/resolution. One may however notice

some possible limitations. For example, up to know, and even in growing numbers, yet few

fluorophores (compared to the very large variety of fluorophores available for fluorescence

microscopy) do resist to the excitation/stimulated process involved in STED microscopy.

Localization techniques involve bleaching of the fluorophores, which is unfavorable for

dynamics imaging, or use photoswitchable fluorophores, which are not yet available in a great

variety, and require a large number of images to be processed, so that speed may be a limitation

for imaging live specimens. It therefore still appears of interest to go on looking for other

possible approaches, which may permit to obtain a high resolution in fluorescence microscopy,

and may be complementary to these already well established techniques.

We propose and study theoretically a method, which combines a very simple image processing

technique, namely subtraction microscopy involving only two images [14], with structured

saturation excitation, which in principle may be used with a larger number of fluorophores. A

possible domain of application of this approach could be the study of 2-D specimens, as for

example cell membranes, DNA fragments or microtubules deposited on a glass slide.

2. Structured subtraction microscopy

Subtraction microscopy has been proposed to improve fluorescence microscopy imaging

properties, by combining images taken in wide-field microscopy and confocal microscopy. The

method we propose is essentially a variant of subtraction microscopy in which the confocal

acquisition is modified.
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In order to model the wide-field PSF (as well as the detection PSFdet in confocal setup), we use

the model of Haeberlé [15], considering a fluorescent dipole of moment pe induced by the

excitation. The electric field being collected by the objective, and refocused onto the detector is

given by:

E " x = pex

*
(I0det + I2det cos2#d ) + pey

*
(I2det sin2#d )

$2iI1det pez

*
cos#d

E " y = pex

*
I2det sin2#d + pey

*
(I0det $ I2det cos2#d )

$2iI1det pez

*
sin#d

(1)

where !d represents the polar angle for the considered point of the detector, with respect to the

optical axis. For detailed explanations about the computation of the diffraction integrals Indet, the

interested reader is referred to Ref. [15-18], which .give a complete description of the considered

configuration. For the sake of simplicity, we consider in the following a simple model with

rotating free molecules and that the fluorescence mechanism implies randomly polarized

emission, so that angular dependences vanishes and the PSF is circularly symmetric and given

by:

PSFwf (r,z = 0) = I0det
2

+ 2 I1det
2

+ I2det
2 (2)

r being the radial distance from the optical axis. As we consider in this study only very shallow,

2-D like specimens, the PSF is computed in the focal plane, so that the elevation z is set to be

zero.. In conventional subtraction microscopy, a beam splitter is introduced within the detection

path of a confocal microscope, and two detectors are used, one with a tightly closed pinhole for

confocal detection, and one without pinhole for wide field imaging. Alternatively, one can record

successively to images, by widely opening the pinhole to mimic wide field microscopy.
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The first improvement we propose is to replace conventional confocal excitation (with a

circularly or randomly polarized laser so as to consider a circularly symmetric illumination PSF),

by a structured illumination using an azimuthally polarized laser. In that case, the illumination

PSF is given by [19]:

PSF
ill"az (r,z = 0) = I

1ill"az

2
(3)

with:

I1ill"az = cos
1/ 2# sin#

0

$

% J1(krsin#)sin#d# (4)

Figure 1 displays PSFwf for wide field microscopy, PSFconf for confocal microscopy, the

illumination PSFill-az with an azimuthally polarized laser beam, the confocal PSFconf-az, obtained

by multiplying the former by the latter, and the final subtraction microscopy PSFsub-az. For these

computations, we consider a N.A. = 1.4 oil immersion objective, an excitation performed at

400 nm, and a detection at 450 nm, corresponding to the use of Cascade Blue dye (Molecular

Probes). The final PSFsub-az in subtraction microscopy is defined by:

PSFsub"az = PSFwf "#PSFconf "az (5)

The wide field PSFwf presents a full width at half maximum (FWHM) of 190 nm (Fig 1(a)). The

illumination PSFill-az presents a hollow structure with a FWHM of 104 nm, but the total FWHM

is 326 nm (Fig. 1(b)). When confocalized, the central hole as a smaller FWHM of 76 nm, but the

total FWHM is still 250 nm (Fig. 1(c)). This is much wider than the wide field PSFwf, and will

preclude an efficient reduction of the final PSFsub-az width. Indeed, as the hollow structure being
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present in the illumination PSFill-az is subtracted from the wide field PSFwf, one can interpret it as

the “negative” of the final PSFsub-az one expects to obtain.

