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obJect Concussions typically resolve within several days, but in a few cases the symptoms last for a month or longer 
and are termed persistent postconcussive symptoms (PPCS). These persisting symptoms may also be associated with 
more serious brain trauma similar to subdural hematoma (SDH). The objective of this study was to investigate the head 
dynamic and brain tissue responses of injury reconstructions resulting in concussion, PPCS, and SDH.
methods Reconstruction cases were obtained from sports medicine clinics and hospitals. All subjects received a 
direct blow to the head resulting in symptoms. Those symptoms that resolved in 9 days or fewer were defined as concus-
sions (n = 3). Those with symptoms lasting longer than 18 months were defined as PPCS (n = 3), and 3 patients present-
ed with SDHs (n = 3). A Hybrid III headform was used in reconstruction to obtain linear and rotational accelerations of 
the head. These dynamic response data were then input into the University College Dublin Brain Trauma Model to calcu-
late maximum principal strain and von Mises stress. A Kruskal-Wallis test followed by Tukey post hoc tests were used to 
compare head dynamic and brain tissue responses between injury groups. Statistical significance was set at p < 0.05.
results A significant difference was identified for peak resultant linear and rotational acceleration between injury 
groups. Post hoc analyses revealed the SDH group had higher linear and rotational acceleration responses (316 g and 
23,181 rad/sec2, respectively) than the concussion group (149 g and 8111 rad/sec2, respectively; p < 0.05). No signifi-
cant differences were found between groups for either brain tissue measures of maximum principal strain or von Mises 
stress.
coNclusioNs The reconstruction of accidents resulting in a concussion with transient symptoms (low severity) and 
SDHs revealed a positive relationship between an increase in head dynamic response and the risk for more serious 
brain injury. This type of relationship was not found for brain tissue stress and strain results derived by finite element 
analysis. Future research should be undertaken using a larger sample size to confirm these initial findings. Understand-
ing the relationship between the head dynamic and brain tissue response and the nature of the injury provides important 
information for developing strategies for injury prevention.
http://thejns.org/doi/abs/10.3171/2014.10.JNS14440
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ConCussion has been defined as short-term cogni-
tive impairment often presenting with symptoms 
including headaches, dizziness, and nausea after 

mild head trauma.24 While the majority of concussive 
symptoms resolve, some symptoms persist and can lead 
to disability and depression, having devastating effects 
on quality of life.36,37 The long-term effects of concussion 
have been associated with neurological disorders such as 
chronic traumatic encephalopathy, which is a progressive 
brain disease characterized by cognitive decline and emo-
tional instability.25,29 The combined effects of both short- 
and long-term outcomes of concussion contribute to the 
3.8 million people affected annually by traumatic brain 
injury (TBI) in the US, costing an estimated $12 billion 
for hospitalization and treatment.7,22

The severity of a concussion is typically determined 
by the number, severity, and duration of presenting symp-
toms.3,36,37 Some patients have reported symptoms that 
resolve within 7–10 days,23 whereas other patients suffer 
from persistent postconcussive symptoms (PPCS), often 
having symptoms lasting from months to years.1,19,23 Cur-
rently, it is not well understood why some patients who 
sustain head impacts have concussions with transient 
symptoms while other patients suffer from PPCS.

Concussion can be caused by an impact to the head 
from a wide array of events including contact sports, mo-
tor vehicle accidents, leisure activities, or work accidents. 
Each event presents unique impact characteristics that 
define the conditions for the injury.19,36–38 The conditions 
surrounding the head impact play an important role in the 
outcome of brain injury because this affects how energy 
from the impact is transmitted to the skull and brain tis-
sues.9,12,26 For example, high-energy impacts involving 
high-impact velocities and rigid surfaces are more likely to 
result in skull fractures and subdural hematomas (SDHs) 
than concussions.43 How the head is loaded during an inju-
ry event can be described using mechanical characteristics 
of the impact. These characteristics include details about 
the impacted/impacting surfaces, the mass and velocity 
of the two bodies colliding, and the impact location and 
angle on the head. Conditions describing the impact have 
been shown to influence head dynamic response and the 
resulting trauma to the brain.9,12,16,35,41 Dynamic response 
characteristics describe how the head moves in space af-
ter an impact and is measured using linear and rotational 
acceleration along 3 orthogonal axes of the head.28,33 The 
amount of brain trauma can be described using engineer-
ing stress and strain variables as calculated from finite ele-
ment analysis.4,18,20,40,42

