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INTRODUCTION

Monte Carlo techniques are gaining
acceptance in complex biomechanical
modeling to explore the effects of
anatomical variability and measurement
uncertainty on model predictions in an open-
loop manner (e.g., Langenderfer et al., 2006;
Santos and Valero-Cuevas, 2006). However,
creating realistic models will require
advanced stochastic methods to perform
closed-loop, data-driven searches when
model parameter spaces are large. We
present what, to our knowledge, is the first
use of Markov chain Monte Carlo MCMC)
techniques in biomechanics with synthetic
data from a model of the human thumb as a
proof-of-concept of the MCMC Metropolis-
Hastings algorithm to explore a complex 36-
dimensional (36D) model parameter space.

METHODS

Previously, we described an MCMC
Metropolis-Hastings algorithm (Santos and
Valero-Cuevas, 2004) that uses the single-
site updating technique to explore a 36D
model parameter space in a manner similar
to a biased random walk: thumb bone
dimensions (8), kinematic axes of rotation
(16) (Giurintano et al., 1995), and frame
transformations at the proximal base (6) and
distal tip (6) of the thumb. Here, we apply
the algorithm to a model with 36 arbitrarily
defined model parameters. To validate the
algorithm, we used a truth model to simulate
experimental data (thumbnail location,
orientation, and linear and angular
velocities) for nine active motions (e.g.,

flexion/extension). We also added zero-
mean, uncorrelated multivariate Gaussian
“measurement noise” to our deterministic
truth model outputs. Ten independent
Markov chains driven by these noisy data
searched the 36D model parameter space for
the subspace that best fit the data (i.e., the
posterior distribution) until the Gelman-
Rubin convergence diagnostic fell below a
threshold of 1.2. We used posterior-
predictive sampling to compare the MCMC
results to the truth model and cross-validated
the results using a separate set of simulated
experimental data that were not used to
drive the MCMC simulations.

RESULTS AND DISCUSSION

We ran each Markov chain for 105,000
iterations on 2.4GHz dual Intel® Xeon®
machines, which took 255.5 hours (49 hrs.
for MCMC simulations in C and 206.5 hrs.
for post-analysis in MATLAB®). Six chains
converged to the true posterior distribution
while the remaining four chains located
other local minima in the 36D landscape
(Figure 1).

The errors in the posterior predictive
samples for the six chains were minimal
(Figure 2). Despite the fact that we provided
noisy simulated data to our Metropolis-
Hastings algorithm, the algorithm estimated
and accounted for the noise to find the true
values and successfully locate the true
posterior distribution. The errors in the
posterior predictions for the cross-validation
data set were also minimal, demonstrating



that the algorithm did not simply over fit the
data given, but actually found the true
parameters in the 36D space.

CONCLUSIONS

We have successfully demonstrated the
unprecedented use of our Metropolis-
Hastings sampling algorithm to a large 36D
biomechanical model parameter space with
practical application to experimental data.
MCMC techniques in biomechanics may
provide clinical benefits such as the ability
to determine sensitivity of model predictions
and functional clinical outcomes to changes
in model parameters, and to categorize
clinically-relevant subpopulations.
Convergence of a majority of chains to the
true values demonstrates that the method is
able to accommodate the expected
redundancies of large parameter spaces.

1.43

BETAMpAA (rad)

1.71

BETAcmcAA (rad)
1.14 1.21 ALPHAcmcAA (rad)

Figure 1: Convergence (green points) of the
six Markov chains for three representative
parameters. The chains located the true
posterior distribution in the cuboid defined
by the bounds on the prior distributions (red
dashed lines). A Monte Carlo integrator
must randomly sample from the entire
volume. The MCMC simulations, in
contrast, are more computationally efficient
because they behave like biased random
walks that converge to the model parameter
subspace that best fits the data (true values
in green). While only 3D results are shown
here, convergence occurred in 36D.
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Figure 2: The posterior predictive sample
errors (blue points) are shown for two
experimental outputs (x and y coordinates
for thumbnail location) for a single
representative data point. The green asterisk
indicates the true error value of zero. The
red circle is the offset of the noisy simulated
data point actually used to drive the MCMC
simulations. Note that the algorithm
estimated the variance in the noisy simulated
data and recovered the true parameter values
(blue cloud of points is centered around the
true error value of zero).

REFERENCES

Giurintano, D.J., Hollister, A.M.., Buford,
W.L., Thompson, D.E., and Myers, L.M.
(1995). Med. Eng. Phys., 17,297-303.

Langenderfer, J.E., Carpenter, J.E., Johnson,
M.E., An, K.N., and Hughes, R.E. (2006).
Ann. Biomed. Eng., 34, 465-476.

Santos, V.J. and Valero-Cuevas, F.J. (2004).
Proc. of IEEE EMBS ‘04, 4626-4629.

Santos, V.J. and Valero-Cuevas, F.J. (2006).
IEEE Trans. Biomed. Eng., 53, 155-163.

ACKNOWLEDGEMENTS

NSF Graduate Research Fellowship (to V.J.
Santos), Grant Nos. AR050520 and
ARO052345 from the NIH, and NSF
CAREER Award BES-0237258 (to F.J.
Valero-Cuevas).




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


