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Abstract

Knowledge of model parameters in bruise modeling is a prerequisite for accurate 
simulation of temporal bruise behavior, e.g. to obtain reliable age determination. So 
far 3 tissue specific model parameters (diffusivity of hemoglobin, concentration of the 
hemoglobin converting enzyme, and clearance time of bilirubin into the lymphatic 
system) were determined from area measurements of hemoglobin and bilirubin 
at multiple times. In clinical practice, it is not always possible to follow a bruise in 
time. This complication is circumvented if bruises on the same anatomical position 
would have the same or very similar parameters. Therefore, we explored if we could 
determine the group average of these 3 model parameters in three groups of bruises: 
(1) 30 medial arm bruises, (2) 42 lateral arm bruises, and (3) 51 lateral leg bruises. 
We measured the hemoglobin and bilirubin areas in each bruise once, at the time of 
presentation. The optimal set of the 3 parameters for each group is assessed from 
the highest correlation between simulated and measured areas of hemoglobin and 
bilirubin. We show that, within measurement uncertainty, there is no difference 
between these group averaged sets of parameters in medial and lateral arm bruises 
and lateral leg bruises. We believe this is an important step in the age determination of 
bruises using numerical modeling. When parameters are accurately known for groups 
of bruises, age determination of future bruises falling within a certain group may not 
require measurements as frequently as was done previously, which would greatly 
improve the clinical applicability of age determination of bruises. 
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Introduction

Modeling has been suggested to be essential in age determination of bruises [1-3], 
because an intuitive estimation of the influence of factors such as bruise size and shape 
on the healing pattern of a bruise is not possible [4]. Building on the first bruise model 
that described 1D evolution of an initial pool of hemoglobin in the subcutaneous 
tissue layer into a bruise containing hemoglobin and bilirubin in the dermal layer [3], 
our model provides the temporal 3D distribution of these chromophores [1, 5]. We 
categorized the model parameters involved as follows. The first category contains 
invariant parameters that can be taken equal for all subjects, as they vary little among 
subjects or have very little influence on the bruise kinetics [5]; e.g. the affinity of the 
enzyme that converts hemoglobin to biliverdin (which is subsequently converted to 
bilirubin), the subcutaneous concentration of extravasated hemoglobin at bruise onset, 
and the dermal threshold concentration of hemoglobin and bilirubin for visibility. The 
ratio of hemoglobin diffusivity versus bilirubin diffusivity is also categorized in this 
category: we previously assumed that bilirubin has a 4 times larger diffusivity than 
hemoglobin [5], which we continue to assume in this paper. The second category 
contains parameters that vary among subjects and bruises, but can be assessed 
before simulation. For example, the dermal skin thickness can be taken from literature 
[6] or measured with optical coherence tomography, and the size and shape of the 
initial subcutaneous pool of hemoglobin can be assessed from a photograph or a 
hyperspectral image of the bruise [1, 5]. The third category contains 3 parameters that 
may vary per subject, bruise, location on the body, etc., and consequently may need to 
be assessed for each new bruise: the diffusivity of hemoglobin (DHb), the concentration 
of Heme Oxygenase-1 [HO] (the enzyme that converts the hemoglobin into biliverdin) 
and clearance time of bilirubin into the lymphatic system (τB). An overview of all model 
parameters used in our 3D model is given in table 5.1.
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Category Parameter Value or range

1 Initial concentration of hemoglobin, Hbinit 

Hydraulic conductivity, K (t=0)
Pressure difference , Dp
Affinity of enzyme, Km

Speed of conversion of hemoglobin to bilirubin, 
Vmax

Ratio of hemoglobin versus bilirubin diffusivity, 
DHb/DBili

Thresholds for hemoglobin and bilirubin 
visibility

150 g/L
5*10-9 m4/Nh
2.6*102 N/m2

0.24 mM
3.4 mmol/h/mgHO

4

5*10-3 mg Hb/compartment, 
1*10-5 mg Bili/compartment

2 Shape and size of initial blood pool
Dermal thickness, x

Assessed from photograph
500-2000 mm, dependent on 
body site

3 Diffusivity Hemoglobin, DHb

Concentration of Heme Oxygenase-1, [HO]
Clearance of Bilirubin, τB

1*10-9 - 1*10-7 m2/h
0.1-10 mg/L
10-400 h

Table 5.1. Overview of model parameters. Category 1 contains invariant parameters. Category 2 contains 
parameters that need to be assessed before simulation. Category 3 contains parameters that can vary per 
location on the body, subject age etc. Determination of parameters from category 3 is the focus of this paper.

