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This tutorial covers the following CLSM topics: 
 

1) What is the optical principal behind CLSM? 
2) What is the spatial resolution in X, Y, and Z? 
3) How is Nyquist sampling implemented in X, Y, and Z? 
4) What is the gray scale resolution? 
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1. What is the optical principal behind CLSM? 
 
CLSM is primarily used for Optical Sectioning. Figure 1 illustrates the way in which the 
confocal Pinhole restricts imaging to a thin Z plane. 
 

 
 
Figure 1 from Carl Zeiss. In the illustration, laser light fills the back aperture of the 
objective lens and is focused to a Spot at a point mid-Cell. Fluorescent light from mid-
Cell (solid line) comes to focus in the aperture of the Pinhole so it passes through the 
pinhole aperture and enters the Detector. Fluorescence from above mid-Cell (dashed line) 
would come to focus somewhere past the pinhole so it is essentially blocked by the metal 
surrounding the pinhole. Fluorescence from below mid-Cell (dotted line) comes to focus 
in front of the pinhole and then spreads out so it is essentially blocked. Only the 
fluorescence from the mid-Cell point contributes to the final image. 
 
The Spot is scanned in X and Y over an area of the specimen and the detected 
fluorescence at each location is represented as a gray level intensity at a corresponding X 
Y location on a video display. This represents an optical section of the specimen. 
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2. What is the resolution in X, Y, and Z? 
 
Resolution depends on the size and shape of the “Spot” and the diameter of 
the “Pinhole”. 
 
 
The Spot. 
When coherent light fills the back aperture of an objective lens, the lens will bring the 
light to a point focus. The size and shape of this point in 3 dimensions determines the 
ultimate resolution of the system. Figure 2 illustrates a cross section through the center of 
the spot in the X Y plane and through the X Z plane. 
 

 
 
Figure 2 from Pawley, Ch 7 by Ernst Keller. The top image is an X Y cross section 
through the narrowest part of the spot. It is an Airy Disk. The graph above it is a plot of 
the light intensity along a horizontal line across the center of the Airy Disk. The bottom 
image is an X Z section down the middle of the spot. The graph beside it is a plot of the 
light intensity along a line down the center of the spot. 
 
The resolution in X and Y is determined by the distance from the center of the Airy disk 
to the first dark ring. This is referred to as rairy. This distance depends on the wavelength 
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of light (λ) and the Numerical Aperture of the lens (NA). For a Wide Field (non 
confocal) system the X Y resolution equation is: 
 

R xy wide field =1.22 λ / 2 NA 
 

For a confocal system, the pinhole radius is set somewhat smaller than rairy and thus the X 
Y resolution equation is: 
 

R xy confocal = 0.8 λ / 2 NA 
 
The resolution in Z is determined by the distance from the center of the spot to the edge 
of the first minimum in vertical space. On the X Z graph this is from the center of the 
main peak to the edge of one of the first small peaks on either side of it. This distance 
depends on the wavelength of light, the Refractive Index of the medium between the lens 
and the specimen (η) and the NA of the lens. 
For a wide field system the Z resolution equation is: 
 

R z wide field = 2λη / NA2 
 
For a confocal system, the pinhole only allows light from a much shorter vertical distance 
to pass through to the detector so the Z resolution equation is: 
 

R z confocal = 1.4 λη / NA2 
 
Table 1 compares wide field and confocal resolution for 4 commonly used objectives. 
 
Objective Wide Field XY Confocal XY Wide Field Z Confocal Z 
10X 0.4 dry 0.74 µm 0.49 µm 6.1 µm 4.2 µm 
40X 0.75 dry 0.4 µm 0.26 µm 1.7 µm 1.2 µm 
40X 1.3 oil 0.23 µm 0.15 µm 0.87 µm 0.61 µm 
63X 1.4 oil 0.21 µm 0.14 µm 0.75 µm 0.53 µm 
 
Table 1. These data are based on the above equations using a wavelength of 488 nm (blue 
light) and a refractive index of 1 for the dry lenses and 1.515 for the oil lenses. 
 
The Pinhole. 
The optics of a confocal microscope are arranged such that the fluorescent light produced 
in the specimen is focused by the objective lens to an Airy disk that is superimposed on 
the Pinhole, as illustrated in Figure 1. The diameter of the first minimum of the Airy disk 
is referred to as one Airy unit. The diameter of the pinhole affects resolution in X Y and 
Z. In Table1, the pinhole is set to approximately 70% of the Airy unit. The size of the 
Airy unit at the pinhole depends on the objective lens NA, the wavelength of the 
fluorescent light, and any magnification up to the pinhole. Thus a different pinhole size is 
required for different objective lenses. 