Contrary to conventional subtraction microscopy, which takes benefit of the difference in slopes

between a conventional and a narrower confocal PSF, we would like here to directly suppress the

most external part of the wide field PSFwf with the confocal PSFconf-az. We must therefore adapt

the wide field PSFwf to the confocal one, which is in our configuration and contrary to the usual

case wider. This may be performed simply by reducing the numerical aperture in the wide field

mode. Obviously, the key-point of subtraction microscopy is the proper adjustment of the

parameter ", in order to benefit from the best resolution improvement, but avoiding the

apparition of negative regions in the final PSFsub-az (or alternatively in the final image obtained

from the subtraction of the confocal image from the wide field image). We here would like to

recall that, in the proposed configuration, one subtracts a confocal PSF from a wide field one. As

a consequence, the apparition of negative regions is mainly excluded because the confocal PSF

falls down faster that the wide field PSF. This is the opposite of the “classical” subtraction

microscopy, where one subtracts a wide field PSF from a confocal one, and therefore negative

regions may rapidly appear, because of the larger lateral extension of the wide field PSF with

respect to the confocal one.

Both parameters (N.A. and ") must be adjusted in order to obtain a substantial improvement of

the resolution. Figure 1(d) is computed with NA = 1.1 (solid line in Fig. 1(d)) for wide field

detection, and with " = 2/3.

The final PSFsub-az has a FWHM of 90 nm only, to be compared with the theoretical lateral

resolution of 190 nm for the wide field microscope (as computed from a high NA vectorial

model [20], and not from the more commonly used RAbbe = # /(2N.A.) = 161 nm, which
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overestimates the resolution when considering the FWHM of the PSF.). For the ideal usual

confocal microscope, a 130 nm resolution is predicted (see Fig. 1(a)).

The configuration we propose may therefore permit to obtain a 35% resolution improvement

compared to a confocal microscope, or a factor 2 compared to wide field microscopy. We obtain

the same gain in resolution than with confocal fluorescence microscopy using laterally

interfering excitation beams [21]. However, the final resolution is now isotropic with only two

images, while this other method further needs recombination of several images (typically 4) in

order to obtain an isotropic resolution [22]. Furthermore, producing an azimuthally polarized

illumination beam from a linearly polarized beam seems to be easier than having three focused

beam interfering at the focal point as proposed in Ref. [21]. Note that we find the same factor 2

as in wide-field structured illumination fluorescence microscopy [23]. In the next section, we

shall show how this technique of subtraction microscopy, when combined with fluorescence

saturation, may be used to even further improve the resolution.

3. Saturated structured subtraction microscopy

Fluorescence saturation was proposed to obtain a theoretically unlimited resolution with

patterned excitation wide-field microscopy. Gustafsson [7] demonstrated a 2-D resolution of

50 nm with this technique. Heintzmann et al. [8] showed that a similar resolution may be

obtained if using a two-dimensionally structured excitation pattern. It was shown that in

principle, an unlimited resolution might be obtained with fluorescence saturation techniques, as

long as the considered fluorophore can sustain saturation without being photobleached.
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We shall now show how the configuration we propose may attain similar performances by also

making use of the fluorescence saturation phenomenon. For the sake of simplicity, we use the

same model as Heintzmann et al. [8,24] to describe the fluorescence saturation phenomenon:

Iem (x,y) =
S
"1
Iexc (x,y)

S
"1

+ Iexc (x,y)
#(x,y)

(7)

