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stated to be at 10 Hz but it tends to vary depending on the part of the body from which
it is recorded. Although there is no conclusive evidence to support a relationship
between the genesis of 8- to 12-Hz tremor and visual feedback, investigations by
Isokawa-Akesson and Komisaruk [8] support a correlation between the amplitude and
frequency of 8- to 12-Hz tremor and visual feedback.

The methods developed in this paper were used to investigate a correlation
between 8- to 12-Hz tremor and audio feedback. This correlation was hypothesized by
Harwell and Ferguson [17], who report that with audio feedback of tremor magnitude
microsurgical trainees were able to determine which factors aggravate their tremor
and make adjustments to minimize it. In effect, the system developed here provides
substantial data in the exploration of ways to reduce surgical tremor.

2. System Design and Implementation

2.1 Prior Tremor Sensing Techniques

Prior tremor sensing techniques include Hall Effect sensors. The Microsurgery
Advanced Design Laboratory Stability, Activation, and Maneuverability tester
(MADSAM) is one such system. The MADSAM uses a magnetic field sensor, an
analog signal capture board, and customized software routines to correlate magnetic
field strength with physical location. The MADSAM can record the position of a
small ceramic magnet affixed to a microsurgical instrument, at an accuracy of 1
micron [16]. Norman et al [15] discussed the measurement of tremor using laser-
based transducers. The measurement principle of a laser transducer is based upon the
Doppler effect. Monochromatic laser light, scattered back from a vibrating target,
undergoes a frequency shift proportional to the velocity of the target. The frequency
of the back-scattered beam is frequency modulated at the so-called Doppler
frequency, which is directly proportional to the velocity of the target. Accelerators
have also been used in tremor-sensing systems. They are highly favored because
acceleration is widely considered as a more relevant variable for tremor than is
velocity or displacement [15]. Gomez-Blanco et al [14] developed a method for
sensing hand tremor in a vitreoretinal microsurgical instrument by attaching three
accelerometers to the instrument. Hall Effect sensors and laser-based transducers are
not practical for intraoperative use because of their size and mode of operation, and
accelerometers intrude on the surgeon by adding some weight to his tool. Our system
fills the void created by these different tremor-sensing modalities by offering a
completely non-intrusive and easily implemented design.

2.2 Design Criteria

The system is designed to be non-intrusive, to offer the requisite frequency response
and artifact rejection, and to be cost-effective. The technique employed does not
interfere with the current setup for performing microsurgery. It causes minimal
obtrusion to the surgical field. This allows for a test-bed setup that is not cumbersome
and that does not introduce undesirable interference to the experiment. The system, as
described below, involves only a simply connection to the video output port of the
surgical microscope.
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Sampling frequency restrictions are also be satisfied. The characteristic frequency
of physiologic tremor, on the order of 8-12 Hz, dictates that the sampling frequency
of any transducer system must be, at the bare minimum, 24 Hz to comply with the
Nyquist sampling theorem and avoid aliasing problems. For our experiment we used a
sampling frequency of 250 Hz, which is well above the Nyquist limit.

2.3 Stereomicroscope, DAQ System

Figure 1 shows a schematic of the full system. The shiny tool tip reflects light from
the microscope light source. Against a non-reflective background the tool tip is easily
identified and differentiated from any other movement within the field of view. This
ensures that the chip detects only the tool-tip�s motion. Furthermore, during
experiments, the tool tip is the only moving object in focus underneath the
microscope. The motion of the tool tip is magnified through the microscope and
translated onto the surface of the motion detection chip.

The chip has four output lines from the fovea (See Section 2.3). These lines
correspond to the Left, Right, Up and Down directions in the plane of the chip. Each
line outputs a 5V pulse-train whenever the chip detects an object moving in its
direction. In LabVIEW (a visual programming language from National Instruments,
Austin, TX), the number of pulses from each output line is averaged over a specific
time period. This average (or the density of the pulse-train) is proportional to the
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Figure 1: Schematic of the tremor analysis system. The magnified motion of the surgical tool
is detected by the motion detection chip. The speed and direction of motion is reported to the
data acquisition system. A view of the surgical tool from the chip�s perspective is also shown.