 5 

The equation for the size of the pinhole is: 
 

M / NA >= πd0 / 2.5 λ 
M is the total magnification up to the pinhole and d0 is the size of the pinhole. M is equal 
to the objective lens magnification times the “tube length” factor for the microscope up to 
the pinhole. M is specific for each type of microscope and objective lens. 
 

Or 
 

1 Airy Unit = (0.61 x em-wavelength x total Mag)/NA 
This equation gives the size of the pinhole in nm that is equivalent to 1 Airy unit. 
 
 
For any given lens and λ combination, changing the size of the pinhole affects resolution 
in X Y and Z. The following general rules come from practical, experimental work: 
 

1) For pinhole diameters less that about 1/2 Airy unit, the strength of sectioning (Z 
resolution) remains constant. 

2) For pinhole diameters greater than one Airy unit, the Z resolution slowly becomes 
worse. 

3) A pinhole diameter approximately 1/5 Airy unit will produce maximum lateral 
resolution at the expense of a loss of 95% of the signal. 

4) Lateral resolution is more sensitive to pinhole size than axial resolution and 
rapidly becomes worse as the pinhole is made larger than one Airy unit. 

 
On Our Microscopes: 

1) The Zeiss Pascal uses Airy units as the measure of pinhole size. The default 
setting for a given NA / dye combination is 1 Airy unit. It is probably best to 
operate at less than this, say 0.7 Airy units, for the best x, y, z resolution and 
signal level compromise. 

2) The Olympus FV500 uses µm units as the measure of pinhole size. The default 
setting for a given NA / dye combination is based on the full width at half 
maximum of an intensity graph across the Airy disk at the pinhole. This is about 
equal to 0.5 Airy units. It is probably best to operate at this setting for the best x, 
y, z resolution and signal level compromise. 
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3. How is Nyquist sampling implemented in X, Y, and Z? 
 
A confocal image is not continuous in the way that a wide field image is. Rather, it 
consists of a number of discrete measurements of light intensity that, taken together, 
represent the image. Each measurement is a sample of a small part of the entire image 
space. If an object is to be resolved by this method it must occupy more than one sample. 
For example, to recognize a bright object that is one sample wide, there must be one 
sample before the object, one on the object and one after the object. This type of 
sampling has been dealt with in sampling theory. Nyquist demonstrated that to accurately 
represent a given temporal frequency the sampling frequency had to be at least twice as 
fast as the sampled frequency. If the shortest frequency to be sampled is f, then the 
sampling frequency must be 2f. The Nyquist Theroem also works for spatial frequencies. 
In practice, a spatial sampling frequency of 2.3f is used. That is, an object of size f 
requires 2.3f samples to be resolved. 
 
What is the shortest frequency in CLSM? It is the resolution of the system. Figure 3 
illustrates this point again. 
 

 
 
Figure 3 from Pawley Ch. 4 by Webb and Dorey. The resolution element (resel) is 
depicted as the radius from the center of the Airy disk to the first minimum. 
 
The resel refers to the specimen. The pixel refers to the display on which we view the 
image. For example the display may be 512 X 512 pixels. To satisfy Nyquist sampling 
we need 2.3 pixels per resel in each dimension. In the X dimension, we need 2.3 pixels 
per resel and in the Y dimension we need 2.3 pixels per resel making 4.6 pixels per resel 
in X Y space. 
 
How are the pixels created? A photomultiplier tube (PMT) detector senses the intensity 
data from the pinhole as the laser beam sweeps along a raster line on the specimen. The 
PMT produces a stream of analog voltage changes proportional to the signal. An analog 
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to digital converter (ADC) samples this data stream at a rate that results in 512 equally 
spaced discrete samples by the time the laser beam has moved from one side of the raster 
to the other. Each sample is displayed as a pixel in the image display. At the end of the 
raster, the laser beam is returned to its starting position and moved in the Y direction a 
distance 1/512th of the length of the raster in X and a new line is scanned. 
 