Accident reconstruction provides an opportunity for re-
searchers to study the link between measurable parameters 
of the impact and the resulting injury.5,6,34 This approach 
involves obtaining a detailed description of the injury, re-
constructing the event under controlled laboratory condi-
tions, using physical or finite element model-head surro-
gates, and analyzing the results of the reconstruction.28,34 
Injury reconstruction provides information regarding 
head dynamic response and brain tissue deformation, and 
as a result, allows researchers to link metrics such as peak 
linear and rotational acceleration and brain tissue stress 
and strain with brain injury outcome.5,6,18,20,34,43,44

Past research examining reconstructions of concussive 
injuries has primarily focused on head impacts resulting 
in injury and noninjury events.31,44 However, reconstruc-
tions of more severe TBIs resulting in contusions and 
SDH have been conducted.6,20,43,44 Examining different 
severities of concussive injuries, such as those present-
ing with transient symptoms compared with PPCS, has 
yet to be performed using reconstruction. Moreover, the 
link between concussive injury severity, as defined by the 
appearance and persistence of neurocognitive signs and 
symptoms, and the magnitude of brain trauma sustained 
has yet to be described. Therefore, the purpose of the pres-
ent research was to distinguish between groups of con-
cussion with transient symptoms and those with persistent 
symptoms using head dynamic response and brain tissue 
stress and strain. While the pathophysiology of concussion 
is different from SDH injuries, they were included in this 
analysis for the sole purpose of comparing different types 
of outcomes using engineering parameters. Characteriz-
ing the relationship between engineering parameters and 
concussion severity will help direct future innovations and 
interventions to better protect against these injuries.

methods
A total of 9 reconstructions were performed. Three 

patients with transient symptoms (called the “concussion” 
group), 3 patients with PPCS, and 3 with acute SDH were 
recruited from sports medicine clinics and hospitals (Table 
1). Two cases in the SDH group also presented with con-
tusion, but only the regions of interest for the SDH were 
used for comparison. This research used a physical recon-
struction method combined with finite element analysis to 
examine the results of each group of brain injury.34,44

patient groups
Concussion Group

The concussion group included cases of patients suffer-
ing from concussion and whose symptoms resolved within 
10 days.23 Inclusion criteria required that patients had clear 
documentation of the duration of symptoms and details of 
the injury as noted by a physician. The event description 
from the medical report was matched to video footage of 
the injury that confirmed the impact location and surface. 
All cases were helmeted head impacts against the boards 
or ice as a result of participation in ice hockey. Injury data 
were provided by the Mayo Clinic Sports Medicine Center 
in Rochester, Minnesota. A Sports Medicine Center ath-
letic trainer and physician were present at all home games 
and identified each concussion case. Players were medi-
cally examined in the Sports Medicine Center and their 
informed consent was obtained in all cases. The medical 
reports and video footage of the game impacts were made 
available to guide the reconstructions. Valuable informa-
tion for reconstruction includes impact location and ori-
entation of the player’s head, and the impacting surfaces 
involved in the collision. To improve the accuracy of the 
reconstruction, the same helmet model as worn by the 
player at the time of impact was used for the reconstruc-
tion. To determine the impact velocity for each head injury 
reconstruction, video footage of the event was digitized 
to calculate inbound velocity of the head prior to impact.
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PPCS Group
The PPCS group was defined as those with concussion 

symptoms lasting at least 6 months.23 Inclusion criteria re-
quired that patients had documentation of the duration of 
symptoms and details of the impact event from a physi-
cian. The 3 cases for PPCS had symptoms that persisted 
for 23, 26, and 28 months and had not yet resolved (Table 
1). These cases were recruited from the Ottawa General 
Hospital in Ottawa, Canada. Two cases were the result 
of nonhelmeted falls and 1 case was a nonhelmeted head 
impact against a steel panel because the subject walked 
into a street sign (case 6). For Case 6, the impact veloc-
ity of 1.5 m/sec was taken from the literature for average 
walking speed.2,10 Documented medical reports provided 
the details for eligibility as well as information regarding 
head impact conditions used for reconstruction, such as 
impact location and orientation of the patient’s body and 
head prior to impact.

