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Decompression illness occurs either as symptoms arising soon after the hyperbaric exposure (decompression sickness (DCS))
or as chronic effects (such as dysbaric osteonecrosis) that do not become apparent until many years later. After hyperbaric
exposures, the return to atmospheric pressure is routinely achieved by gradual decompression following set tables, and in
modern times with breathing of oxygen (eg oxygenated Blackpool Table). The tables are designed to allow for the hyperbaric
exposure pressure and duration, but the health risks are not fully controlled for all exposure conditions. Therefore there is a
need to be able to monitor and improve the effectiveness of decompression procedures under routine operational conditions in
compressed air tunnelling. Doppler monitoring of gas bubbles in the venous blood might fulfil that need.
This potential application of Doppler monitoring was evaluated by assessing the theoretical and practical issues in
using Doppler, analysing the published studies that compare Doppler scores to related incidence of DCS, quantifying
the relationship of Doppler scores to predicted level of gas in venous blood, and assessing the practical issues and
experience of Doppler monitoring in tunnelling work. Doppler scores correlate with risk of DCS, and DCS has been
associated with long term health effects. Data from diving trials and hypobaric exposure trials indicate that the correlation
of Doppler grades with risk of DCS is not the same for all situations, which may be because the monitored bubbles are on
their way out of the body and therefore are unlikely to be the ones causing the DCS.
Only a small part of the available data (relating to Doppler scores) were from compressed air work or compressed air work
simulations. The variability of Doppler results between individuals and between small groups means that Doppler scores
have limitations in routine operational use. However, they are indicative of relative risk. The role of Doppler is likely to be
limited for routine operational use at the current level of knowledge, but we make recommendations on what would be
needed to make Doppler monitoring suitable for routine use in compressed air work in the UK.
This report and the work it describes were funded by the Health and Safety Executive (HSE). Its contents, including any
opinions and/or conclusions expressed, are those of the authors alone and do not necessarily reflect HSE policy.
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SUMMARY
Introduction
Despite progress in reducing the risk of decompression illness in compressed air workers,
there remains a concern about the health risks incurred under current decompression
procedures. These risks include acute decompression sickness (DCS) and longer term health
effects such as dysbaric osteoenecrosis.
The traditional method of assessing the relative safety of hyperbaric working conditions has
been in terms of the incidence of acute decompression sickness. However, there are inherent
disadvantages in relying on reporting of subjiiective symptoms that may appear minor even
though they could be indicative of serious health risk. Furthermore, modern tunnelling with
tunnel boring machines involves much fewer man-shifts of hyperbaric exposure than older
methods of tunnelling. So the future data on decompression sickness (DCS) in modern
tunnelling projects may be too limited to provide a reliable basis for assessing the health risk
of hyperbaric exposure.
Doppler monitoring of gas bubbles in the venous blood is a potential tool for obtaining an
indication of decompression stress in operational compressed air work.
However, the
bubbles detected are in the blood and are on their way out of the body, and therefore they are
probably not the bubbles that cause most health effects. The occurrence and time course of
those bubbles are probably not identical, but may be similar enough for the monitored bubbles
to be a useful surrogate for the bubbles that are believed to be the cause of most DCS and
other health effects.
Therefore, this study was undertaken to assess the potential for using Doppler monitoring to
help regulate decompression stress in operational compressed air work. The study aims to
describe the nature of Doppler measurements, review the evidence on the association between
Doppler scores and health effects, examine the relationship between Doppler scores and
theoretical levels of decompression stress, describe practical experience of using Doppler
monitoring in compressed air tunnelling operations, and assess the implications for future use
under typical operational conditions in the compressed air industry.
One of the key characteristics of Doppler measurements is the variability in the results
between individuals exposed to similar compression/decompression regimes, and the
consequent variability in average data from small groups such as now form a compressed air
team for a given shift. Typically, perhaps half a dozen men are exposed at a given time. The
questions addressed by this study include whether the Doppler scores can be used to asses the
adequacy of a decompression procedure in operational practice or if Doppler scores for the
individual or for the group on the shift could be used to identify those who could or should be
offered prophylactic recompression (i.e. to identify where the risk of DCS should be deemed
unacceptably high following a single routine exposure and decompression).
The available data relate only the acute decompression effects, and not the longer term health
effects, to Doppler scores. Therefore the relationship between Doppler scores and acute DCS,
as indicated by published studies is examined and summarised. Protection against acute DCS
may well help to protect against the recognised long term health effects but there are no data
to test the supposition.
The subject is complex, and this summary is extensive. Conclusions and recommendations
are at the end of the summary.
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Background
UK data on incidence of acute decompression sickness indicates that for decompression from
certain combinations of pressure and duration (e.g. over 2 bar for more than 4 hours), the risks
of acute decompression sickness have been of the order of 1 to 2% for air-only
decompressions during recent years. Decompression with oxygen breathing has been shown
in theory and in laboratory trials to reduce decompression stress and therefore its operational
use since September 2001should have reduced the risk of acute DCS. However, at the time of
writing this report, there is only very limited experience of tunnelling with oxygen
decompression in the UK.
An HSE Workshop on decompression stress (Simpson, 1999) concluded that “Monitoring of
venous gas embolisms (i.e. gas bubbles in the veins) is an appropriate indicator by which to
measure the safety of a decompression procedure. Definition of a ‘safe’ level of bubbling
remains to be defined in relation to health effects.” We review the published data on acute
DCS in relation to Doppler scores in an attempt to define a ‘safe’ level in respect to that
health effect.
An important part of the background is that individual susceptibility is recognised as being a
major factor in relation to acute DCS. Approximately 4% of the compressed air work force
carry the burden of about 50% of the recorded DCS. If high Doppler scores were found to be
indicative of susceptibility, then that could help the Contract Medical Adviser to protect such
individuals, and to reduce (potentially, greatly reduce) the overall morbidity associated with
compressed air work.
Methods
Key papers on the use of Doppler monitoring were selected for review. The review assessed
the factors that may affect the Doppler data and their interpretation, including the variations in
the recording technique, the operator subjectivity in interpretation of recorded signals, the
relationships between Doppler grade and risk of DCS, the sensitivity and specificity of the
Doppler measurement, and the reliability of using Doppler grades to predict risk of DCS in
individuals and in groups.
Largely unpublished data from laboratory trials with Doppler monitoring were used as a basis
for relating Doppler scores to a theoretical index of decompression stress calculated from a
mathematical model of the process of bubble formation during decompression. The model
describes gas being absorbed and desorbed from the organs of the body in accord with
physiology and the physics of absorption of gas into liquid and body tissue, and it produces a
prediction of the gas (as bubbles) in central venous blood which can be compared with the
level of bubbles indicated by Doppler scores.
Finally, recent practical experience in using Doppler monitoring under typical operational
conditions was examined to determine the lessons for future use.
Review of Published information
The principles
The review describes the basic principles of formation of gas bubbles during decompression.
Compression produces increased concentration of dissolved gas in the blood and in tissue.
The duration of time spent at pressure and the time course of decompression determines the
occurrence of supersaturation, and hence formation of bubbles. This process is not directly
observable or measurable, but can be theoretically predicted or modelled. For example,
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Lambertsen et al (1997) used a computed theoretical Bubble Growth Index (BGI) as a single
stress index for each exposure (compression /decompression) profile. Flook uses a
physiologically based model to predict gas as bubbles in the body. These models calculate an
index of the exposure profile, which relates to what is expected to happen in the human body
but they do not describe differences between individuals and therefore do not address
differences between individuals in propensity to bubbling or susceptibility to DCS. Nor do
the models address the differences within individuals from day to day.
Venous gas embolisms (VGE) and decompression sickness (DCS) are both observable effects
of decompression stress. Lambertsen et al (1997) point out that they may well be correlated,
but the detectable venous gas embolisms probably do not cause the DCS, which is more likely
to be the result of gas embolisms elsewhere in the body. Indeed they frame the question as
“whether the degree and time course of monitored VGE can themselves provide a practically
useful basis for predicting incidence and degree of the pathologic processes induced in
tissues other than blood”.
In the conclusions of their report, Lambertsen et al (1997) judged, inter alia, that:
•

