












Table 2. Optical Parameters used in the Monte Garlo Simulations of 
Diffusely Reflected Light from Skin above the Vein in viv@ 

Surrounding Medium Blood Vessel 
Wavelength 

A (nm) pa (mm-l) p,' (mm-l) pa (mm-l) pa' (mm-l) 

450 0.18 3.0 25 0.5 
550 0.15 2.0 20 0.5 
633 0.025 1.0 0.5/1.75" 0.5 

-- - - - - - 

"The values of blood a t  450 and 550 nm and the reduced 
scattering coeficlent a t  633 nm are the same for oxygenated and 
deoxygenated blood and were taken from Table 1. The absorp- 
tion coefficient a t  633 nm marked by an asterisk is for venous 
blood, assuming a saturation of 5010, and the value wlthout the 
asterisk is for oxygenated blood 

0.9.2 The calculations were made at 450, 550, and 
633 nm, representing the short-, the middle-, and the 
long-wavelength ranges alluded to in the description 
of the retinex theory. 

In Fig. 9 the simulation results for 450, 550, and 
633 nm can be seen. - Using the optical properties of 
Table 2 we were able to calculate the light propaga- 
tion for the model vessel and the in vivo vessel, 
compare the model predictions with measured spec- 
tra, and interpret the results qualitatively. How- 
ever, the resulting skin colors as seen by a human 
observer are not obvious from this. In Fig. 8, for 
example, although there is a great decrease in the 
red wavelengths, more red light than blue light is 
still reflected above the vein, but the vein is not 
perceived as red. 

6. Wetinex Theory 
For a full description of the observed colors the three 
Rh's have to be calculated and looked up in retinex 
three space, also called lightness space, to obtain the 
perceived color of the vessel. Using Eq. (7) the 
remission above the vessel and at locations not 
influenced by the vessel have to be determined at 
wave bands defined by the color sensitivity of the 
eye. However, we have made measurements only 
at single wavelengths. To evaluate whether these 

distance [mm] 
Fig. 9. Simulations of the in vivo vessel a t  450, 550, and 633 
nm. At 633 nm the dashed curve represents arterial blood and 
the solid cun7e represents venous blood. Depth a of the blood 
vessel is 0.5 mm, and the diameter is also 0.5 mm. 

are sufficient to determine the perceived color of the 
vessel, we made Monte Carlo simulations as shown 
in Fig. 9 from 400 to 650 nm in 25-nm steps. The 
absorption coefficients at  the different wavelengths 
were calculated based on known values of oxygen- 
ated ' b l ~ o d . ~ ~ , ~ ~  The reduced scattering coefficients 
were interpolated from Table 2. The RA9s were 
computed using the simulation results and the spec- 
tral sensitivity functions of the retinal cones.16 We 
were, thereby, able to calculate what would be mea- 
sured if we could use the wave bands determined by 
the cones and to compare this with the results at 
single wavelengths. From these caIculations the 
following results were obtained. For the short, 
medium, and long wave bands, R = -0.088, = 
-0.126, and R = -0.127, respectively, These corre- 
spond well with the values at 450, 550, and 633 nm 
from Fig. 9 for venous blood, which are %?450 = -0 07 - . , 
~ 5 5 0  = -0.12, and R633 = -0.13. These latter 
values were calculated according to Eq. (7), where IUk 
is the remittance above the vessel and Is1' is the 
average remittance beside the vessel given in Fig. 9. 
For example, for h = 550 nm, I,550 = 0.22 -t 0.01 and 

= 0.29 t 0.01. The error of was computed 
from the fluctuations of the Monte Garlo simulations 
in Fig. 9 for the remission values that are not 
influenced by the vessel. The same absolute error 
was assumed for I,550. From this one has RS5O = 
l0~(6,'/1,~) = -0.12 i- 0.02. For the other wave- 
lengths in this figure and for the curves in the other 
figures we get approximately the same errors. 
These errors have no significant influence on the 
determination of the color of the vessels, because the 
number of colors shown in retinex lightness space 
are relatively small and, thus, the determination of 
the color is within a certain range qualitatively. 

Therefore, at  least in this case, it is possible to use 
the three wavelengths at  450, 550, and 633 nm 
instead of using the wave bands that correspond to 
the spectral sensitivity functions of the eye. Hence, 
in the following we apply these three wavelengths to 
represent the short, middle, and long wave bands of 
the retinex theory. 