SDH Group
Inclusion criteria for the SDH group required that 

patients presented with SDH without skull fracture and 
were injured as a result of an uncomplicated fall onto a 
rigid surface. These cases were the result of nonhelmet-
ed falls onto wood, concrete, or ice and had outcomes of 
acute SDH alone or acute SDH as well as brain contu-
sions. Patients were recruited from the Centre de Santé et 
de Services Sociaux (CSSS) Gatineau (Hull site), Canada; 
St. Michael’s Hospital in Toronto, Canada; and Beaumont 
Hospital in Dublin, Ireland, where care was provided and 
information for reconstruction was also collected. Similar 
to the PPCS group, reconstruction parameters were ob-
tained from medical reports and CT scans. The CT scans 
were used to verify the injury for eligibility in the SDH 
group and to verify the impact location on the head when 
superficial bruising or swelling was identified.

Because video footage was not available for the PPCS 
and SDH groups to estimate impact velocity, the com-
puter simulation software Mathematical Dynamic Models 
(MADYMO) was used. MADYMO is software that has a 
database of human body models used to study pedestrian 
and vehicle accidents (TASS International, 2004). The 
MADYMO software is used to establish a human body 
model using information from the medical report, and to 
simulate the head and body kinematics for each fall inci-
dent.5,6,34 In a series of uncomplicated fall reconstructions 
by Doorly and Gilchrist in 2009, the authors reported that a 
MADYMO-constructed accident resulted in kinematically 
realistic falls that matched report descriptions and injury 
outcomes.5 In this study, a representative MADYMO (ver-
sion 7.4; TASS) human body model scaled to the height 
and weight of each patient was used to estimate the head 
impact velocity for each injury scenario. The dynamics of 
each fall were best matched to the description obtained 
from the medical reports. If skin lacerations or bruises 
were documented in the report, simulations would include 
having the model contact the ground with the body part 
involved. Any effects of these extra motions would be re-
flected in the final head impact velocity obtained from the 
simulation. As such, a range of impact velocities was inves-
tigated by recreating a number of plausible scenarios for 
each case to establish low- and high-end impact velocities. 
Due to the difficulty of obtaining the exact parameters for 
each reconstruction, this analysis was necessary to capture 
a range of possible velocities with which the injury may 
have occurred. The ranges of velocities are presented in 
Table 2. The lowest head velocity values were chosen for 
physical reconstructions and analysis. These were chosen 
to represent the most conservative velocity associated with 
the injury event case and to decrease the likelihood of 
damaging the test equipment, since many of these cases 
involved unprotected impacts onto rigid surfaces.

table 1. description of head injury events

Case 
No. Injury Group

Age (yrs), 
Sex

Height (m)/
Weight (kg) Event Description

Outcome/Symptom 
Duration

1 Concussion 18, M NA Skating forwards, tripped & fell backwards, hit back of helmet on ice. No record of 
previous head injury.

8 days

2 Concussion 16, M 1.73/74 Attempted to body check, got pulled into the boards & hit chin. No record of previ-
ous head injury.

9 days

3 Concussion 18, M 1.52/75 Body checked by another player & hit lt cheek on the boards. Had 3 previous 
concussions.

6 days

4 PPCS 59, F 1.67/95 Walking, slipped backwards on ice & hit back of head. No record of previous head 
injury. 

26 mos

5 PPCS 52, F NA/75 Standing on skates and fell backwards on ice & hit back region of head. No 
record of previous head injury.

23 mos

6 PPCS 48, M NA Was in a parking lot & walked into a street sign. No record of previous head injury. 28 mos
7 TBI 54, F NA Was playing curling, slipped & fell backwards, hit back of head. No record of 

previous head injury.
Contusion, SDH

8 TBI 45, M NA Standing on wooden dock, slipped & hit back region of head on dock. No record 
of previous head injury.

SDH

9 TBI 52, M NA Slipped & fell on ice-covered pavement & head on curb. No record of previous 
head injury.

Contusion, SDH

NA = not available.
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laboratory reconstruction
Physical Reconstruction

Once the impact variables such as location, velocity, 
head orientation, and impact surface compliance were 
calculated using medical report forms, video footage, and 
MADYMO simulations, these variables were used as in-
put to guide physical reconstruction. Head impact vari-
ables for reconstruction are listed in Table 2 for each case.