Assessment of the values of the 3 model parameters (table 5.1, third category) is not 
straightforward. In the first bruise model paper data from others fields of expertise was 
used, for example hemoglobin diffusivity in skin was estimated from the myoglobin 
diffusivity in skeletal muscle [3]. For a single bruise, carefully monitored in time, we 
showed that the values for DHb, [HO] and τB, can be determined by varying these 3 
parameters until the modeled temporal hemoglobin and bilirubin areas match the 
measured temporal hemoglobin and bilirubin areas [1, 5] (willl also be explained 
in the methods section). Possibly these values cannot be used in other bruises, as 
physiological parameters may vary between subjects, and even between different sites 
on the body. For instance, the diffusivity is expected to be higher in less dense tissue, 
such as around the eyes [5] or the medial side of the arm (as compared to the lateral, 
more dense side of the arm).

So far, we assessed the 3 model parameters DHb, [HO] and τB from the areas of 
hemoglobin and bilirubin measured in a single bruise at multiple time points. However, 
following a bruise in time may not always be possible in clinical practice; hence, 
parameter determination from a single measurement at the time of presentation 
would be ideal. Then, at least 3 measured quantities are needed to determine these 
3 parameters and it is obvious that the 2 areas at presentation provide insufficient 
information here. As a next best approach our aim therefore is to use groups of 
bruises on the same anatomical position, measured once at the time of presentation, 
and determine the group average of the 3 physiological parameters. In this way we 
explore whether bruises located on the same anatomical position but in different 
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subjects have a similar set of the 3 model parameters. This is a relevant clinical 
question because, if true, it may simplify the modeling methods to determine the age 
of bruises, e.g. requiring less time measurements. We use three groups of bruises: 
the medial and lateral side of the arm, and the lateral side of the leg. The optimal set 
of the 3 parameters for each group is assessed from the highest correlation between 
the simulated and measured areas of hemoglobin and bilirubin. During the analysis it 
became necessary to include the visibility thresholds of hemoglobin and bilirubin as 
variables; because a lower threshold will result in a larger calculated area, including the 
threshold as variable will prevent underestimation of the calculated areas. 

Methods

Bruises
Bruises from subjects presenting at the injury consulting hour of the municipal health 
service in Amsterdam were analyzed. The subjects were victims of abuse, robbery, bar 
fights etc., and were referred to the injury consulting hour by the police after filing a 
report regarding a criminal complaint. These bruises were all photographed once, at 
time of presentation, with standard white light photography. Furthermore, a second, 
smaller set of bruises was included in the database from subjects that were measured 
at the Biomedical Engineering and Physics department in the Academic Medical Centre 
(AMC), Amsterdam. These bruises were all the result of common accidents such as 
bumping into furniture, falling of bikes etc. Each subject signed an informed consent. 
Of each bruise the exact time of infliction, time of measurement, the location on the 
body, the size and the event that caused the bruise was documented, as well as the 
age of the subject, sex, use of alcohol at the time of origin, use of blood thinners and 
Fitzgerald skin type. An overview of the 534 bruises is shown in table 5.2. 
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Subjects Male Female

Number of subjects
Average Age
Fitzgerald skin type         1
                                            2
                                            3
                                            4
                                            5
                                            6
Use of alcohol at time of origin
Use of blood thinners

124
32.7 y (9-66 y)
5 (4.0%)
31 (25.0%)
39 (31.5%)
41 (33.1%)
2 (1.6%)
6 (4.8%)
37 (29.8%)
7 (4.86%)