Within the data set examined, Doppler grade of VGE was related to a theoretical
index of decompression stress, the Bubble Gas Index (BGI);

•

Quantitative “average correlation” of VGE severity and DCS incidence, as two
different expressions of decompression, could be derived by linking each to the same
theoretical index of decompression stress (such as their BGI).

Since Lambertsen et al (1997) also concluded, “on conceptual grounds”, that “quantitative
correlations of increasing decompression stress,” (expressed by a theoretical index)
“incidence of severe VGE, and incidence of identified decompression sickness were
inevitable and should be derivable”, they surmised that the question is perhaps not whether
each effect is correlated to the theoretical index, but whether the relationships (VGE to
theoretical index, DCS to index) will be sufficiently coincident for monitoring of VGE to be
practically useful for controlling hyperbaric exposure.
Theoretical considerations of the recording technique
The Doppler method relies on transmitting high frequency sound (ultra sound) waves from a
piezoelectric crystal (the transducer) into the body and receiving the echoes. Where the sound
wave encounters boundaries between materials that have different acoustic impedance
(defined as the product of density and sound velocity), then some of the energy is reflected
back. From theory, 99.9% of the incident energy will be reflected or scattered by an air
bubble.
The Doppler effect is the shift in frequency that occurs when sound is emitted or reflected
from a moving object. Therefore the Doppler technique detects moving bubbles in the blood
stream, not the stationary bubbles. The frequency shift is dependent on both blood speed and
the angle between incident beam and blood flow, so the reflected signal shows a wide range
of shift.
The choice of frequency affects the suitability of the probe and the sensitivity. Technical
advances may influence comparability of modern and early results.
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The monitoring with the Doppler ultrasonic bubble detector has several key factors which all
affect the reliability and/or relevance of the data (Nishi et al, 2003):
•
•
•
•
•
•

the Doppler probe must be correctly positioned;
readings from a probe at the precordial region monitor the venous return from the
whole body and are therefore generally preferred;
readings at the subclavian veins (left and right shoulders) are considered useful, but
should be additional (not alternative) to the precordial readings;
readings must be taken at sufficiently short time intervals and over sufficient time;
the subject’s position (standing not supine) affects the reading;
the subject’s movement is recognised as changing the readings: monitoring may be at
rest or during a specified movement (e.g. deep knee bends). Movement is liable to
produce a shower of bubbles, some of which may have been released from adhesion
to blood vessel walls and if so the signal would not relate solely or directly to the
formation of bubbles in the body at the time of recording.