Because the fluorescence intensity Iem remains a linear process with the fluorophore density $,

even with saturation, one can define the emittability [21] PSFem of the system as:

PSFem (x,y) =
S
"1
PSFill (x,y)

S
"1

+ PSFill (x,y)
(8)

And for the confocal case, PSFconf = PSFemPSFdet. More elaborate models may be used [7,9], but

should not change the general conclusions, as mentioned by Heintzmann et al. [8,24]. Figures 2

display the results obtained for increasing S (S=0 corresponding to the linear regime). Figure

2(a) shows the emittability PSFem. One can note that, as expected, each lobe increases in

extension when increasing S. Figure 2(b) shows the corresponding confocal configurations:

indeed, confocalization suppresses the growing outer secondary lobes, but the most interesting

feature is that the central hole is thinner increasing S. As a consequence, PSFsub-az-sat for

subtraction microscopy with fluorescence saturation is narrower and narrower as shown by

Fig. 2(c).

However, in our case, because PSFconf-az-sat changes (Fig. 2(b)), the subtraction coefficient " must

be adapted for each saturation level. We used "=0.72-0.74-0.81-0.85-0.90 for S=1-2-5-10-25,

respectively. The FWHM of the final PSFsub-az-sat is 70-60-45-35-24 nm, respectively. Note

however that an optimal value of the parameter " is not mandatory to obtain an improved
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resolution. Figure 2(d) shows PSFsub-az-sat computed for S=5 and "=0.81 (optimal value) and

"=0.75. The resolution is only degraded from 45 nm to 48 nm. The image would however

present a lower contrast, because of the higher lateral extensions of the final PSF.

In principle, this resolution may be arbitrarily improved by increasing S, provided of course that

suitable fluorophores that may sustain the process without being bleached are available and that

the noise level in the recorded images is low enough. Gustafsson suggested possible approaches

in Ref. [7]. But even using lower saturation levels as in Refs [7,8,24] may still permit to obtain a

resolution in the 50 nm range, much better that regular confocal imaging and without the

requirement of high-speed lasers and instrumentation as in STED microscopy, and with very

simple image processing.

Up to now, we used in order to demonstrate the principle of the method we propose, an ideal

case with an infinitely small detection pinhole and no noise. Fluorescence confocal microscopy

is often characterized by a rather low signal to noise ration, and the detection pinhole shall be

open to get a useful signal. In the following, we study the influence of the pinhole size and noise

onto the performances of saturated structured subtraction microscopy, considering a saturation

factor S = 5.

The equation describing the PSF formation in confocal microscopy shall be written in the more

general case as:

PSFconf = PSFexc " PSFdet # pinhole[ ] (8)

where the second terms describes the effect of scanning through a finite size pinhole as a

convolution of the ideal detection PSF by the pinhole geometry. Figures 3 describe the effect of

the pinhole size in saturated structured subtraction microscopy, for circular pinholes of
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increasing diameter. The diameter of the pinhole is given as a function of the Airy Disk (AD)

size, taken as 1.22#/NA, and for the configuration we consider (with #=450 nm for detection and

NA=1.4) we obtain 392 nm, approximated to 400 nm in the next. The upper figure described the

effect onto the detection PSFdet. For small pinhole diameters (100 nm = 1/4 AD and

200 nm = 1/2 AD) , the influence is negligeable. But as soon as the pinhole is open wider, the

detection PSF widens very fast. The influence of this varying PSFdet onto the confocal PSF can

be noticed on the left-column graphs, depicting PSFconf-az-sat as a function of the pinhole size, the

theoretical ideal case (infinitely small pinhole) being recalled for the sake of comparison on each

image. Note the rapid widening of the lobes with increasing pinhole size. For the larger pinhole

sizes (1 AD and 1.25 AD), note also the reemergence of the secondary lobes of the excitation

PSFexc-az, which are not anymore suppressed by the confocalization process.