How is Nyquist sampling satisfied? If we know the X Y size of the resel, in µm  (r-xy), 
then the distance in micrometers on the specimen along a raster line must be no more 
than 512 / 2.3 r-xy µm. This can be established by adjusting the raster zoom setting of the 
microscope. If we know the Z size of the resel in µm (r-z), then the distance between 
successive images in a 3 dimensional image set must be no more than r-z / 2.3 µm. This 
can be established by adjusting the Z step size of the microscope’s stage. 
 
A resel is slightly higher than it is wide i.e. the microscopes resolution is better in X and 
Y than it is in Z. To accurately represent the sample’s dimensions in X, Y, and Z, as a 3 
dimensional reconstruction, the image space voxels must be the same dimension on all 
sides (cubic voxels). In this case the distance in Z must be set equal to the pixel size in X 
and Y. This will cause the Z dimension to be “over sampled” according to the Nyquist 
criterion. 
 
On Our Microscopes: 

The tables below can be used to set up Nyquist sampling on the Zeiss LSM 10 
Pascal and the Olympus FV500. In these tables, the value rxy is the calculated resolution 
of the lens in x and y based on a wavelength of 488 nm. The equation is 0.8l / 2NA as 
first reported by Shepard and Wilson (See Pawley, Ch 4). The value rz is the calculated 
resolution of the lens in z (i.e. the optical section thickness) based on a wavelength of 488 
nm. The equation is 1.4  λη / NA2 where η is the refractive index (1 for air and 1.515 for 
oil). (See Pawley, Ch 4.) The value rzm is the measured optical section thickness. This is 
measured using an aluminized #1.5 coverslip mounted shiny side down in DPX on a 
glass slide. An XZ section of this slide is taken using a 488 nm laser in reflected light 
mode. The pinhole is set to one Airy unit. The image appears as a bright, horizontal line. 
A graph is made of a vertical area of interest across this line. The full width at half 
maximum height of the resulting peak is recorded as the optical section thickness. The 
number of µm / pixel that is sufficient for Nyquist sampling (numbers in blue) is 
calculated by multiplying rxy by 2.3 (the number of times an object must be sampled to 
satisfy Nyquest). To achieve Nyquist sampling, use the zoom value indicated beside the 
blue numbers. For Nyquist sampling in Z set the step size to the value Zn which is rzm / 
2.3. 

 
For the Zeiss Pascal, use the following table to set the Zoom value (Scan Control 

window / Mode button / Zoom, Rotation, & Offset panel) to establish Nyquist sampling 
in X & Y. To set up Nyquest in Z: in the Scan Control window / Z Settings button / Z 
Stack button / Z stack panel / click the Z Slice button. In the Optical Slice Window that 
opens click Optimal Interval. For Cubic voxels: in the main Z Stack window click the 
X:Y:Z = 1:1:1 button. 
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Zeiss Pascal Resolution Table 

Values in BLUE are at the correct zoom setting to satisfy Nyquest Criterion 
 
Lens NA Zoom 512X512 

µm / pixel 
1024X1024 
µm / pixel 

Line 
length µm 

5X dry 0.15 1 3.6 1.8 1843.2 
rxy = 2.7  2 1.8 0.9 921.6 
rz = 30.36  3 1.2 0.6 614.4 
rzm = 28.0  4 0.9 0.45 460.8 
Zn = 12.17  5 0.72 0.36 368.6 
      
10X dry 0.3 1 1.8 0.9 921.4 
rxy = 0.65  2 0.9 0.45 460.7 
rz = 7.6  3 0.6 0.30 307.1 
rzm = 6.7  4 0.45 .022 230.3 
Zn = 2.9  5 0.36 0.18 184.3 
      
20X dry 0.5 1 0.9 0.45 460.7 
rxy = 0.39  2 0.45 0.22 230 
rz = 2.7  3 0.3 0.15 153.6 
rzm = 6.0  4 0.22 0.11 115.2 
Zn = 2.6  5 0.18 0.09 92.1 
      
40X dry 0.75 1 0.45 0.22 230.3 
rxy =0.26  2 0.22 0.11 115.2 
rz = 1.2  3 0.15 0.07 76.8 
rzm = 7.2  4 0.11 0.06 57.6 
Zn = 3.13  5 0.09 0.04 46.1 
      
40X oil 1.3 1 0.45 0.22 230.3 
rxy = 0.15  2 0.22 0.11 115.2 
rz = 0.6  3 0.15 0.07 76.8 
rzm = 1.3  4 0.11 0.06 57.6 
Zn = 0.87  5 0.09 0.04 46.1 
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Lens NA Zoom 512X512 