−−−−−+=



380           D. Tomlin et al.

The photo-transduction stage
contains the phototransistors
and range compression
circuits, and the edge
detection stage computes the
edge of the target. A number
of issues were considered to
ensure that the chip could
satisfy the requirements for a
tremor transducer. The
photoreceptors (photo-
transistors) and the edge
detection circuitry must be
able to correctly determine
the edge of the target, and the
fovea must be able to report
the correct information about

the motion of the target. The chip must also possess adequate speed sensitivity. Each
of these criterions was tested independently. See [12] for chip performance test
results. The chip is operational for ambient intensities ranging over 6 orders of
magnitude, targets contrast as low as 10%, and foveal speed ranging from 1.5 to 10K
pixels/s.

3. Results and Discussion

Results are presented for the system in operation for two separate experiments: tremor
acceleration magnitude versus speed of movement, and tremor acceleration
magnitude with and without audio feedback. Figure 4 shows the conversion from

          Fovea Periphery

Tracking Chip

Figure 3: Motion detection chip. The fovea is towards
the center of the chip, and the periphery immediately
surrounds the fovea.

Figure 4. Top graph shows velocity in the X-direction (average Right pulses
subtract minus average Left pulses) and bottom graph shows the acceleration in the
X-direction (derivative of velocity).
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Figure 5. Top graph shows the magnitude of the acceleration vector (vector
addition of X and Y components). Bottom graph shows a moving average over 50
samples.

velocity, as determined from the transducer, to acceleration (determined by a
Gaussian derivative of the velocity) The top graph in shows the velocity of the tool tip
in the X-direction and the bottom graph shows the acceleration in the X-direction.
The top graph of Figure 5 shows the magnitude of the acceleration vector and the
bottom graph shows a moving average over 50 samples.  The magnitude of the
acceleration vector is proportional to the amount of tremor present.

Figure 6 shows results obtained from the system when measuring tremor against a
variation in the speed of movement. In this experiment the subject is asked to move a
microsurgical tool back and forth in the microscope�s field of view at varying
frequencies of motion. The speed of oscillation is kept by a metronome. The mean
tremor acceleration is recorded for frequencies ranging from 1 to 5 Hz. Figure 6a

(a)     (b)

Figure 6. Tremor recorded for voluntary oscillation along a line. The subject is asked to
move a microsurgical tool back and forth in the microscope field of view at varying
frequency of motion. The frequency (and thus the speed) is kept by a metronome. The
mean acceleration recorded increases nearly linearly with increase in the frequency of
oscillation.
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shows that at each consecutive increase in frequency, the mean tremor acceleration
increases. There is a nearly linear increase in tremor acceleration with frequency
(Figure 6b).

Figure 7 shows the results of giving audio feedback of the magnitude of tremor to a
subject with no prior surgical training. The results were generated using the Microsoft
Excel Analysis of Variance (ANOVA) statistical analysis tool. The subject was asked
to point the surgical tool at a pinhead under the microscope � holding his hand as
steady as possible � first without audio feedback of tremor magnitude, then with
audio feedback. This was repeated five times. Without audio feedback the average
tremor acceleration recorded was 35.6 and with feedback it was 30.6. This is a
statistically significant decrease in average tremor of 16% (P < .05).

4. Conclusions

The key strengths of the system described here are its unique characteristic as an
easily implemented alternative to conventional tremor transducers, and the minimal
processing needed in its operation.  It is also completely non-intrusive to the surgeon
and does not interfere with the microsurgical field at all. It is therefore, an effective
tremor transducer. Through our preliminary results on non-surgical personnel, we
have seen that the system, through feedback pertaining to the amount of tremor,
allows the individual to ergonomically adjust their posture and reduce their tremor.
More experiments need to be run to determine the outcome of long-term learning with
audio feedback on tremor reduction. The possible benefits of the system, however,
can be seen from this initial work.  Through feedback, the amount of tremor a person
has can be minimized for finer, more precise movements during a procedure. This has
the ability to improve upon surgical outcomes by decreasing tremor related errors and
by decreasing surgery times.

  

 (a) (b)

Figure7. Results for audio feedback analysis. The �boxed� figures show the average tremor
magnitude for 5 experiments. With feedback there is a 16.5 % decrease in tremor magnitude.
(a) the average tremor acceleration is recorded over a 30-second time period for a subject
holding the surgical tool steady at one single point. (b) The experiment is repeated while
giving audio feedback of acceleration.
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