The degree of bubbling detected by Doppler monitoring is assigned a severity score by the
operator. The main scoring systems are the Kisman Masurel (KM), and the earlier Spencer
method, both of which are described by Nishi et al (2003). Under both systems, Grade 0
represents an absence of detectable bubbles and Grades I to IV represent increasing amounts
of bubbles. The KM system was developed in an attempt to make the process more
systematic and it involves assigning three codes which classify three characteristics of the
bubble signal. Then a conversion table is used to convert any combination of the three codes
to one of the four KM Bubble Grades. Sometimes, the grades are reported as sub-grades
such as II-, II, and II+. However, most of the reports deal with results in terms of the five
main grades 0 to IV.
Summarising readings
The Doppler data (for each decompression) are obtained from a series of readings at intervals.
The maximum reading is often used as the reported Bubble Grade, but the duration of the
bubbling may also be important. Indices which combine readings taken over a period of time
would have the possible advantage of summarising the integrated dose of venous gas
embolisms. However, the Doppler grades, while being ordinal indices, are not on an
arithmetical scale of severity. The choice of weighting given to Grades I to IV, as in the
Kisman Integrated Severity Score, is essentially an arbitrary judgement.
Most of the published information is expressed in terms of maximum recorded scores. With
measurements being made at intervals, there is also a question over whether the maximum
recorded value was taken when the venous gas embolisms were at their peak.
Quality control of reading and interpretation
The readings produced by a technician from the audible Doppler signal are very dependent on
his skill and judgement. Training and quality control are needed to ensure consistency in
recording and interpretation of the sounds.
Doppler and DCS incidence
Results from several published studies are summarised. There are some important differences
in how the recordings were made in those studies. For example, in one laboratory simulation
of high altitude decompression, the subjects were undertaking exercise to simulate activity
during decompression by astronauts. Exercise was considered likely to affect the risk of
DCS, and the study reported relatively high rates of DCS (for given Doppler grades)
compared to some of the others. A 1977 study also reported some relatively high rates for
given grade, but there was less information on the details of how the Doppler recordings were
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made. Diving trial data showed risk of DCS increasing with Doppler grade. Doppler Grade
III, for air breathing during decompression may correspond to a risk of DCS of about 10 to
20%.
Based on a limited amount of data from diving trials, oxygen breathing appears to
substantially reduce (perhaps by about tenfold) the risk of DCS for a given Doppler grade. At
present, there are not the equivalent data available from oxygen decompression in operational
compressed air work to assess if that reduction holds for operational compressed air work.
Variation within repeat exposures for individuals
Within diving trial data, there are a very small number of repeat exposure data. One set gave
some support to the idea that an individual who tends regularly to have high Doppler scores
may be a greater risk of DCS. However, there are not enough data to do more than suggest
that such a relationship might exist.
Data from monitoring bubbles, by an ultrasonic scanning technique which produces images
from which bubble levels can be scored, at two tunnelling projects in the UK gave examples
of repeat measurements of individuals over three shifts. These ultrasonic scanner grades are
not directly comparable with grades measured by the Doppler monitoring technique (e.g. they
are on a grade scale from 0 to V, compared to 0 to IV for Doppler). Nevertheless the
ultrasonic scanner results are informative about differences in level of bubbles within and
between individuals. There were substantial differences between individuals which appeared
larger than the variation from shift to shift for most individuals.
These two tunnelling sites were operating at pressures and exposure durations that had
historically (from a database of all compressed air work over past decades) been associated
with risks of approximately 0.2% of DCS. The theoretically predicted levels of gas in blood
were very similar for the two sites. However, 44% of the ultrasonic scanner scores were at
Grade III for one site, and 20% at Grade III for the second site.
Analysis of unpublished data using a model to predict volume of venous gas embolisms
for comparison with Doppler grades.
Appendix 2 describes a model which was used to produce predictions of the time course of
the volume of gas bubbles in central venous blood. Model predictions illustrated the time
course expected for gas in blood, and indicated how the timing of readings might affect the
readings obtained. Model predictions can help to identify the period that needs to be spanned
by Doppler readings.
The model was used to calculate the theoretical volume of gas in central venous blood for the
hypothetical average man, under defined profiles of compression and decompression, taking
account of the mixture of gases breathed.
Predictions were produced to correspond to a range of exposures where Doppler
measurements had been made previously. These exposure and measurement data were from
laboratory trials, mainly diving trials [data supplied from Defence Research and Development
Canada (DRDC)], but including some data from laboratory simulations of compressed air
work (Flook, 2001) and a small amount of data from operational compressed air work.
The data showed a positive association between predicted gas in central venous blood and
percentage of higher Doppler grade scores, but with substantial variation between small
exposure groups. A statistical analysis obtained a best estimate of the expected percentage of
Doppler scores at or above a given grade for given predicted gas in central venous blood. For
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example, at 4 µl/ml of gas predicted in central venous blood, the expected percentage of
scores at or above Doppler Grade III is 20%.
The data set included 752 exposures with recorded Doppler grades, plus 3 exposures where
DCS occurred before a Doppler score was recorded. There were 20 cases of DCS in the data
set. All the DCS cases occurred in groups with at least one individual with a Grade III score.
Across the data set as a whole, the % incidence of DCS increased with recorded maximum
Doppler grade, from 0.5% DCS at Grade 0, 1.3% for Grade I, 2.0% for Grade II, 6.6% for
Grade III, and 10% for Grade IV.
When the exposures were divided into 5 subsets each of about 150 man-exposures, with
predicted gas in blood rising from subset 1 to subset 5, the results showed a slightly variable
rate of DCS for each subset but no systematic increase in DCS incidence with predicted gas.
The dependence of DCS incidence on Doppler scores therefore appeared to be more than just
a reflection of increasing theoretical stress. Perhaps the Doppler scores reflected individual
susceptibility and/or ancillary factors that affect the risk. This suggests that Doppler scores
do provide information that is additional to that from the theoretical prediction of gas in blood
based on the exposure (time, pressure and gas) profile only. The Doppler scores may be
indicative of the risk for that particular group of individuals.
When incidence of DCS was plotted against the percentage of Doppler Grades III or above in
each exposure group, the data showed considerable scatter as would be expected for small
groups. At a percentage (within the group) of individuals with Doppler Grade III or above
over 20%, there appears to be an elevated risk of DCS for the exposure group. However, the
variation between small groups is substantial.
Data from a well controlled laboratory trial demonstrated the range of differences that can be
obtained from groups of about 5 individuals with the same exposure. Subdividing an actual
exposure of ten individuals into two subgroups of five individuals illustrated how two real
subgroups of five individuals with exactly the same exposures could result in five individuals
with 3 Grade 0 scores out of 15 (over 3 days of exposure), or five individuals with 14 Grade 0
scores out of 15 (over 3 days of exposure). The subset of individuals could radically affect
how the acceptability of the decompression procedure might be regarded. The variability
between small groups of individuals is likely to be relevant to modern compressed air
tunnelling where small groups are the normal practice. The data from this trial also suggested
that diving trial data may overestimate risk of DCS for given Doppler grade recorded in
compressed air work.
Operational experience of Doppler monitoring
The chapter on operational considerations describes the principles and practice of health
protection by a Contract Medical Adviser in a tunnelling project. It also describes the
practical experience of application of Doppler monitoring on the Channel Tunnel Rail Link
(CTRL).
Doppler monitoring on one tunnel of the CTRL produced results for nine miners. Their
maximum recorded precordial Doppler grades were: 0 for 1 miner, I for 1 miner, II for 6
miners and III for 1 miner. Initial interpretation of the Doppler scores (based on the risks of
given Doppler grade in diving trials) suggested a risk of DCS of about 5%. However, the
historical compressed air work data on DCS rates for that level of exposure and duration (1.1
bar gauge pressure for 6 hours) indicated that DCS rates of about 0.2% were the general
experience.
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This practical experience illustrates the difficulties in interpreting Doppler grades in terms of
health risk for small groups of individuals. However, the practical process of Doppler
monitoring appeared to work satisfactorily, although the demand on the time of key personnel
may be a significant cost burden when the completion of time-critical maintenance work
depends on the availability of those staff.
Discussion
Role of Doppler and previous recommendations
The discussion follows up some of the key recommendations from the HSE workshop on
decompression safety. In particular, the workshop had recommended “establishment of
baselines for the safety of decompression, in terms of the incidence of VGE, based upon an
analysis of VGE data and current understanding that Doppler scores greater than II indicate
higher risk.” Data from operational compressed air work would be needed to set such a
baseline, although the reviewed data suggest that as a starting point about 20% incidence of
Grade III should be seen as a cause for concern. However, any real data has to be assessed in
the light of the remarks above about variability between individuals and between small groups
of individuals.
Several publications have concluded that Doppler scores are not adequately predictive of
individual risk of DCS following routine exposure / decompression to be used either as a
diagnostic tool or a predictive tool in practice (e.g. discussion in Colvin, 2003). However, the
results reviewed in Chapter 4 showed that an individual with Doppler Grade III has a clearly
elevated risk of DCS, but the estimate of that risk is based on very limited data for
decompression using oxygen decompression tables. Grade IV may indicate a risk of DCS
that could be 50% for air-only decompression (see Table 4.5), and would be lower using
oxygen decompression but still possibly substantial.
Variation in Doppler scores
Variation between individuals (in Doppler scores for a given pressure/time exposure) has
been noted before, and it is a feature that complicates the interpretation of Doppler scores to
assess the relative safety of a decompression table. For example, Lambertsen et al ((1999)
had concluded (point 7 of their conclusions) that “large variation of individual VGE (i.e.
Doppler scores) and group VGE, as well as DCS, exists even at fixed level of decompression
stress. The variations are real and are unlikely to be reduced by expansion of the highest
quality laboratory data. It is considered that the variability does not result from the minute
differences in imposed stress but is a consequence of the human physiological complexity.”
One implication is that any guidelines for using Doppler scores to assess the operational
adequacy of a decompression procedure must take account of the potentially large variation
between small groups. Another implication is that measured differences in Doppler scores
between individuals may be informative about those individuals. The Doppler score may
indicate the adequacy of a decompression procedure for the particular group of individuals
under the various extraneous circumstances (heat, fatigue, dehydration, general health, level
of work activity etc) attached to the particular exposure. Thus the Doppler score may reflect
factors (individual susceptibility and local circumstances) which are not covered by the
theoretical model.
Doppler scores compared to theoretical indices of decompression stress
The results described in Chapter 5 have shown a statistically significant relationship between
predicted gas in central venous blood and increased probability of higher Doppler grades, but
with considerable scatter in the results for small groups. The same data set showed a clear
association between higher Doppler grades and increased risk of DCS. The association
between Doppler grades and risk of DCS was more than merely a reflection of a relationship
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between predicted gas and risk of DCS because, within this data set, the predicted gas did not
explain the increasing risk of DCS.
Another theoretical index of decompression stress
Lambertsen et al (1997) examined the relationship between the level of stress (as estimated
theoretically by their Bubble Gas Index (BGI) for the dive profile) and two effects of that
stress, incidence of DCS and incidence of higher Doppler grades (i.e. Grades III and IV).
From their results (Table 12.1 of Lambertsen et al (1999)), the graph on page 91shows the
percentage of subjects with Doppler Grades III or IV (precordial, at rest) and percentage of
subjects with DCS, for two types of decompression: “in water air including no stop
decompressions” and “Sur D O2 (in water air and in water O2)”. From that graph, it is
apparent that:
o

the percentage of subjects with Doppler Grades III or IV increased with the
decompression stress severity index (the BGI);

o

the percentage of subjects with DCS also increased with the BGI, but not as rapidly
as the percentage of subjects with higher Doppler scores;

o

the type of decompression (air in water or “Sur D” surface decompression) affected
the relationship of each effect with the predictive index of stress (the BGI).