The consequence of this widening of the main lobes, and the reemergence of the secondary lobes

can be seen on the left-column graphs of Fig. 3. They depict the final PSFsub-az-sat obtained by

adjusting the subtraction parameter " to each case. Because of the wider lobes, one has in fact to

decrease " when opening the pinhole, in order to avoid the apparition of negative regions in the

final PSF. As a consequence, the possible resolution decreases very fast, and one obtains a

FWHM of the final PSFsub-az-sat of 46-55-80-130-150 nm with a pinhole diameter of 1/4, 1/2, 3/4,

1 and 5/4 of the Airy Disk, and with a subtraction parameter " = 0.80, 0.73, 0.55, 0.33 and 0.25,

respectively. It then appears that using narrow pinholes (up to 3/4 AD) is mandatory in order to

keep the high resolution, which would be allowed by the use of a saturated azimuthally polarized

excitation. Note that this need for narrow pinhole is a common feature to subtraction microscopy

in general: for example, in Heintzmann et al. [25] the pinhole size is 0.32, 0.43 or 0.5 Airy Unit

only.
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This mandatory use of small pinhole sizes in order to provide an efficient improvement of the

resolution is clearly detrimental in terms of signal to noise ratio. In the following, we therefore

study the influence of the noise level onto the performances of the proposed approach. We keep

now constant saturation factor S = 5 and pinhole size = 1/2 Airy Disk, and vary the noise level.

Figures 4 shows the results obtained assuming pixels of 10 nm (necessary to well describe a PSF

with FWHM of only 55 nm), and a maximum photon statistics of 10
4
, 5. 10

3
, 10

3
, 5. 10

2
, and 10

2

photons for the pixel of maximum intensity for both the widefield and confocal PSF to be

substracted. One can notice the rapid degradation of the shapes of the PSFs with increasing

noise. As a consequence, in order to avoid the appearance of negative regions, one has to again

tweek the subtraction coefficient " to the noise level. In order to estimate the possible resolution,

we adopt the following procedure: for each photon statistics, 10 simulations for PSFwf and

PSFconf-az-sat have been performed. For each case, the subtraction parameter " is recomputed so as

to get a final PSFsub-az-sat free of negative regions. Then, the lowest subtraction parameter "  is

selected. Doing so, we get the most conservative estimation of the final resolution, as we have

seen before that lowering " degrades the resolution. We finally obtain an estimated resolution of

58-60-65-70 and 85 nm for the 10
4
, 5. 10

3
, 10

3
, 5. 10

2
, and 10

2
 photons at maximum cases,

respectively, and with computed " = 0.69, 0.66, 0.61, 0.55 and 0.45, respectively. These values

are to be compared with 55 nm FWHM resolution with " = 0.73 for the ideal, noise-free case.

Note that the influence of the noise onto the resolution is less severe than the influence of the

pinhole size. A simple attempt explanation to this a priori surprising fact can be the following: at

the maximum of the wide field PSFwf, one indeed subtracts a zero of PSFconf-az-sat, which is

favorable in terms of keeping a better signal to noise ratio (and therefore final resolution) in the

final PSFsub-az-sat. This is in contrary to the more conventional subtraction microscopy, where
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both wide field and confocal PSFs have their maxima located along the optical axis: subtracting

both signals will greatly diminish the signal to noise ratio of the final PSF, which is detrimental

for keeping a high resolution.

In order to illustrate the better imaging capabilities of the method we propose, we show on Fig. 5

a simulation for a 2-D object; which depicts the Abbe formula (Fig. 5(a)). Figure 5(b) shows the

simulated image for wide field imaging. Note the important blurring. Figure 5(c) shows the

confocal image with azimuthal excitation with a saturation factor S = 5, and confocal detection

with a pinhole size of 1/2 Airy Disk (for the sake of simplicity, no noise is considered now). The

use of a donut shaped PSF renders it difficult to interpret: for example, vertical or horizontal

details appear doubled as can be seen inspecting the Greek letter # or the fraction bar. Finally,

Figure 5(d) shows the subtraction microscopy image: A very noticeable improvement in the

image quality appears, the formula being now clearly readable. The graph shows the profiles,

along the line indicated by the arrows, of the original object, and of the simulated images of this

object in wide-field microscopy and saturated subtraction microscopy. It clearly illustrates the

better resolution provided by the latter, which exhibits correctly the three peaks corresponding to

the bottom of the greek letter #, while the lower resolution of wide field microscopy would not

permit to discriminate them.