To reconstruct the head impacts, a 50th percentile adult 
male Hybrid III head- and neckform (Humanetics ATD) 
(with mass 6.08 ± 0.01 kg) coupled with a monorail drop 
rig were used (Fig. 1). A monorail drop rig system was 
chosen because head impacts were onto a stationary or 
immovable surface, such as a steel sign or concrete sur-
face, respectively. The monorail drop rig used a sliding 
carriage situated on a rail to guide a fixed Hybrid III head- 
and neckform during the drop. The Hybrid III headform 
was equipped with 9 single-axis Endevco accelerometers 
(model 7264C-2KTZ-2-300) arranged in a 3-2-2-2 array 
to measure linear and rotational accelerations.30 The re-
sultant linear and rotational accelerations were recorded 
at 20 kHz and were filtered using a low-pass Butterworth 
filter at 1650 Hz.

University College Dublin Brain Trauma Model
The acceleration-time histories of the x, y, and z axes 

obtained using the Hybrid III head impacts were used 
as input into a finite element model of the human brain, 
the University College Dublin Brain Trauma Model 
(UCDBTM). This model was developed by Horgan & 
Gilchrist14,15 and is composed of 26,000 elements com-
prising the skull, scalp, pia, falx, tentorium, CSF, gray and 
white matter, cerebellum, and brainstem. A sliding bound-
ary condition between the skull and brain was accom-
plished by modeling the CSF using solid elements with 
low-shear moduli.15 The brain tissue material properties 
governing this model are reported in Tables 3 and 4.14,15 
The UCDBTM was validated by comparing brain model 
simulation responses against cadaver head impact experi-
ments11,27,39 as well as reconstructions of TBIs.5,34 Brain 
tissue deformation measures of maximum principal strain 
and von Mises stress were used to compare brain injury for 
the 3 groups of reconstructions.4,5,18,20,43,44 An aspect-ratio 

check was performed on all elements of the brain model 
for each simulated impact to identify potential sources of 
error due to overly distorted elements. Elements that had 
aspect ratios exceeding a value of 3 were reviewed; those 
that changed more than a value of 4 over the course of the 
simulation were excluded from analysis. This accounted 
for a total of 167 elements. For the concussion and PPCS 
cases, the brain tissue deformation results are reported as 
peak stress or strain in the overall cerebrum of the brain 
model. However, for the SDH cases, peak stress or strain 
was determined in the regions of elements that were as-
sociated with the area of injury, as indicated by a CT scan. 
Figure 2 provides an illustration of the brain tissue analy-
sis conducted for SDH cases. A CT scan with an SDH is 
indicated with a red arrow (Fig. 2 left), and the associated 
group of elements in the brain finite element model cor-
responding to the region of injury is shown in red for a top 
view (Fig. 2 right).

statistical analyses
Due to the small number of samples for each group (n 

table 2. reconstruction parameters for each head injury case

Case 
No.

Injury  
Classification Surface

Impact Velocity  
(m/sec)

Impact  
Location

1 Concussion Ice 5.9 Rear
2 Concussion Pine wood 3.6 Front chin
3 Concussion Pine wood 3.7 Lt side
4 PPCS Concrete 3.9 − 4.69 − 5.2* Rear
5 PPCS Ice 4.1 − 5.87*  Rear
6 PPCS Steel 1.5 Lt side
7 SDH Concrete 3.7 − 4.21 − 5.76* Rear
8 SDH Pine wood 4.8 − 5.0 − 6.2* Rear
9 SDH Concrete 3.8 − 6.0 Rear boss

*  Separate values represent the range of possible velocities with which the 
injury event occurred.

Fig. 1. Hybrid III head- and neckform attached to a monorail drop rig 
with a concrete impact surface. Figure is available in color online only.