A possible criterion for using Doppler scores
From the limited available data from compressed air work (e.g. Chapter 6), it appears that
procedures that are widely accepted as being safe can produce about 60% of Doppler results
at Grade II, and 10% at or above Grade III. Therefore, a criterion set (as suggested in Section
5.5.4) at 20% of individuals with Doppler scores at or above III might be a useful starting
point for using Doppler scores to predict unacceptably high risks of DCS for decompression
(with oxygen breathing) from compressed air work.
The suggestion is consistent with the very limited data from operational compressed air work,
and also with the data from the trials reported in Chapter 5. However, the proposed
development of a more extensive data base would enable the level of the threshold to be
revised appropriately and would also help to define how much data would be needed to
demonstrate an excessive frequency of high Doppler scores (i.e. allowing for the variation
within small groups).
Prophylactic recompression of individuals
If Doppler monitoring is undertaken (whether as a routine procedure or as part of the initial
assessment of a decompression table in practical application), then there may be instances
where an individual will have a Doppler score that is Grade III or even Grade IV. That could
be taken as an indication that the decompression table has been inadequate for that individual
on that day. There would then be a question as to whether the individual should be given a
preventative hyperbaric recompression in the absence of DCS symptoms or clinical signs.
It is suggested that a Grade III score for an individual should be taken as an indication for
special consideration, with the hypothetical possibility of running a preventative
recompression or prophylactic recompression. (It would not be a treatment as the subject is
not showing any clinical symptoms or signs to treat.). Grade IV should always be taken as an
indication that preventative recompression may be appropriate, although the decision in each
instance should ultimately rest with the Contract Medical Adviser.
The practical
considerations are discussed.
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Individual susceptibility
A few individuals have a large proportion of the reported incidents of DCS in compressed air
work e.g. recent and historical data suggest that 4% of the work force have 50% of the DCS
incidents (Colvin, 2003; Golding et al 1960).
Attempts to identify susceptible individuals in the process of health screening have excluded
most of the general physiological and health criteria for detecting susceptible individuals
(Colvin, 2003). In recent years evidence has accumulated indicating a link between Patent
Foramen Ovale (PFO) and some types of DCS.
Differences in susceptibility between individuals may be one of the causes of differences in
DCS rates between data sets. For example, the diving trials may have been conducted with
professional divers who are a survivor population of those who have not been excessively
susceptible, whereas the hypobaric simulations of high altitude exposure of Conkin et al
(1998) used volunteers who did not have apparent prior experience of hypobaric exposure and
there would have been no removal of susceptible individuals by self selection. That might
contribute to higher DCS rates being reported from the hypobaric trials than from the diving
trials. Modern compressed air data may contain both “survivors” and new recruits.
If individual susceptibility to DCS is also linked to individual propensity to produce high
Doppler scores, then a sequential record of each individual’s Doppler scores might be a guide
to susceptibility. This hypothesis, if confirmed, could lead to significant benefits in protecting
the health of the (at present unidentifiably) susceptible individuals. Further research is needed
to establish whether such a relationship does exist.
Use of Doppler for assessing decompression procedures
Lambertsen et al (1999), in discussing the application of their VGE-DCS-BGI relationship,
wrote that “Since VGE and DCS are different expressions of the complex results of
decompression stress, their highly variable relations in laboratory dive trials and operational
diving should not be the basis for predicting acceptably low risk in entire tables.” They also
considered that acquiring further data from “monitoring of unknown profiles” would have no
cumulative value, and therefore dismissed acquiring data from routine monitoring of
operational diving because most operational diving produces low decompression stress, and
because relationships had relied on data from precisely monitored trials. However, for
modern operational compressed air work, the decompression process can and should be well
defined (giving well characterised profiles). Some of the operational profiles in compressed
air work are not “low predicted decompression stress”, nor are they low risk in terms of
historical and modern data for DCS rates. Therefore, we suggest that data from Doppler
monitoring of operational compressed air work could be of research value.
If Doppler monitoring is to be of value for routinely monitoring and controlling
decompression stress, then there needs to be a sound basis for interpreting the Doppler scores
in terms of health risk. To aid the interpretation of Doppler scores recorded for modern
tunnelling, we suggest that there is a need to build up a data base of Doppler scores from
operational compressed air work. These data, once collected, would define the scores which
are associated with hyperbaric exposures and decompressions which have been shown to have
very low DCS. They may also help to define the correlation between Doppler Scores and
DCS in the compressed air work operational situation.
Conclusions
1. An association between grade of Doppler score and risk of DCS is evident from
several data sets, but the actual level of risk is dependent on the data set used, for
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good and valid reasons. The available evidence indicates that the breathing of oxygen
during decompression leads to substantially lower risk of DCS for given Doppler
grade than for air-only decompression.
2. Most of the data demonstrating an association between Doppler scores and risk of
DCS originate from diving trials. There are only limited data from laboratory trials
simulating compressed air work, and a very small amount of Doppler monitoring data
from operational compressed air work. The practical experience indicates that it can
be difficult to interpret Doppler scores in relation to risk of DCS in compressed air
work, because of variability between individuals and small groups of workers.
Therefore, a necessary precursor to applying Doppler monitoring as a routine
monitoring tool would be to have adequate comparative data from operational
conditions that are accepted as being low risk. However, at present, that is a research
need rather than an operational requirement.
3. Since there are some operational profiles for compressed air work where DCS and
dysbaric osteonecrosis are believed to be non-trivial risks, it is still appropriate to
consider how Doppler monitoring might be used to check on the adequacy of
decompression procedures in such circumstances.
4. Based on the very limited data available from operational compressed air tunnelling,
and the data linking risks of DCS to grades of Doppler scores in controlled diving
trials, an incidence of 20% or more of individuals with maximum Doppler Scores at
Grade III or above should trigger careful review of the adequacy of the
decompression procedures (e.g. to identify contributory factors or to modify the
procedure appropriately). However, this is based on small amounts of data, and
substantial variation in Doppler scores occurs between individuals and between small
groups, even for identical decompression stress.
5. As stated by others, including Lambertsen et al (1999), the venous gas embolisms
that produce Doppler scores are not causally related to DCS and therefore Doppler
grades are neither a consequence nor a direct precursor of DCS. However, the risk of
DCS associated with Grade IV Doppler score has been of the order of 50% in some of
the data analysed for air-only decompression. Although the risk associated with
Grade IV under oxygen decompression should be less than that from air-only
decompression, there is still a case for the Contract Medical Officer to consider
providing prophylactic recompression (i.e. recompression in the absence of any
clinical symptoms) for those with Doppler Grade IV.
6. Collecting Doppler monitoring data involves the cost of the monitoring but also
importantly requires non trivial amounts of time from the staff being monitored, and
thus affects the availability of the compressed air team when maintenance or repair
work on the tunnel boring machine (TBM) is needed. Downtime for the TBM is
expensive for the tunnelling contractor. Collecting Doppler data for research
purposes, from operational compressed air working, will be a significant cost and this
report has not attempted to resolve the issue of how such work should be funded.
7. It is recognised that a small proportion (about 4%) of the compressed air workforce