144
32.6 y (9-80 y)
3 (2.3%)
37 (27.8%)
48 (36.1%)
26 (19.6%)
4 (3.0%)
15 (11.3%
28 (22.6%)
6 (4.17%)

Bruises

Number of bruises
Average age of bruise at
     measurement
Body location                    Head
                                            Eye
                                            Arm
                                            Rump
                                            Leg
                                            Other

180
4.0 d (0.17-35 d)

24 (13.3%)
61 (33.9%)
36 (20%)
15 (8.3%)
28 (15.6%)
16 (8.9%)

354
3.3 d (0.04-18 d)

15 (4.2%)
24 (6.8%)
104 (29.4%)
32 (9.0%)
134 (37.9%)
45 (12.7%)

Table 5.2. Overview of all subjects and bruises

Excluding subjects with excessive hair over the bruised region or having a low quality 
photograph of the bruise, as well as the small cohort of males, we selected 123 bruises 
on women, divided over three groups: the first group contains 30 medial arm bruises, 
the second contains 42 lateral arm bruises, and the third contains 51 lateral leg bruises. 
An overview of the 3 groups of selected bruises is given in table 5.3.
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Subjects Female

Number of subjects
Average Age
Fitzgerald skin type         1
                                            2
                                            3
                                            4
                                            5
                                            6
Use of alcohol at time of origin
Use of blood thinners

74
35.0 y (9-78 y)
2   (2.7%)
21 (28.4%)
30 (40.5%)
12 (16.2%)
3   (4.1%)
6   (8.1%)
18 (13.3%)
2 (1.5%)

Bruises

Number of bruises
Average age of bruise at measurement
Average size
Body location            Group 1      Medial side of arm
                                    Group 2       Lateral side of arm
                                    Group 3       Lateral side of leg

123
4.1 d (0.7-13.6 d)
629 mm2 (±31 mm2)
30 (22.9%) 
42 (32.1%)
51 (38.9%)

Table 5.3. Overview of the 3 groups of bruises used in the analyses: 30 medial arm bruises (first group), 42 
lateral arm bruises (second group) and 51 lateral leg bruises (third group), all on women.

Hemoglobin and bilirubin size, shape and area determination
The areas of hemoglobin and bilirubin in bruises were determined once, at 
presentation, from the (color) photographs following [5] (figure 5.1A). Briefly, a small 
area containing hemoglobin was selected in the photograph and the range of RGB 
values in this area was determined. All pixels falling within this RGB range were defined 
as containing hemoglobin and given a value 1, while other pixels were given a value 
0 (figure 5.1B). The same procedure is performed to determine the size and shape of 
bilirubin outside the hemoglobin area (figure 5.1C); bilirubin is assumed present when 
hemoglobin is present [5].
Next, the hemoglobin and bilirubin areas were defined as the sum of all hemoglobin 
or bilirubin containing pixels times the area of one pixel. Both areas were determined 
manually from the photographs, three times by two scientists. The average of these 6 
areas was determined, and the size and shape of the hemoglobin area closest to the 
average area was taken as the initial input in the model (figure 5.1B).
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Figure 5.1. A. Photograph of 21.6 h old bruise located on lateral side of upper arm of a 27 year old woman 
(colors enhanced). B. Hemoglobin area determined from photograph and used as input in the subcutaneous 
layer at t=0h. C. Hemoglobin (red) and bilirubin (yellow) determined from photograph, overlap of 
hemoglobin and bilirubin indicated in orange. 