TABLE 3. Brain tissue characteristics as defined in the UCDBTM

Material
Young’s Modulus  

(MPa)*
Density  
(kg/m3)

Poisson’s  
Ratio†

Scalp 16.7 1000 0.42
Trabecular bone 1000 1300 0.24
Cortical bone 15,000 2000 0.22
Pia 11.5 1130 0.45
Dura 31.5 1130 0.45
Falx/tentorium 31.5 1140 0.45
CSF — 1000 0.5
White matter Hyperelastic 1060 0.499997
Gray matter Hyperelastic 1060 0.499998

*  Young’s Modulus = measure of material stiffness characterized by the ratio 
of stress to strain.
†  Poisson’s Ratio = measure of the deformability of a material to an external 
force or load; calculated by taking the ratio of the change in length of a material 
to its change in thickness.
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= 3), a nonparametric Kruskal-Wallis test was used to test 
for significant differences among the 3 injuries (concus-
sion, PPCS, and SDH) for each dependent variable of in-
terest (linear and rotational acceleration, maximum prin-
cipal strain, and von Mises stress). Post hoc comparisons 
were completed using the Tukey method with the signifi-
cance level set to p < 0.05.

results
A description of each injury event and the parameters 

used for each case are presented in Tables 1 and 2, respec-
tively. The dynamic response and brain tissue deformation 
results for each case are presented in Table 5 along with the 
mean and standard deviation for each injury group. Results 
of the Kruskall-Wallis test showed a significant difference 
between injury groups for peak resultant linear accelera-
tion (c2

(df = 2) = 16.222, p < 0.001) with mean rank scores for 
concussion, PPCS, and SDH of 7.67, 12.00, and 22.33, re-
spectively. Additionally, significant differences were found 
for peak resultant rotational acceleration (c2

(df = 2) = 14.000, 
p = 0.001), with mean rank scores of 7.00 for concussion, 
14.00 for PPCS, and 21.00 for SDH. No significant differ-
ences were found for either brain tissue measures of maxi-
mum principal strain (c2

(df = 2) = 3.109, p = 0.211) or von 
Mises stress (c2

(df = 2) = 5.001, p = 0.082). The Tukey post 

hoc analysis showed that the SDH group had statistically 
higher linear (316 g) and rotational acceleration (23,181 
rad/sec2) responses than the concussion group (149 g and 
8111 rad/sec2, respectively; p < 0.05).

discussion
This study compared head dynamic and brain tissue 

responses obtained from reconstructions of 2 different 
severities of concussion, those resulting in transient and 
persistent symptoms. A group of traumatic SDH injuries 
was also included in the analysis for the purpose of com-
paring concussion with more severe injury outcomes. On 
average, head dynamic response values were lower for less 
severe transient concussion and higher for SDH injuries. 
This was observed for both linear and rotational accel-
eration. The average dynamic response for persistent con-
cussion (PPCS) had values that were between the other 2 
injury groups; however, these differences were not signifi-
cant. Individual examination of the case results for PPCS 
showed head dynamic and brain tissue response values 
that overlap with lower-severity concussion as well as the 
SDH injuries. While this observation may lead to some 
speculation about the magnitude of impacts resulting in 
the severity of concussive injuries, due to the low number 
of cases for each group it is difficult to generalize these 
findings.

In the past, researchers have investigated the individual 
roles of linear and rotational acceleration on brain trauma 
outcome. Linear acceleration was associated with focal in-
juries such as hematomas, whereas rotational acceleration 
is characteristic of diffuse injuries such as concussion.8,9 
The importance of rotation as the primary mechanism 
for diffuse brain injuries was originally hypothesized by 
Holbourn, who used a gelatin model of the brain to dem-
onstrate the ease of deformation of brain tissue to shear 
strain as compared with a compressive strain.13 This cur-
rent study does not support or refute these findings, as the 
limited number of cases does not allow for any separation 
of concussion severity with types of head acceleration. As 
more reconstructions of concussive injuries are conduct-
ed, the importance of rotational acceleration for human 
head injury will be better understood.