carry a high proportion (about 50%) of the incidence of DCS. These might be
individuals who also have a propensity to high Doppler scores, although that is not
proven nor is it an inevitable consequence of the association between higher Doppler
grades and DCS incidence. This hypothesis could be tested if regular Doppler
monitoring were undertaken. If confirmed, it might enable individuals at risk of DCS
to be protected.
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8. Given the present uncertainty over the clinical interpretation of Doppler scores,
careful consideration has to be given as to whether and how individuals should be
informed of their results. It has been recognised that release of other medical
screening data can generate unnecessary or inappropriate anxiety, and even
morbidity, and the same has been found to be true of Doppler scores (especially
“high” scores).
9. Doppler monitoring has a valuable role in comparing the efficacy of different
procedures in well controlled laboratory trials. It may perhaps offer a similar function
in testing the benefit of changes in decompression tables or reductions in exposure
time or pressure in operational conditions. However, the high levels of variability
within and between individuals may make it more difficult to obtain unambiguous
results when extraneous factors may be less controlled than in laboratory trials.
10. Lambertsen et al (1999) concluded that “With the existence of high quality data
bases, for both VGE (Doppler scores) and DCS, and their correlation via a validated
stress index, it should be more practical to use the profile specific BGI stress index
(or other validated theoretical index of profile-specific stress, such as predicted gas in
blood) for examining operational tables profiles and operational time depth records
than it would be to use Doppler monitoring.” However, in the data analysed for this
study, Doppler monitoring provided information additional to that from theoretical
predictions of decompression stress. Doppler monitoring may reflect individual or
environmental ancillary decompression stress factors not covered by the theoretical
modelling. The Doppler monitoring results may therefore better reflect the adequacy
of the decompression procedure for the particular individuals in the specific
circumstances.
Recommendations
On routine use of Doppler monitoring
Doppler monitoring is not a minor undertaking because it requires a substantial amount of
time from the individual while being monitored after decompression. That is a practical issue
which is likely to affect acceptability of routine monitoring, unless the monitoring has clear
and proven benefits (e.g. to the individuals, in terms of prophylactic recompression when
appropriate, and to the compressed air contractor in terms of reduced morbidity or more
efficient procedures).
Doppler monitoring could usefully be undertaken at the start of a tunnelling contract and at
the stages when the working conditions change (e.g. as the tunnel goes deeper and higher
pressures become necessary). We recommend that this be adopted, to provide more data
where it is currently lacking.
If an individual were Doppler Grade IV, then the risks of DCS (or possibly other health
effects) might be large enough to justify prophylactic decompression. However, the evidence
on the relative frequency of Grade IV in operational compressed air work is not available to
justify a recommendation that monitoring become the normal practice.
On clinical guidance and protocol
If Doppler monitoring is to be undertaken, then it must be undertaken under a protocol agreed
with management and with the workforce, and the informed consent of subjects must be
obtained. For informed consent, the purposes of the monitoring need to be defined, and the
possible consequences of any Doppler results need to be specified.
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The technical procedures obviously need to be designed to meet the agreed purposes of the
monitoring. For example, if the Doppler monitoring results are to be used as a basis for
detecting individuals who might benefit from prophylactic decompression then sufficiently
reliable Doppler results need to be produced without delay.
On protection of individuals
If Doppler monitoring is undertaken, whether as a regular routine or in special cases, there
will be the possibility of using the Doppler scores to provide prophylactic recompression. We
recommend that decision should be taken by the Contract Medical Officer, in consideration of
all the available medical evidence. We recommend that Doppler Grade IV scores be
interpreted as an indication for considering prophylactic recompression.
On theoretical indices of decompression stress and Doppler scores
Theoretical indices of stress (such as the BGI or the predicted gas in central venous blood)
indicate the decompression stress of a given hyperbaric exposure and decompression. The
theoretical indices do not address differences between individuals. Nor do the indices address
the variation within individuals from day to day if given the same exposure / decompression.
The Doppler scores may reflect the propensity of the specific group of individuals to bubble
under a given theoretical decompression stress. If the propensity to bubble is aligned with
susceptibility to DCS (and perhaps other health effects), then the Doppler scores are
indicative of the adequacy of the procedures to protect those particular individuals.
We suggest that the dependence of Doppler scores on the physiological characteristics of the
individuals may actually be an advantage when trying to protect a particular set of individuals
(e.g. the relatively small set of individuals in a modern compressed air working team).
On using Doppler scores to assess a working procedure
On the current data, it would not be appropriate to set rigid guidelines on what group Doppler
scores could be considered acceptable in compressed air workers.
If the percentage of individuals with Doppler grades at Grade III or above exceeds 20%, then
the current data indicates a concern in terms of risk of DCS. If the Doppler scores for a
particular group show 20% or more of the individuals at Grade III or above, then we
recommend that it be taken as an indication that the decompression is probably not adequate
protection for that particular group of individuals under the particular circumstances, where
the circumstances includes all factors that affect either their exposure (pressure, duration, gas,
temperature) or their susceptibility (fatigue, dehydration, general health).
More reliable guidelines could be established with more data. If Doppler monitoring is
undertaken in compressed air work, then it would be useful to set up a national database to
collate the records. However, we have not considered what costs would be involved nor how
they would be met.
On individual susceptibility to DCS
We recommend that research should be undertaken to assess whether individuals with
propensity to high Doppler Grades do exist, and if so, whether that propensity is linked to
some underlying medical conditions (e.g. PFO) in some or all of those individuals, and to
determine whether there is an association with those individuals who have higher incidence of
DCS.
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On long term health effects
We suggest that Doppler monitoring be regarded as a tool that might help to reduce
decompression stress and thereby reduce long term health risks, but the proof of an
association will be difficult and slow to obtain in the compressed air work force as long term
health effects cannot be detected until years later and compressed air work is not a regular
career for most tunnellers at present within the UK.
On procedures needed to obtain reliable and comparable Doppler data
Any implementation of Doppler monitoring needs to follow the good practice described in the
review. Controlled and standardised techniques of measurement, with adequate external
quality control, are essential if the monitoring is to produce adequately consistent and
comparable data to be useful for establishing standards across the industry.
On data records, maximum scores and integrated scores
The Doppler scores in the published literature are mainly in terms of maximum Doppler grade
from precordial monitoring. Doppler scores are generally recorded at intervals (e.g. signals
recorded at approximately 20 minute intervals, and with 3 readings taken over an hour).
Other summary indices could be constructed to use all the data, e.g. the three readings and the
time intervals between readings. The maximum score may have been widely used, but an
integrated score might have added value. We recommend that the data records include
enough information to allow derivation of other summary indices such as an integrated score.
On practical issues
Any implementation of Doppler monitoring in compressed air tunnelling would need to take
account of the practical issues described in the report.
The costs involved in Doppler monitoring are not trivial and would be a practical
consideration. However, the purpose of this study has been to assess the technical merits and
requirements, not the cost issues.
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1 INTRODUCTION
1.1