The lightness values for the data shown in Fig. 8 - 
are p2450 = -0.06, R550 = -0.10, and R633 = -0 16 . 9 

which means that 2550 and Re30 are almost two and 
three times smaller than R450. According to Sub- 
section 2.B these values specify a blue color, which 
corresponds with observation. (We also applied CIE 
color space  calculation^^^ to derive the color of the in 
viuo vein using all the wavelengths shown in Fig. 8. 
The color of the tissue both above the vein and of the 
surrounding tissue was determined to be without a 
distinct hue according to this theory. In addition, 
the locations calculated for the colors in this color 
space were close together. Thus, no distinct color 
change could be determined.) These lightness val- 
ues for the in viuo vein differ from the results of the 
calculation shown above because the Monte Carlo 
simulation does not match the measurement exactly. 
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b o t h e r  interesting feature can be seen by compar- 
ing the apparent diameter of the vein in Figs. 9, 10, 
and 11, showing vessels ofd = 0.5 mm, at different 
depths below the skin surface of a = 0.5 mm, a = 0.2 
mm, and a = 0.04 mm, respectively. We see that 
the apparent diameter, defined by the width at  the 
half-peak value ofthe remission curve, changes from 
1.7 to 1 to 0.7 mm. Thus, the deeper the vessel, the 
greater its apparent diameter. At a depth of a = 0.5 
mm the apparent diameter is more than three times 
the real diameter. Considering the above size and 
depth requirements for a vein to look blue, this 
result implies that a certain minimum area on the 
surface of the skin must be affected by the vein's 
presence. In addition to the purely photometric 
effects seen in Fig. 9, this minimum area require- 
ment plays a role in the retinex calculation through 
the latter's dependence on the ratio of the spectral 
remissions from the area of the object to that from 
the surrounding areas. This implies that for deeper 
and larger veins the total observed area needs to 
increase to obtain the typical bluish color. 

5. Discussion and Conclusions 
To summarize, the reason for the bluish color of a 
vein is not greater remission of blue light compared 
with red light; rather, it is the greater decrease in the 
red remission above the vessel compared to its 
surroundings than the corresponding effect in the 
blue, At first it seems astonishing that red light is 
more attenuated above the vessel than blue light, 
since, as Table P shows, the absorption of blood is 
much less in the red than in the blue. This is the 
result of the spectral characteristics of light propaga- 
tion in tissue. Blue light does not penetrate as 
deeply into tissue as red light. Therefore, if the 
vessel is suficiently deep, the reflectance in the blue 
will be affected to a lesser extent. Deoxygenated 
venous blood has a greater absorption coefficient 
than oxygenated arterial blood in the red spectral 
region, and this difference of two, rather small, 
values is amplified because of the long path length of 
red light in scattering tissue. As a result, veins are 
more likely to look blue than arteries at the same 
diameter and depth. BRen arteries are not seen at 
all because they are generally smaller than veins 
and have thicker vessel walls. It has been shown 
that a small vessel will look red when close to the 
surface. However9 if a superficial vessel is Iarge it 
can still look bluish, particularly in the case of the 
vein. On the other hand, if the depth of a vessel is 
large, even red remitted light will1 not be influenced 
by the vessel, and it will not be seen. We note that, 
for the calculations here, we assumed an oxygen 
saturation of 50% for venous blood. This is some- 
what arbitrary, but other possible realistic values do 
not change the conclusions. 

As shown in Fig. 8, even above the vein more red 
than blue light is remitted. Thus, for a complete 
explanation of the perceived color of the vessel one 

needs the retinex theory. With the retinex theory 
the color can be determined by the relative intensi- 
ties at  the three wave bands from a particular scene 
compared to the surrounding area. The intensities 
of these wave bands are weighted by spectral func- 
tions that represent the human spectral vision. In 
this study we used single wavelengths that are 
representative of these spectral functions, and, there- 
fore, a retinex color three space based on selected 
wavelengths should be applied. However, we chose 
typical wavelengths for the long-wave, middle-wave, 
and short-wave regions and made qualitative esti- 
mates of the colors. Therefore, we believe that we 
are justified in applying the usual retinex three-color 
space. In one example, we calculated the remission 
at several wavelengths and used the spectral sensi- 
tivity of the cones to show that the approach of using 
only three single wavelengths is justified. 

It  is interesting to speculate whether retinex 
theory is necessary for other color perception issues 
in medicine (e.g., the color of port-wine stains, viti- 
ligo lesions, blue nevi, age spots, eyes, hair), or 
whether the perceived color can be simply related to 
the absorption spectra of chromophores, possibly 
modified by the presence of light scattering and 
measured with a reflectometer. If the problem of 
vessel color is any guide, it seems that retinex theory 
may provide an essential step in the description of 
color perception. 
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