Past research using finite element analysis has suggested 
that tissue stress and strain, used to describe brain tissue 
deformation, may be better variables to predict severity of 
injury.18,20,40 It is interesting to find that brain tissue response 
measures were not found to be significantly different for 
injury outcomes. On average, concussion and PPCS had 
similar values, while SDH injuries had lower values than 
both groups. One reason that may explain these findings is 
that finite element analysis of the SDH injuries examined 
stress and strain values in a specific group of elements in 
the brain model that corresponded to the region of bleeding 
on the CT scan. As a result, these brain tissue values may 
not be the highest values if the entire cerebrum was consid-
ered. More importantly, SDH injuries are primarily lesions 
to vascular tissue; therefore, they may not necessarily be 
associated with stresses or strains on the brain.

In the past, high-severity TBIs resulting in lesions were 
compared with lower-severity impacts resulting in con-

table 4. brain tissue material properties for the ucdbtm
Shear Modulus (kPa)*

Material G0 G∞

Bulk Modulus  
(GPa)†

Decay Constant  
(sec−1)‡

Cerebellum 10 2.0 2.19 80
Gray matter 10 2.0 2.19 80
White matter 12.5 2.5 2.19 80
Brainstem 22.5 4.5 2.19 80

*  Shear Modulus = the viscoelastic (time-dependent) nature of a material in 
response to loading. Shear modulus is represented by 2 constants and mea-
sured in Pascals. G0 characterizes the stored energy or the elastic portion of 
the material. G∞ characterizes the amount of energy lost or dissipated as heat 
and is also known as the viscous portion.
†  Bulk Modulus = a measure of the compressibility of a material in Pascals.
‡   Decay Constant = a rate constant that defines the diminishing effect of a 
constant load.

Fig. 2. The subset of finite elements (red area) in the UCDBTM (right) 
that are associated with the region of SDH (red arrow) on a CT scan 
(left). Figure is available in color online only.
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cussion or no concussion.5,20,32,44 For these studies, peak 
variables of maximum principal strain and von Mises 
stress have been identified as possible relevant variables 
to describe the relative risk of injury.20,43,44 Because SDHs 
occur as a result of tearing of bridging veins, it might be 
more revealing to examine the amount of stress and strain 
experienced by vascular tissues for these types of injuries. 
Furthermore, to distinguish the subtle differences between 
concussion and PPCS, different brain deformation vari-
ables may be more effective in characterizing the injury. 
Lamy et al.21 conducted experimental research investigat-
ing the effect of rotational head injury on the duration of 
loss of consciousness and level of histological evidence 
on rat brains. These authors modeled the responses us-
ing finite element analysis and suggested that a von Mises 
stress-time metric may be better associated with the sever-
ity of injury as demonstrated by histological data and du-
ration of loss of consciousness than peak von Mises stress 
alone. This research only investigated the role of rotational 
acceleration and was specific to rat models of head injury; 
however, it suggests that other parameters may be neces-
sary for describing severity of concussion.

While all injury reconstructions presented in this study 
were from direct blows to the head, other confounding fac-
tors such as patient and event characteristics are likely to 
have influenced the results. All cases of concussion with 
transient symptoms were male adolescents (mean age 
17 years) who were helmeted at the time of injury, and 
playing competitive hockey. Patients presenting with se-
vere PPCS and SDH were middle-aged adults (mean age 
52 years) who were not helmeted at the time of impact. 
There may have been a selection bias due to the difficulty 
of obtaining reconstructable injury events for each group. 
A large number of concussions go unreported each year, 
especially if they are minor and do not require medical at-
tention. Additionally, clear documentation of the cessation 
of concussive symptoms is also difficult to obtain, which 

is one reason why the transient concussion cases were ob-
tained from an organized sports team. The hockey team 
had the resources available to quickly diagnose and follow 
up with each injured player. Consequently, the more severe 
cases of injuries were recruited from hospitals and were 
composed of much older adults who required immediate 
medical attention. An advantage of this hospitalized popu-
lation is clear documentation of the duration of symptoms 
and injury outcomes.

While it is understood that these patient-specific factors 
and injury event characteristics influence the results,17 the 
main objective of this study was to demonstrate how bio-
mechanical measures of brain injury compare for different 
severities of concussion in comparison with more severe 
SDH injury outcomes. The initial findings from this study 
support the notion that head acceleration variables are able 
to distinguish between transient concussions and more se-
vere SDH; however, these findings merit further research 
on improved injury measures that are sensitive to the spec-
trum of concussion severity. As more reconstruction re-
search on concussion begins to fill the gap between the 
presence of concussive injury and SDH, future research 
examining the spectrum of concussion should also include 
additional engineering parameters to describe brain injury.

