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Appendix 2: Voting results for each summary statement 

Summary statements Number 

voting 

Voting 

results 

1. Laboratory Validation of Wearable Head Kinematic Devices 

1.1. A wearable device that measures head kinematics must be 

independently validated for its intended application 

through controlled laboratory testing, and the laboratory 

should simulate the real-world loading environment in 

which the device will be used.* 

33 100% 

support 

1.2. Laboratory testing of wearable devices should use a 

validated biofidelic anthropomorphic test device (ATD) 

headform combined with a repeatable and reproducible 

test setup that enables testing across multiple levels of 

magnitude, duration and direction that simulate on-field 

linear and angular head kinematics relevant to the setting 

of study.* 

35 97% 

support 

1.3. Reference sensor setup and validation metric selection 

depend on the intended application of the wearable 

device, which can vary on four main levels: impact 

counting, impact magnitude, impact direction, and the 

33 97% 

support 



time-history measurement of six-degree-of-freedom 

(6DOF) head kinematics. 

1.4. If a wearable device is designed to measure and report 

metrics derived from head kinematics, ground truth 

measurements must be collected with an ATD-embedded 

laboratory-grade reference sensor system. If a wearable 

device is designed to count impacts only, a reduced 

reference setup enabling verification of impact events 

may be applied. 

35 86% 

support 

1.5. Processed data from the wearable device must be 

compared with ground truth measurements using 

validation metrics and statistical methods that enable 

complete, unbiased, and application-relevant assessment 

of accuracy and uncertainty. 

35 83% 

support 

2. On-Field Validation and Use of Wearable Head Kinematic 

Devices 

  

2.1. A head acceleration event (HAE) is defined as an 

event/incident that gives rise to an acceleration response 

of the head caused by an external short-duration collision 

force applied directly to the head or indirectly via the body 

in sport, recreational, military, or other activities of 

interest. Wearable devices are often both kinematically 

32 91% 

support 



and field validated for direct HAEs and not indirect HAEs 

due to the limitation of reproducing indirect HAEs in the 

lab and identifying indirect HAEs on the field, respectively. 

2.2. Kinematic data must be filtered to remove potential false 

positive recordings and verify valid HAEs. Data windowing, 

video verification, and pre- and post-processing 

techniques aid in data validation. Individual verification of 

HAEs is challenging, and time consuming but improper 

data validation may lead to errors in estimation of 

exposure.* 

31 100% 

support 

2.3. Video review serves as an independent verification of 

HAEs for a given application (e.g. device development, 

sport setting) and provides contextual information for 

HAEs. However, video should not be considered ground 

truth as the confidence in video review depends on video 

quality and a robust labelling process. Guided and blinded 

video review of head acceleration events are useful 

components to device performance in an on-field 

environment.* 

32 100% 

support 

2.4. Advanced processing techniques (e.g. algorithms or 

hardware solutions) have the potential to offer fast and 

reliable verification of valid HAEs. However, they are often 

32 100% 

support 



developed for specific wearable devices in specific 

applications (e.g., collegiate football) and it is best practice 

to independently validate processing methods for use in 

the intended application.* 

2.5. Before deploying head acceleration measurement devices 

in an on-field environment, users should establish data 

collection and analysis protocols according to the activity, 

resources, and research questions. Additionally, users 

should ensure 1) the devices are functional, 2) the 

batteries are charged, 3) the devices are attached securely 

to the individual, and 4) the wearable device is time-

synchronized with other concurrent data sources (e.g. 

video, GPS systems).* 

33 100% 

support 

3. Physical Reconstruction of Head Acceleration Events   

3.1. Physical reconstructions are a valuable methodology for 

understanding the dynamics of head acceleration events 

captured on video. 

32 97% 

support 

3.2. Due to selection bias and a small sample size, physical 

reconstruction study designs are typically limited to case 

series and case-control studies. 

31 100% 

support 



3.3. Common test surrogates (Hybrid III dummy, NOCSAE 

headform) are limited in their ability to match the size, 

stiffness, posture, and active muscle tension of a 

particular athlete in a reconstruction. 

32 88% 

support 

3.4. The test apparatus in a physical reconstruction should be 

designed to recreate the 3-D interaction of the head and 

collision partner by matching their effective masses, 

combined stiffness (including head protection), closing 

speed, path eccentricity, and impact locations. 