µm / pixel 
1024X1024 
µm / pixel 

Line 
length µm 

63X oil 1.4 1 0.29 0.14 143.96 
rxy = 0.14  2 0.14 0.07 71.98 
rz = 0.5  3 0.10 0.05 47.99 
rzm = 0.8  4 0.07 0.04 35.99 
Zn = 0.87  5 0.06 0.03 28.79 
      
100X oil 1.3 1 0.18 0.09 92.1 
rxy = 0.15  2 0.09 0.04 46.1 
rz = 0.6  3 0.06 0.03 30.1 
rzm = 0.5  4 0.04 0.02 23 
Zn = 0.22  5 0.04 0.02 18.4 
      
      
 
rxy is the calculated resolution of the lens in x and y 
rz is the calculated resolution of the lens in z 
rzm is the measured optical section thickness 
Zn is the step size in z for Nyquist sampling in z 
 
 

For the Olympus FV500, use the following table to set the Zoom value (Pan  & 
Zoom panel) for Nyquist sampling in X & Y. To set up Nyquist in Z (Acquire tab / Z 
Stage tab) set the value in the Step Size box equal to Zn in the table below. To achieve 
cubic voxels, set the value in the Step Size box equal to the value indicated beside the 
Ideal 1:1 line. 
 
 

Olympus FV500 Resolution Table 
Values in BLUE are at the correct zoom setting for X Y Nyquest Criterion 
 
Lens / 
Resolution 

NA Zoom 512X512 
µm / pixel 

1024X1024 
µm / pixel 

Line 
length µm 

4X dry 0.13 1 6.215 3.107 3182.08 
rxy = 1.5  2 3.107 1.554 1590.78 
rz = 40.43  3 2.072 1.036 1060.86 
rzm = 54  4 1.554 0.777 795.65 
Zn = 23.5  5 1.243 0.621 636.42 
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Lens NA Zoom 512X512 

µm / pixel 
1024X1024 
µm / pixel 

Line 
length µm 

10X dry 0.4 1 2.486 1.243 1272.83 
rxy = 0.48  2 1.243 0.621 636.42 
rz = 4.2  3 0.829 0.414 456.71 
rzm = 8  4 0.612 0.311 313.34 
Zn = 3.47  5 0.497 0.294 254.46 
      
20X dry 0.4 1 1.243 0.621 636.42 
rxy =0.48  2 0.621 0.311 317.95 
rz = 4.2  3 0.414 0.207 211.97 
rzm = 3  4 0.311 0.155 159.23 
Zn = 1.30  5 0.249 0.124 127.49 
      
20X oil 0.8 1 1.243 0.621 636.42 
rxy = 0.24  2 0.621 0.331 317.95 
rz = 1.06  3 0.414 0.207 211.97 
rzm = 4.5  4 0.311 0.155 159.23 
Zn = 1.95  5 0.249 0.124 127.49 
      
40X oil 1.0 1 0.621 0.311 317.95 
rxy = 0.195  2 0.311 0.155 159.23 
rz = 1.035  3 0.207 0.104 105.98 
rzm = 1  4 0.155 0.078 79.36 
Zn = 0.43  5 0.124 0.062 63.49 
      
60X oil 1.4 1 0.414 0.207 211.97 
rxy = 0.139  2 0.207 0.104 105.98 
rz = 0.528  3 0.138 0.069 70.65 
rzm = 0.6  4 0.104 0.052 53.25 
Zn = 0.26  5 0.083 0.041 42.50 
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rxy is the calculated resolution of the lens in x and y 
rz is the calculated resolution of the lens in z 
rzm is the measured optical section thickness 
Zn is the step size in z for Nyquist sampling in z 
 
 
 