DECOMPRESSION

The UK Health and Safety Executive and the UK tunnelling industry have worked hard
during the last decade to reduce the risk of decompression illness (DCI) in compressed air
workers, but concerns about morbidity have persisted. In the UK, decompression schedules
are guided by the Blackpool Tables and on at least one recent occasion (Colvin, 2002)
modified German Oxygen Tables devised by a hyperbaric consultant (TRHA) and approved
by the Contract Medical Adviser at Swanscombe and are now referred to as the
‘Swanscombe Tables’. The introduction of oxygen breathing during the final stages of
decompression is believed to be a major step forward. In September 2001, the use of
oxygen became mandatory in the UK for decompression for compressed air work above
0.95 bar gauge pressure. The Blackpool Tables were modified to incorporate oxygen
breathing in the final stages of decompression (i.e. from the 0.6 bar gauge stop) and,
following extensive trials, this procedure became approved by the HSE for use in
compressed air work.
In the past, the effectiveness of both the oxygenated Blackpool Table and the German
Oxygen Tables would be monitored over the duration of a contract by the incidence of
decompression sickness. Effective monitoring is essential to enable the Contract Medical
Adviser and the Regulators to fulfil their shared responsibility to advise contractors on the
best and most up-to-date decompression techniques. However, the traditional criterion for
assessing decompression table performance (i.e. incidence of DCI) depends on many
thousands of exposures in large groups of men for adequate statistical precision to be
achieved. This is not likely to be possible in modern tunnelling. Modern tunnelling often
uses a tunnel-boring-machine (TBM) and compressed air work now typically involves only
small numbers of technically skilled men undergoing a few exposures during intensive
maintenance periods or routine inspections (as described in Chapter 2). With modern
working conditions and oxygen decompression, a relatively low rate of DCI is anticipated.
Consequently, data on DCI incidence are unlikely to be statistically robust (as discussed
further in Section 1.4.3 and in Chapter 2).
Therefore, ways (other than DCI rate) are needed to more sensitively assess the performance
of different decompression schedules or tables under field conditions, if health and safety
performance in compressed air work is to develop and improve in future. Such a method
must be effective in the context of the greatly reduced numbers of exposures to compressed
air now being undertaken compared with past UK practice. That is, the method must
produce statistically robust data on fewer men being monitored, often under conditions of
relatively low decompression stress.
The availability of new more sensitive measurements will not exclude the role of
retrospective analysis of exposure data and DCI rates. That will remain important but, on its
own, it is unlikely to suffice to improve conditions in modern tunnelling operations.
Decompression sickness (DCS) is a symptomatic indication of bubbles in the tissues caused
by decompression stress, and it is a clinically recognisable condition. In this report we use
the term decompression stress to mean the conditions (of excess gas pressure) that may lead
to the formation of bubbles in tissues and blood and to the occurrence of decompression
sickness or other adverse health effects in some individuals. We explain this further in
Section 4.1.
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Decompression stress arises when changes in physical conditions (mainly pressure, but
peripheral body temperature might contribute) produce supersaturation of the dissolved gas
in bodily fluids or tissues. The degree of supersaturation in the human body is not directly
measurable, but can be theoretically predicted or modelled. Compression produces the
increases in concentration of dissolved gas. The duration of time spent at pressure and the
time course of decompression determines the occurrence of supersaturation. Lambertsen et
al (1997) used a computed theoretical Bubble Growth Index (BGI) as a single stress index
for each exposure (compression /decompression) profile.
1.2

ACUTE AND LONG TERM ILLNESS FOLLOWING DECOMPRESSION

The term “decompression illness (DCI)” has historically been used to cover any illness or
injury arising from decompression; “decompression sickness (DCS)” has been used to refer
specifically to illnesses that arise from separation of gas from solution in the blood (Colvin,
2003). We use these terms in that sense, from here on. However, in some publications,
episodes of DCS are called “decompression illness” or “acute decompression illness”, so
while the use of DCS is consistent within this report, there are different current usages of the
terms. DCS is also commonly referred to as “bends” (see Kindwall (1993) for a description
of various terms used to describe DCS).
The medical diagnosis of DCS is based upon a number of clinical signs and symptoms, but
there is no laboratory test or clinical test to confirm the diagnosis. This is not uncommon in
medical diagnosis, as it also applies to many other conditions or illnesses. However, one
man may report signs where another fails to do so, and that would contribute to variability
in any relationship between reported DCS incidence and Doppler scores.
Decompression following pressure exposure may have both acute and long term health
effects. The acute symptoms (which present as either DCS or barotrauma affecting the ears
or respiratory system) may be reported during or shortly after the time of decompression.
The long term effects, such as dysbaric osteonecrosis and central nervous system changes,
are not detectable until later, sometimes many years after exposure. Dysbaric osteonecrosis
is known to be associated with a history of acute DCS in both tunnellers and divers, but may
also occur without any history of DCS.
1.3

VENOUS BUBBLES

There has been much debate over the potential for the detection of circulating venous
bubbles as a useful index for the safety of decompression schedules. Both venous bubbles
and decompression sickness (DCS) are consequences of decompression stress.
It has been recognised for some time, both in diving and compressed air work, that there is a
benefit from an objective indicator of decompression stress following commercially utilised
decompression schedules. A more appropriate way to monitor decompression stress could
be to measure the extent of decompression bubble formation. Currently, the Doppler
detection of venous gas emboli may fit this need. However, it is recognised that there are
limitations to the technique, which is complex and can be difficult to administer reliably
under field conditions. Historically, substantial subjectivity has been observed in the
interpretation of the audible Doppler signals and significant inter-observer and intraobserver variation has been reported. Nevertheless, more recent, multi-centre experience is
that properly trained observers operating to standardised protocols can produce consistent
results. Opinions are divided on how to best to use the observed Doppler data.
Furthermore, there are few data from typical or “real life” compressed air operating
conditions.
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An obvious way to measure decompression stress in compressed air workers would be to
make routine Doppler examinations of workers immediately after return to normal pressure
at the end of decompression. If Doppler were to be used routinely at the site of compressed
air work, it would be necessary to put in place simple and cheap procedures that would
allow Doppler to be recorded by personnel such as on-site Medical Lock Attendants and to
establish procedures for how it could be used by contractors in practice. There would also
need to be procedures for the interpretation of the results, based on some correlation
between Doppler results and occurrence of DCS both of which are consequences of
decompression stress. This study sought to evaluate the use of Doppler in this application
and then, if appropriate, to develop a routine procedure that could be used to monitor and
evaluate decompression stress on future compressed air contracts.
1.4