5. Conclusion and perspectives

In conclusion, we have proposed a method, which shall permit to obtain a very high resolution in

fluorescence microscopy. The key points are the production of an excitation PSF with a central

hole, which may be obtained by using azimuthally polarized beams, and use of fluorescence

saturation as in Refs. [7,8]. Our results confirm those of Schwartz and Oron [27], who proposed
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another theoretical approach combining fluorescence saturation and pupil filters to modify the

excitation PSF.

The method we propose relies on a double imaging approach. While acquiring the first image

with wide-field illumination and linear excitation is standard, the second image to be subtracted

supposes fluorescence saturation. Such a process is known to induce photobleaching and

phototoxicity, which would preclude dynamic or live imaging for example. This point was

discusses by Heintzmann [24] and Heintzmann et al. [8], who concluded that: “photobleaching

will be more severe than in the linear methods only in cases where excited (singlet or triplet)

state absorption plays a major role” (from ref. [24]). Similarly, Gustafsson notes when

proposing saturated structured illumination microscopy that:“Highly photostable fluorescent

labels do exist, including several types of nanoparticles. Diamond nanocrystals containing

nitrogen-vacancy color centers, for example, are known to fluoresce under continuous saturation

conditions for hours without bleaching.” (from ref. [7]). The limitations for saturated structured

confocal microscopy are therefore probably the same than for saturated structured illumination

microscopy [7] or saturated patterned excitation microscopy [8,24] and obviously, care must be

taken in the fluorophore choice. Note however that even without considering saturation, a

noticeable gain in resolution is possible, as shown by Fig. 1.

One must notice however two things. First, the final image remains blurred by a halo

surrounding the formula. This halo is the result of the remaining side-lobes visible on the final

PSFsub-az-sat (see for example Figure 3). Second, one can notice that Figure 5(c) seems to already

deliver more details, even if hardly interpretable. For example, the Greek letter # is more visible

(even if doubled) than on Figure 5(b). These indeed indicate that the subtraction process, while

very simple to understand the gain in resolution, may not be optimal in terms of image

processing. As an alternative, the two required images, which are recorded under different
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blurring conditions, may be recombined by weighted averaging [25] or Fourier fusion

techniques. An inverse filter corresponding to the annular PSF may even permit to reduce the

number of images to be taken to only one. Inverse filtering is however sensitive to noise, while

multikernel deconvolution permits to even further improve the resolution, and has been proven to

be very robust to both noise and kernel estimation errors [22].

The method we have proposed here is presently restricted to 2-D specimens: the possibility of

reducing the 3-D focal spot using such a simple technique would also be of great usefulness, for

example for cell imaging. Such a possibility is conditioned to the realization of a narrow 3-D

dark focal spot, similarly to the optimization, which has already been proposed for RESOLFT

microscopy [26]. Note that the requirements may however be much more stringent, as

subtraction microscopy involves a linear process, while RESOLF techniques are highly non-

linear.

The subtraction process is sensitive to the relative sizes of the linear wide-field PSF and the

saturated structured confocal PSF, as shown by the study of the influence of the pinhole size onto

the resolution. As a consequence, a potential issue is the possible presence of aberrations because

of a mismatch between the immersion oil, and the observed specimen. Spherical aberrations can

lead to a significant decrease of the resolution for both wide-field and confocal techniques. With

oil immersion objectives, one should then restrict the application of such methods to very flat

specimens only, as for example cell membrane studies, for which the observation plane

corresponds to the surface of the coverglass, where the objective is designed to work with a

minimum of aberrations. To minimize the negative influence of aberrations, the use of water

immersion objectives with NA=1.2 would constitute a good solution. As the various PSFs

involved in the approach we propose directly scales with the numerical aperture (for both linear
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and saturated PSFs), the results we computed for NA=1.4 can be directly translated for water

immersion objectives. For example, Figure 1(d) for water immersion objective should be

computed with NA=1.2 for the confocal azimuthal excitation, NA=1.1*(1.2/1.4) for the wide-

field detection, which would lead with the same factor 2/3 for the subtraction process to a final

resolution of 90*(1.4/1.2)=105 nm.