4. What is the gray scale resolution? 
 
Each pixel in a confocal image has a gray value. The signal that is measured to determine 
the gray value is produced by the number of photons that enter the PMT during the 
measurement period. The PMT converts each photon event to a voltage output that is 
sampled by an A to D converter. The number of photon events during the measurement 
period determines the gray level: the more photon events, the brighter the pixel. Counting 
photons requires the use of Poisson statistics. Accordingly, a signal representing n 
photons (n signal) is just barely distinguishable from a signal having (n signal) – sqrt (n 
signal) and from a signal having (n signal) + sqrt (n signal) photons. The difference 
between these signals is the square root (n signal) and represents the just detectable 
difference (jdd) of the detector (usually a PMT). Since there is always some amount of 
random noise in a measuring system, there is some number of photons that represents the 
noise signal (n darkest). Thus the jdd is actually equal to sqrt (n signal + n darkest). The 
detector cannot distinguish intensity steps smaller than the jdd. Now, (n darkest) is very 
small when using a photomultiplier tube so we can usually forget about it. Then, the jdd 
varies depending mainly on the signal level. There is more noise in a bright signal than in 
a dark signal, thus the jdd steps gradually get further apart going from a dark signal to a 
bright signal. It is possible to calculate the number of jdd steps from the darkest signal to 
the brightest signal in a given image (Pawley Ch.4). The equation boils down to G = 2 X 
sqrt(n brightest) – sqrt(n darkest). If (n darkest) = 3 photons and (n brightest) = 1000 
photons, G = 57 meaningful gray levels. The dynamic range in this example is 1000 / 3 = 
333. To adequately sample this range a 9-bit A to D converter (2 to the 9th  = 512) is 
required. Using an 8-bit A to D converter (dynamic range 256) reduces G to about 30 
meaningful gray levels. The numbers in this example are realistic for modern confocal 
microscopes. The thing to keep in mind here is that even though the image data set 
contains pixels with values that can cover the range from 0 to 255, there are only 30 
statistically meaningful gray levels present. These gray levels are distributed in a non-
linear manner going from darkest to brightest. That is: the brightest of the 30 values will 
be represented by a larger range of actual values (say 255 to 240) than the darkest (say 3 
to 0). 
 

The jdd refers to signal detection from the specimen. To see the image, the 
resulting data set must be presented on a display of some kind. How the image appears to 
a human on the display is determined by the nature of human vision and the nature of the 
display system. Human vision, when considered to be a detection system, tends to 
equalize jdds throughout the intensity range. It is logarithmic in nature. In any one scene, 
a human can distinguish about 100 gray levels. CRT type video monitors utilize a “three-
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halves power law” in their electronic construction. That is, the brightness of a pixel on a 
CRT is proportional to three-halves of the actual pixel value (1.5 times the pixel value). 
This tends to spread out the gray scale in the bright part of the image relative to the dark 
part of the image. A good CRT can display 64 gray levels. A good LCD display can also 
render 64 gray levels (and it does not alter the data the way the CRT does). 

 
Grayscale Conclusions: 
 
1) Confocal microscopy deals with small numbers of photons per pixel ( 1 to 

1000 max). Therefore, an 8-bit A to D converter is adequate to sample the 
dynamic range. 

2) The maximum number of statistically significant gray levels in the 8-bit image 
is 30. Take this into consideration when measuring pixel intensities since the 
actual values of the pixels may be from 0 to 255. (I wonder if there is a way of 
using a look-up table here?) 

3) With only 30 meaningful gray levels to display, a CRT or LCD that can 
display 64 gray levels is an adequate display device (with the LCD having 
higher fidelity to the original data). 

 
 
On Our Microscopes: 
 To insure that you are potentially acquiring a full range of gray shades from black 
to white, use the following look up table (LUT) features on our microscopes. These LUTs 
will turn pixels of value 0 a blue color and pixels of value 255 a red color. You can use 
the PMT gain and Amplifer offset controls to obtain just a few red and a few blue pixels 
in your image thus insuring that a full gray scale range is possible. Do this only for areas 
of interest in the specimen. Unimportant areas may be completely red or completely blue. 
Of course, photobleaching of your sample will mess this up so you have to do the best 
you can. 
 

The Zeiss Pascal has a “range indicator” LUT in the Palette menu found on each 
image. Turn this feature on and adjust the PMT gain and AMP offset to achieve just a 
few red and a few blue pixels in the specimen. It operates on all channels simultaneously. 
Return to “No Palette” to get the original LUT back. 
 

The Olympus FV500 in the Acquire tab, in the coloring tools menu at the bottom 
of the screen (little colored sliders icon) has a Hi-Lo LUT. Turn this feature on and adjust 
the PMT gain and AMP offset to achieve just a few red and a few blue pixels in the 
specimen. It operates only on the channel that is selected in the coloring tools menu. 
Select the original LUT color button for the selected channel to get back to the original 
image color. 