Model simulations
We use our 3D finite compartment model to simulate the hemoglobin and bilirubin 
areas for each bruise individually. The 3D model to simulate bruises was previously 
described extensively in [5]. Briefly, the model consists of three skin layers; a 
subcutaneous layer with a fixed thickness (10 mm), a bottom layer of the dermis with 
a variable thickness and a top layer of the dermis (400 mm). Only this top 400 µm of 
the dermis is assumed to be the ‘visible’ part of the bruise. For each body location, 
the total dermal thickness was taken from literature [6]. Each layer contains 100*100 
lateral compartments with total dimensions 10 cm by 10 cm. For each bruise the exact 
age was known, and evolution of each bruise was simulated from t=0 to that age with 
time steps of 0.1 h.
The simulation starts with a pool of hemoglobin in the subcutaneous layer at t=0 h, 
for which the shape and size were taken from the photograph of the bruise at time of 
presentation (as described above). The hemoglobin moves into the dermal layer and 
moves within all layers via convection and diffusion (parameter involved = hemoglobin 
diffusivity, DHb). Conversion of hemoglobin to bilirubin is enzymatic and modeled using 
Michaelis-Menten kinetics (parameter involved = concentration Heme-Oxygenase-1, 
[HO]). Finally, the bilirubin is drained into the lymphatic system, which is described with 
a clearance time τB. In each simulation step the model calculates the concentrations 
of hemoglobin and bilirubin in each compartment. At the end of the simulation (set 
to the known age of the bruise), we calculate the areas of hemoglobin and bilirubin 
in the visible top layer by counting all compartments above a certain threshold value, 
taken as 5*10-3 mg hemoglobin and 1*10-5 mg bilirubin per compartment [4], and 
multiplying with the surface area of a compartment (1 mm2). In this way, the simulated 
hemoglobin and bilirubin areas can be compared with the measured areas from the 
photographs.

Parameter assessment
The group average of the 3 model parameters was assessed for bruises located on the 
medial arm, the lateral arm and the lateral leg (table 5.3). We simulated the evolution 
of each bruise up to its known age using its own subcutaneous hemoglobin input size 
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and shape assessed from the photograph. Nineteen different sets of the 3 parameters, 
chosen from previous analyses [1, 5], were used in the simulations (table 5.4). 

We display the simulated hemoglobin and bilirubin areas versus the measured 
hemoglobin and bilirubin areas for the three groups of bruises, and determine the 
correlation coefficient for each group. The optimal set of parameters for that group 
of bruises necessitates finding the highest correlation coefficient at slope 1 of the 
correlation line between measured and simulated areas. This required including 
variation of the threshold values of hemoglobin and bilirubin for bruise visibility, which 
we demonstrate here for one set of parameters.

Results

Table 5.4 shows the correlations between the measured and simulated areas of 
hemoglobin and bilirubin for the 19 different sets of the 3 parameters. The 5 sets of 
parameters with the highest correlation for each group of bruises are given in bold/
gray. 
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Sim # Diffusivity 
(m2/h)

[HO] 
(mg/L)