CURRENT DCS RATES

1.4.1

DCS rates in the compressed air tunnelling industry

The incidence of DCS in the UK compressed air industry is very well documented thanks to
the existence of two databases covering several decades. The older database is the
Decompression Sickness Central Registry, run between 1964 and 1984 by the Medical
Research Council (MRC) at the University of Newcastle, data from which were reported by
Jardine (1992). This database contains information from 499,025 man-decompressions
covering a total of 2.9 million hours in compressed air with a total of 3,335 reported
incidents of DCS, an overall rate, for all types of decompression, of 0.67%. Excluding
decanting (the compressed air equivalent of what the diving industry calls Sur-D (surface
decompression)), the numbers are 389,238 man decompressions, 2.3 million hours and
2,295 incidents of DCS, an overall rate of 0.59%. Broken down into pressure/exposure-time
groups, this overall rate ranges from 0.02% in 15,348 man-decompression for up to 2 hours
at pressures between 0.95 and 1.16 bar, to 2.26% for 2,260 man-decompressions for
exposure ranging from 6-8 hours at pressures between 2.3 and 2.5 bar with higher rates (up
to 5.9%) for exposures above 2.6 bar for which there were only a few hundred mandecompressions (see Section 2.2.1 for more detail).
During the time that data was collected by the MRC there was a serious possibility of underreporting of DCS symptoms due partly to the apparently mild nature of some of the
symptoms and sometimes due to reluctance by workers to report symptoms that might affect
their employment(AP Colvin, Personal communication). That possibility of under-reporting
has not entirely disappeared, but in recent years there has been active encouragement to
report symptoms and a greatly increased awareness of the need to protect the worker from
long term health effects due to the conditions in the place of work. In the UK, compressed
air work changed during the period covered by the Decompression Sickness Central
Registry with the introduction of the Blackpool Decompression Tables. These factors mean
that more modern DCS data could differ from those in the MRC database.
Data from 1985 to 1999 have been recently collected and analysed by Mr DR Lamont of
HSE who kindly has given permission for their inclusion here (Lamont, in press). Table 1.1
shows the percentage of DCS cases for compressed air work exposures, broken down by
pressure and duration spent at maximum pressure. The procedures for which there were
fewer than 1000 man-decompressions are highlighted with †, and those with fewer than 100
man decompressions with ‡. Rates for procedures with limited numbers of mandecompressions obviously have limited scope to detect low rates, e.g. 1 case in 100
exposures corresponds to 1%, and there are wide confidence intervals on risk factors derived
from limited data (as described in Section 1.4.3).
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Exposures at several of the lower pressures or shorter times gave no incidence of DCS.
However, at some of the higher pressures and longer times, the single exposure risk factors
are of the order of 1 to 2%. The “single exposure risk factors” are the percentage incidence
of DCS recorded for exposures within a defined band of pressure level and duration.
Table 1.1 Incidence of DCS in UK compressed air work 1985–1999, expressed as
single exposure risk factors. Data reproduced by kind permission of DR Lamont
Single Exposure Risk Factors %
Time
(hours)
Gauge
Pressure
(bar)

0-<2

2-<4

4-<6

6-<8

>8

< 0.7
0.00
0.00
0.00
0.00
0.00
0.7 – 0.95
0.01
0.03
0.06
0.20
0.21
1.0 – 1.25
0.03
0.02
0.20
0.24
0.39
1.3 – 1.55
0.00
0.22
0.81
1.07
1.69
1.6 – 1.85
0.05
0.89
2.41
1.92
1.63
1.9 – 2.15
0.22
1.11
1.85
19.05‡
0.0‡
2.2 – 2.35
0.79†
0.23†
2.84†
No data
2.4 – 2.7
0.0‡
No data
No data
No data
>2.7
No data
No data
No data
†- small sample - <1000 exposures
‡ - very small sample - <100 exposures. Obviously, percentages less than 0% are not measurable
with 100 or fewer exposures.
Exposure not allowed under Blackpool Tables

There is, however, a recognition that the morbidity arising from compressed air work, (e.g.
DCS risks for the higher pressure / longer time combinations in Tables 1.1), is still much
higher than the overall rate in the diving industry (see Section 1.4.2). There are also current
instances of dysbaric osteonecrosis in UK Tunnellers (Colvin, personal communication)
attributed to occupational pressure exposure.
There has been very little compressed air work since the introduction of the oxygenated
Blackpool Tables in the UK and therefore there are no significant data available about how
these Tables perform in practice.
1.4.2

DCS rates in Diving

For comparison, there has been substantial progress in preventing DCS in diving. Simpson
(1999) quotes 0.31% as the DCS rate for air dives in the North Sea industry in 1982-86
(91,491 man-dives), falling to 0.07% in 1990, and 0.13% for 3000 dives in a survey carried
out in 1995 and 1996. According to Shields et al (1993), the true incidence in fish-farm
diving in the early 1990s lay between 1 in 8,000 and 1 in 250,000 man-dives (i.e. between
0.01% and 0.0004%) with the uncertainty being due to the habit of DCS incidents being
reported without quoting the number of dives. In sports diving, the incidence is probably as
low as 1 in 10,000 man-dives (Mueller 2000) though only in recent years has there been any
attempt to collect total number of dives as well as the number of DCS incidents.
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In most countries, DCS incidence is no longer a major issue in commercial diving though it
remains so in military diving.
The success in reducing DCS rates in diving means that monitoring and further
improvement of standards in commercial diving will need to draw on other indicators of the
safety of dive procedures. The HSE Workshop on Decompression Safety (Simpson 1999)
concluded that “Monitoring of venous gas emboli is an appropriate indicator by which to
measure the safety of a decompression. Definition of a ‘safe’ level of bubbling remains to
be defined in relation to health risks. However, Doppler grades greater than II are
correlated with an increased risk of DCI. Work to define an acceptable incidence of scores
greater than II will be required if HSE wishes to set performance standards for the
industry”.
1.4.3

On uncertainty in rates observed in small groups

Most of the data reviewed in this study are observed rates of incidence (e.g. of DCS or
Doppler grades) in small groups. The statistical variation that can arise in rates estimated by
observations in small groups is described in Appendix 1, for events that can be treated as
binary (e.g. DCS occurring or not, or Doppler grade exceeding a given level on the grade
scale). The Table A1 in Appendix 1 illustrates how the 95% confidence intervals vary with
the size of the group. For example, an observed 10% incidence in a group size of 500 has
95% confidence intervals from 7.7% to 13%. By contrast in a group of 20, the 95%
confidence intervals for an observed rate of 10% would be from 3.2% to 31.6%. From the
table and these examples, it is clear that observed rates based on small groups are subject to
considerable uncertainty.
It is often overlooked that the calculations depend on the assumption that the members of
the group have equal underlying risk. In human populations, that may well not be the case,
and inhomogeneity of risk is an additional source of variation (sometimes referred to as
extra-binomial variation). The susceptibility of some individuals to DCS is discussed later
in this report, and there is also some evidence of some individuals being more likely to
produce high Doppler scores (see section 4.6).
1.4.4

DCS rates compared
decompression stress

to

a

mathematical

determination

of

The current study uses a mathematical model (in Chapter 5) to predict the extent of
formation of gas into bubbles (free gas) for given profiles of exposure and decompression.
In a previous study, the same model was used to compare the data which formed the basis
for Table 1.1, but with the data in a breakdown which included more subsets with over 2%
incidence of DCS (Lamont, 2006). Figure 1.1 shows the relationship between model
predictions (of gas bubbles in blood) and DCS rates. Only data with at least 1000 exposures
were used in this comparison, and some 14,000 exposures contributed to this figure. The
line of best fit for the data points is shown together with the 95% confidence limits.
Whereas each data point in Figure 1 is for at least 1000 man-exposures, the data on Doppler
scores is available only for much smaller groups. Data from small groups will, as described
in section 1.4.3 show more scatter, simply due to the group size.
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Figure 1.1 Relationship between model predictions and DCI for compressed air
exposures (from previous unpublished analysis by Flook; each data point based on
at least 1000 man-exposures)