Then, we should mention another approach using fluorescence saturation in order to improve the

resolution. The excitation intensity is modulated at a frequency %, and the fluorescence signal is

demodulated at higher-order harmonic frequencies (2%, 3%, …), which leads to a narrower

higher-order harmonic PSF than the regular PSF. The authors of [27,28] have already proven an

improved experimental resolution in a biological sample with this technique, which, (together

with the Gustafsson’s results [7]), demonstrate the validity of the concept of using saturation in

order to improve the resolution in fluorescence microscopy.

Finally, we would like to emphasize the relative simplicity of the experiment we propose, which

could be based on a modified confocal microscope. The first image would simply be taken with a

very large pinhole (or without any pinhole), which would then produce the same image as a

wide-field microscope and with a standard laser beam illumination. The key point of the

proposed approach is then production of the azimuthally polarized beam for recording the second

image. Devices such as those proposed in Refs. [30-32] could be inserted into the illumination

arm of the confocal set-up in order to produce the desired polarization state required for

recording the second image. We believe that such a rather simple implementation may attract the

attention of experimentalists interested in high-resolution fluorescence imaging.
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FIGURE CAPTIONS

Fig. 1: (a): wide-field PSFwf and confocal PSF for randomly polarized illumination

(b): excitation PSFill-az for azimuthally polarized illumination. (c): confocal hollow PSFconf-az.

(d): subtraction microscopy PSF. #exc = 400 nm, #det = 450 nm. NA = 1.4 except for solid curve

in (d) whith N.A.=1.1.

Fig. 2: (a): Emittability PSFs for various saturation levels. (b): Corresponding confocalized

PSFs. (c): resulting PSFs for subtraction microscopy. (d): subtraction PSFs for S = 5 and

" = 0.81 (solid line) and " = 0.75 (dashed line). . #exc = 400 nm, #det = 450 nm. NA = 1.4 except

for solid curve in (d) whith N.A.=1.1.

Fig. 3: Influence of the pinhole size on the final resolution. Top: detection PSF for increasing

pinhole size: 100, 200, 300, 400 and 500 nm (1/4, 1/2, 3/4, 1 and 5/4 of the Airy Disk,

respectively). Left column: influence on the azimuthally polarized confocalized PSF (thin solid

line: ideal case with infinitely small pinhole) for increasing pinhole size. Right column: final

subtraction microscopy PSF for increasing pinhole size. In all cases: saturation factor S = 5 other

parameters are the same as for Figs. 1 and 2.

Fig. 4: Noise influence on the final resolution for saturation factor S = 5 and a pinhole size of

200 nm (1/2 Airy Disk) for decreasing photon statistics: no noise, 10
4
, 5. 10

3
, 10

3
, 5. 10

2
, and 10

2

photons at the maximum of the PSFs, respectively. Other parameters are the same as for Figs. 3.

Fig. 5: 2D simulations of subtraction microscopy with saturation factor S = 5, and a pinhole size

of 200 nm (1/2 Airy Disk) with no noise, same other parameters as for Fig. 1. (a): numerical

object under consideration. (b): regular wide field image. (c): azimuthally polarized confocalized

image. (d): subtration of (c) from (b). Note the improved image quality, which is attested by the

plot of the profiles along the line indicated by the arrows for the original object, the wide field

microscopy image and the saturated structured confocal microscopy image.
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FIGURE 2
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FIGURE 3

   

   

   

   

   



25

FIGURE 4
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FIGURE 5
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