τB (h) Correlation between measured and simulated areas

Medial 
arm
Hb

Medial 
arm
Bili

Lateral 
arm
Hb

Lateral 
arm
Bili

Lateral 
leg
Hb

Lateral 
leg
Bili

1 1*10-9 5 20 0.87 0.92 0.86 0.90 0.75 0.86

2 1*10-9 10 150 0.84 0.92 0.74 0.91 0.50 0.85

3 1*10-9 10 20 0.84 0.87 0.74 0.85 0.50 0.78

4 1*10-9 10 10 0.81 0.88 0.74 0.86 0.50 0.78

5 1.5*10-9 5 150 0.87 0.91 0.85 0.88 0.77 0.84

6 1.5*10-9 5 50 0.87 0.93 0.85 0.87 0.77 0.83

7 1.5*10-9 5 20 0.87 0.92 0.85 0.90 0.76 0.86

8 1.5*10-9 8 150 0.85 0.92 0.78 0.91 0.65 0.86

9 1.5*10-9 10 150 0.81 0.92 0.71 0.90 0.48 0.86

10 1.5*10-9 10 100 0.81 0.92 0.71 0.90 0.48 0.85

11 1.5*10-9 10 50 0.81 0.90 0.71 0.88 0.48 0.82

12 1.5*10-9 10 30 0.81 0.88 0.71 0.86 0.48 0.78

13 1.5*10-9 10 20 0.81 0.86 0.71 0.84 0.48 0.77

14 1.5*10-9 12 150 0.73 0.92 0.65 0.90 0.38 0.86

15 3*10-9 5 150 0.87 0.89 0.80 0.87 0.73 0.84

16 3*10-9 10 150 0.68 0.91 0.62 0.90 0.41 0.84

17 3*10-9 10 50 0.68 0.89 0.62 0.87 0.41 0.79

18 3*10-9 10 20 0.68 0.83 0.62 0.82 0.41 0.74

19 3*10-9 15 150 0.60 0.91 0.49 0.90 0.33 0.84
Table 5.4. Sets of parameters used for the 3 groups of bruises: 30 medial arm bruises, 42 lateral arm bruises, 
and 51 lateral leg bruises.

The highest correlations are found for DHb of 1*10-9 and 1.5*10-9 m2/h, [HO] of 5 mg/L 
and τB 20, 50 and 150 h. The τB does not influence the hemoglobin area, and thus 
determining an optimal τB based on these data is difficult.
All three groups have the highest correlations for the same sets of parameters, 
indicating that there is no (large) difference in DHb, [HO] and τB between the lateral and 
medial side of the arm and the lateral side of the leg.  

Figure 5.2 shows the measured versus simulated areas of hemoglobin (left column) 
and bilirubin (right column), their confidence intervals and the prediction bands for the 
three groups of bruises for the 7th set of parameters. Correlations for the medial arm, 
lateral arm and lateral leg bruises were 0.87, 0.85 and 0.76 (for hemoglobin) and 0.92, 
0.90 and 0.86 (for bilirubin) respectively. 
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Figure 5.2. Measured versus simulated areas of hemoglobin (left column) and bilirubin (reight column) for 
the three groups of bruises for the 7th set of parameters. For the medial arm, lateral arm and lateral leg 
bruises the correlations are 0.87, 0.85 and 0.76 (for hemoglobin) and 0.92, 0.90 and 0.86 (for bilirubin), and 
the slopes are 1.50, 1.72 and 1.09 (for hemoglobin), and 1.85, 1.88 and 1.54 (for bilirubin).

The slope of the correlation lines are 1.50, 1.72 and 1.09 for hemoglobin, and 1.85, 
1.88 and 1.54 for bilirubin for the medial arm bruises, the lateral arm bruises and the 
lateral leg bruises, respectively. The correlation lines show a small difference between 
the arm and leg bruises. This was seen for most, but not all, sets of parameters 
(not shown). These data were all obtained with the threshold values of 5*10-3 mg 
hemoglobin and 1*10-5 mg bilirubin per compartment. Table 5 shows the correlation 
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coefficient and the slope for various threshold values for the 5th set of parameters. 
For a threshold of 8*10-3 mg hemoglobin per compartment and 9*10-6 mg bilirubin per 
compartment the slopes become close to 1 at the cost of a reduced correlation.

Hemoglobin

Threshold value 
(mg/compartment)

Correlation 
measured and 
simulated area

Slope

5*10-3 0.88 1.50

6*10-3 0.86 1.33

7*10-3 0.85 1.17

8*10-3 0.84 1.03

9*10-3 0.82 0.88

1*10-2 0.79 0.74

Bilirubin

Threshold value 
(mg/compartment)

Correlation 
measured and 
simulated area

Slope

5*10-6 0.91 1.70

6*10-6 0.90 1.59

7*10-6 0.86 1.45

8*10-6 0.75 1.24

9*10-6 0.71 1.10

1*10-5 0.50 0.78

Table 5.5. Correlation and slope for various threshold values. 