31 90% 

support 

3.5. When conducting physical reconstructions, iterative 

testing should be performed to match video-derived 

parameters, both pre- and post-impact, and assess the 

repeatability and sensitivity of the test results to variance 

in test conditions.* 

30 100% 

support 

3.6. Researchers should identify and quantify the 

biomechanical parameters of interest and evaluate the 

accuracy, repeatability, and sensitivity of the 

reconstruction process relative to the effect size of the 

biomechanical parameters.*  

29 100% 

support 

4. Video Analysis of Head Acceleration Events   



4.1. Video analysis and videogrammetry are critical tools to 

understand the position, orientation, and motion of 

objects observable in video, such as the head or body of a 

sports athlete, or the helmet and equipment positioning 

and orientation. Analysis of these positions and 

orientations can be used to calculate change in linear and 

rotational velocities of the head as a result of an impact 

event. These techniques and procedures expand beyond 

sports and are applicable to the measuring of motion and 

position of most anything observable in video. 

24 92% 

support 

4.2. When applied properly, and validated, current video 

tracking methods have been shown to accurately estimate 

pre and post impact velocities. These estimates can be 

used to calculate characteristics of impact severity, such as 

change in velocity, using industry standard methodologies. 

24 83% 

support 

4.3. There are several variables (e.g. frame rate, resolution) 

that can affect the quality of the results of video analysis. 

The effect these variables have on the quality of the 

analysis should be quantified when possible, establishing a 

range of certainty for the specific set of parameters used 

in a given analysis.* 

26 100% 

support 



4.4. Videogrammetry provides valuable input when 

reconstructing head acceleration events in the laboratory 

or when performing multi-body or finite element 

modeling.* 

29 100% 

support 

4.5. Videogrammetry should consider and correct, when 

possible, sources of error including lens distortion, 

interlacing, down sampling, compression, and variance in 

timestep.* 

25 100% 

support 

5. Computational Modeling of Head Acceleration Events   

5.1. Brain biomechanical models have strong potential to 

improve injury prediction and interpret impact exposure 

over impact kinematics alone. They provide the ability to 

interrogate physics-based tissue level response, estimate 

risk of injury, and offer insight into injury specifics such as 

location and extent of structural damage.* 

32 100% 

support 

5.2. The modeling community advocates for the sensor 

community to standardize reporting of head kinematic 

data. Standardized reporting should include sensor 

hardware and software details as well as specifics on 

coordinate system, post-processing, sampling frequency, 

information.*   

33 100% 

support 



5.3. It is recommended model quality be assessed 

comprehensively by comparing with experimental data 

related to the metric used for model predictions (e.g. 

deformation, strain, stress), correlating against real-world 

data, and then where possible, comparing to responses 

from existing models. It is also recommended that models 

be reevaluated for validation quality when new 

experimental data or analytic strategies become 

available.* 

32 97% 

support 

5.4. We recommend modelers explore modern data science 

techniques to efficiently process large amounts of sensor 

impact data. 

32 94% 

support 

5.5. The modeling community advocates for a curated open-

access database repository to facilitate sharing of real-

world data such as subject-specific head kinematics, injury 

diagnoses, and other associated information including 

head/brain morphology. In addition, simulation results 

from existing models using idealized kinematic profiles 

should be shared as a benchmark for cross-model 

examination.* 

32 94% 

support 

6. Study Design and Statistical Analyses   



6.1. Head impact sensor studies are typically observational in 

design, which limits their conclusiveness because they are 

easily contaminated by unseen confounding factors and 

biases. Investigators should be wary of selection and 

sampling biases when composing their samples. Efforts 

should be made to measure and account for suspected 

confounders. 

36 83% 

support 

6.2. Head impact sensor studies benefit from multidisciplinary 

teams with essential expertise. In addition, establishing 

partnerships with the research participant community can 

help produce more representative and reliable 

conclusions. 

36 89% 

support 

6.3. Proper operational planning for sensor maintenance and 

technical failures will help minimize missing data. In 

addition, video recording of data collection sessions is 

recommended as a resource for explaining and verifying 

impact events as needed. 

36 86% 

support 

6.4. Data quality must be assessed for outliers and spurious 

data and addressed through data cleaning practices.  

Suspected missing data should be noted, and all kinematic 

waveforms should be inspected, either computationally or 

34 91% 

support 



manually. Sensor validity should dictate the necessity and 

scope of these practices.* 

6.5. Investigators should employ analysis techniques that 

minimize sampling bias effects. Further, we recommend 

statistical transparency in both procedure and output.* 

33 94% 

support 

6.6. Investigators should perform a common-sense check on 

the data and their analysis results. Care should be taken to 

investigate results that appear to be inconsistent, 

unrealistic or counterintuitive. Explanations and 

disclosures of disparities with reality will help inform 

better data collection, cleaning, and analysis techniques.* 

29 93% 

support 

*Revised from initial draft after group discussion 
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