Challenges associated with injury reconstruction in-
clude sample size and limited availability of video footage 
for 6 of the 9 cases. The difficulty in obtaining cases that 
could be accurately reconstructed limited the number of 
samples to specific subject pools such as young ice hockey 
players and middle-aged adults who were injured as a re-
sult of a fall. Future work would benefit from increasing 
the sample sizes for each injury group as well as diversify-
ing the types of events that cause concussion.

While eyewitness and patient accounts of accidents are 
a major limitation to reconstruction, MADYMO currently 
provides a reasonable method to estimate head impact ve-
locities for fall-type accidents. Unfortunately, victims with 

table 5. individual case data, including mean and 1 standard deviation, of peak resultant linear (g) and rotational 
acceleration (rad/sec2), and peak maximum principal strain and von mises stress (kpa) for head injuries resulting in 
concussion, ppcs, and sdh

Case 
No. Injury Group

Peak Linear Acceleration  
(g)*

Peak Rotational Acceleration 
(rad/sec2)

Peak Max Principal 
Strain†

Peak von Mises Stress 
(kPa)‡

1 Concussion 187 11,700 0.608 20.6
2 Concussion 209 9767 0.487 17.8
3 Concussion 52 2865 0.187 6.2

Mean (SD) 149 (74) 8111 (4056) 0.427 (0.2) 14.9 (6.6)
4 PPCS 266 23,211 0.594 19.2
5 PPCS 227 21,323 0.577 19.5
6 PPCS 53 4847 0.207 7.4

Mean (SD) 182 (98) 16,460 (8765) 0.459 (0.2) 15.4 (6.0)
7 SDH 268 14,044 0.228 7.3
8 SDH 414 30,799 0.305 10.4
9 SDH 266 24,700 0.232 6.9

Mean (SD) 316 (74) 23,181 (7354) 0.255 (0.043) 8.2 (1.7)

*  Linear Acceleration = translational motion and is measured in g as a factor of gravitational acceleration (9.81m/sec2).
†  Maximum Principal Strain = proportional to the largest magnitude of strain in the x, y, or z axes of a material.
‡  von Mises Stress = the 3D state of stress in a material represented using a single value that summarizes the stress in the x, y, and z axes.
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serious injuries are rarely filmed or instrumented to mea-
sure the kinematics and as a result, MADYMO simulation 
of the PPCS and SDH cases was necessary to determine 
head impact velocity. The human-body surrogates used in 
the physical reconstruction process are idealized represen-
tations of the complex geometries and do not necessarily 
account for the more compliant nature of soft tissues. The 
Hybrid III headform used to collect the head dynamic re-
sponse data was a rigid steel headform covered with a vi-
nyl layer to simulate the soft tissues of the scalp. Although 
this headform is commonly used in head-impact research, 
it is not an exact reflection of the characteristics of a hu-
man head. Similarly, the MADYMO human-body mod-
els are composed of a series of idealized ellipsoids used 
to represent the human body. The geometry of the finite 
element model is also a generalized model that does not 
account for the individual differences among the subjects. 
The intracranial response variables examined in this re-
search were specific to a single head-impact event recon-
structed from medical reports and do not take into account 
the state of brain deformation as a result of accumulated 
head injuries such as those with multiple concussions. In 
addition, the material properties used to define the finite 
element model were based on both cadaver and animal 
studies and may not be reflective of the response of live 
human brain tissue to impact.

conclusions
This study demonstrates a positive relationship between 

an increase in head dynamic response and the risk for more 
serious brain injury when comparing transient concus-
sion (low severity) and traumatic SDH injuries. This type 
of relationship was not found for brain tissue stress and 
strain results derived by finite element analysis. More im-
portantly, neither head dynamic variables nor brain tissue 
response variables were able to distinguish between tran-
sient and persistent concussions. Increasing the number 
of concussive injuries is important to identify appropriate 
variables that may be more effective in characterizing the 
spectrum of concussion. A more intimate understanding 
of the relationship between dynamic response variables of 
the head and risk of brain trauma is critical for developing 
strategies for injury prevention.
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