Discussion 

For the first time to our knowledge, we explored methods to determine physiological 
parameters DHb, [HO] and τB of bruises from a series of single measurements for a large 
database of heterogeneous bruises. An important finding is that these parameters 
have similar values within groups of arm and leg bruises, implying that the same set of 
values can be applied to model any arm or leg bruise of unknown age, facilitating age 
determination. Retrospectively, this may not be too surprising, because pathologists 
confirmed that skin architecture on arm and leg is very similar. Although further 
modeling with a larger range of input parameters is needed, we nevertheless believe 
this to be an important step in the age determination of bruises using mathematical 
modeling. When parameters are accurately known for groups of bruises, e.g. lateral 
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arm bruises, age determination of future bruises falling within this group may not 
require measurements as frequently as was done previously [1, 5], which would greatly 
improve the clinical applicability of age determination. 

The slope of the correlation lines between measured and simulated areas was higher 
than 1 with the currently used detection thresholds. Increasing these thresholds 
did decrease the slope toward unity, but the correlation also decreased. The latter 
observation is attributed to the fact that more bruises became invisible because their 
chromophore concentration was below the detection threshold for chromophore 
concentrations at the endpoint of the simulation, resulting in a simulated area being 
zero. Improvement of the simulated areas may be obtained when the variety in initial 
hemoglobin concentration in the subcutaneous blood pool is included: we have 
previously shown that incorporation of the spatial concentration distribution influences 
the evolution of the bruise [4], and that these concentration distributions can be 
measured with hyperspectral imaging [1]. However, the quality of our photographs, 
although taken with a high quality camera and under controlled conditions, is not 
sufficient to obtain the spatial concentration distribution.

The larger error in the bilirubin area determination from the photograph (due to the 
fact that the contrast of bilirubin with the surrounding skin is less than for hemoglobin) 
also made it impossible to determine the factor between hemoglobin diffusivity and 
bilirubin diffusivity. So far, we have assumed a 4 times larger bilirubin diffusivity. This 
choice enabled us to determine the age of bruises quite accurately when a bruise was 
followed in time [1], but determination of this factor remains of interest. Possibly this 
knowledge can be obtained by injecting hemoglobin and bilirubin ex vivo in skin flaps 
and measuring the extent of the two chromophores as a function of time. Importantly, 
in that case it needs to be taken into account that clearance of bilirubin via the 
lymphatic system is absent.

We did not compare men and women, as the group of bruises in men was rather 
small. The interesting question whether healing differences occur could therefore not 
be addressed. We do know that women tend to bruise more easily [7], but whether 
the healing processes differ is currently unknown. Equally interesting is whether 
the healing processes in adults differ from those in children? We speculate that the 
physics of convection and diffusion, as well as the enzyme kinetics are comparable, 
but perhaps the speed of healing is faster. It is also known that the speed of healing in 
repetitively abused victims is faster than in healthy subjects [8-9].

In this paper we did not distinguish between users of blood thinners (or alcohol, which 
has the same effect) and non users. We speculate that users will bruise more easily 
than non users, as the use of blood thinners influences the bleeding time, which thus 
results in a larger initial subcutaneous blood pool. But once formed, we expect that 
the use of blood thinners has no influence on the healing mechanisms, as it does not 
influence the hemoglobin diffusivity, recruitment of the enzyme HO or clearance of 
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bilirubin into the lymphatic system. A qualitative comparison between the sets of users 
versus non users was not possible, as the first set was too small.

We submit that progress in bruise research should include a trial of multiple time 
measurements of (1) hemoglobin and bilirubin areas from hyperspectral images, 
and most likely also (2) hemoglobin and bilirubin concentrations from remittance 
spectroscopy. This approach likely provides more accurate tissue parameters and 
chromophore visibility thresholds in a wide anatomical range of bruises than currently 
available, which allows more accurate age determination of individual bruises.

Conclusion

Tissue parameters, DHb, [HO] and τB, determined from hemoglobin and bilirubin areas 
at time of presentation only, showed so little inter-person variation that it allowed 
defining group average values of the parameters. We believe this is an important step 
in the age determination of bruises using numerical modeling. When parameters are 
accurately known for groups of bruises, age determination of future bruises falling 
within a certain group may not require measurements as frequently as was done 
previously, which would greatly improve the clinical applicability of age determination 
of bruises.
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