1.5

THE EFFECT OF BUBBLES ON THE BODY

Modern thinking about decompression considers DCS to be symptoms that are caused by
bubbles forming due to decompression, although the mechanisms of DCS causation are not
fully understood. In physiological terms, bubbles are essentially a foreign body and
therefore many of the changes that can be caused by foreign bodies might also result from
bubbles. Gas bubbles differ from most other foreign bodies in that they can change their
shape and therefore move into, for example, smaller blood vessels than can other particles.
They can block blood vessels thus creating ischaemic areas of tissue, though whether this is
an important effect is unknown.
Bubbles appear to cause gaps in the endothelium of blood vessels (Albertine 1984,
Moosavei et al 1981 and others). This causes leaky blood vessels with inappropriate
transudation of fluids across the vessel wall. It seems that one result of this damage is the
initiation of the normal inflammatory mechanisms (Brubakk et al 1999). These effects
could occur throughout the body and might be the cause of some of the hyperintensities seen
in magnetic resonance imaging (MRI) scans of divers.
The lungs are the one organ of the body through which all bubbles pass in normal
physiology, as the whole of the cardiac output goes through the lungs. It is not surprising
therefore that most studies of the effect of bubbles have been studies in the lungs, an organ
with relatively easy access. Decompression has been shown to cause both long and short
term changes in the lungs (Thorsen 2003), most notably in carbon monoxide transfer factor,
though as yet the relative effects of the various contributing factors have not been separated.
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The possible consequences of having leaky blood vessels are multiple. Inappropriate
movement of some molecules could cause upset to the body's biochemistry. The smallest
blood vessels have a role in maintaining fluid balance locally in the tissues and this function
is compromised by endothelial damage. Net movement of fluids out of the blood vessels
might be expected to cause swelling in tissue. This would be especially critical for the brain
or spinal cord, which are held in a rigid skeleton of fixed size.
Evidence is accumulating for changes in the brains of divers, some of which have been seen
at autopsy in divers dying from non-diving related accidents who had no record of DCS
(personal communication, Calder). In a study of long-term health effects of diving carried
out for UK HSE, Macdiarmid et al (2004) found that a significant group of divers
complained of forgetfulness or loss of concentration. The complaint of “forgetfulness or
loss of concentration” in some divers “was related to their diving experience”.
Macdiarmid et al also examined a subset of the divers by cerebral magnetic resonance
imaging (MRI), which showed structural differences compared to age-matched control offshore workers. The study concluded that MRI observations of hyperintensities (in the brain)
were independent of whether or not the divers had experienced DCS. Macdiarmid et al
described MRI as “a sensitive method for detecting minimal brain morphological changes”.
The MRI results are reported as abnormalities in two broad categories: periventricular
hyperintensities (PVH) and subcortical and deep white matter hyperintensities. They
commented (in their introduction) that “The specificity, however, of the technique remains in
doubt because of the high incidence of these appearances in normal control subjects”.
They summarised their MRI findings and their possible implications in the following
sentences:
“Taking into account confounding factors, ‘forgetfulness or loss of
concentration’ was found to be associated with an increased incidence of periventricular
hyperintensities on MRI. Periventricular hyperintensities have been related in previous
studies to lower cognitive performance. Divers were found to have an increased likelihood
of subcortical or deep white matter intensities compared to offshore workers, but this was
not related to forgetfulness”.
Their study “did not identify any long term health effects associated with professional
diving amounting to a clinical abnormality, although ‘forgetfulness or loss of concentration’
complaint was associated with significant impairment of health related quality of life and
MRI changes.”
We think that there are sufficient health-related concerns to warrant suggesting that the
focus should be on developing decompression procedures which give minimum
decompression stress. Hence, this study to determine the usefulness of Doppler monitoring
of venous bubbles as an operational method of monitoring decompression stress in
compressed air workers.
Prevention of long term health effects is obviously important. However, there has been
relatively little published on this in recent years. Bone necrosis in compressed air workers
occurred relatively frequently in the 1960’s to 1980’s, but sporadic cases still occur
currently in compressed air workers in the UK often coming to light as a result of civil
litigation claims for compensation (Colvin, private communication). Some authors use
incidence of DCS as an indicator of likely risk of long term health effects in both diving and
compressed air workforces.

7

1.6

AIMS

At project meetings with the client, the authors, Dr Flook, and Donald Lamont (the HSE
project officer) identified specific questions that HSE wanted the study to answer:
o

Is Doppler monitoring suitable for assessing the efficacy of decompression
procedures within compressed air work?

o

Can Doppler monitoring currently be used to reliably identify when
interventions are needed to protect individuals or groups of compressed air
workers? And if not, what would be needed to make it possible?

The aims of the study were:
1

to review the literature to describe the strengths and weaknesses of Doppler
monitoring in the assessment of decompression stress, and risks of decompression
illness in individuals and in exposed groups;

2

to collate practical experience and data (published and unpublished) on use of the
Doppler technique in Diving, Hyperbaric and Aviation Medicine and the diving and
compressed air industries;

3

to determine, in the light of 1 and 2 above, whether Doppler is appropriate as a
technique for monitoring and regulating hyperbaric exposure in tunnelling;

4

to formulate recommendations on the use and practical application of the Doppler
technique in compressed air work in UK. Subject to its usefulness being confirmed,
this would include suggestions on a protocol for its use and some guidance on how
results may be interpreted and used to aid adjustment of the decompression
schedules.

The effective prevention of the short term illnesses is an aim that is addressed directly. The
prevention of long term illnesses (due to occupational pressure exposure) is given
consideration, for example as to whether prevention of the acute symptoms will reduce the
risk of long term effects.
1.7

PRODUCTION, STRUCTURE AND AUTHORSHIP OF THIS REPORT

Under sub-contract, Dr Flook, contributed material (e.g. text and Figure 1.1 for this chapter)
and commented constructively on drafts. She prepared material for Chapter 5, and that
comprises the material up to the end of section 5.3.1.
At an early stage in the writing of this report, Dr Flook took the view that too much
attention was given to the incidence of DCS and not enough to the formation of bubbles as a
marker for decompression stress and therefore asked not to be a co-author of the overall
report.
The conclusions and views expressed are those of the authors (ADJ, APC, BGM).
1.8

UNITS FOR PRESSURE

Pressure can be expressed as absolute pressure (i.e. relative to a vacuum, zero pressure), or
as gauge pressure which is the pressure difference relative to the local atmospheric pressure.
Standard atmospheric pressure is taken as 760 mm mercury or 1.013 bar. A depth of 10.07
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metres (approximately 10m) of sea water increases the pressure by 1 bar. A pressure of 1
bar gauge pressure is 1 bar above atmospheric pressure and therefore is equivalent to 2 bars
absolute pressure.
In this report, pressures are given either in bar gauge pressure or in metres sea water (msw);
the msw are favoured where reproducing data from diving trials.
The approximate
relationship (of 10 msw to 1 bar gauge pressure) allows approximate conversion between
these units by moving the decimal point by one place (e.g. 18 msw ≈ 1.8 bar gauge
pressure).
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2 BACKGROUND
2.1

COMPRESSED AIR OPERATIONAL CONDITIONS

2.1.1

Compressed air operations in tunnelling

In the Tunnelling Industry, compressed air as a specialist construction method has been
applied since the mid 1800’s, and the basic engineering principles and techniques associated
with its application are now well established. Compressed air is used to prevent the ingress
of ground water into the tunnel workings or “face” in porous rock or soil and/or to assist
with the control and stabilisation of soft or unstable ground conditions. The pressure of
compressed air that is required is related to the pressure of ground water encountered ahead
of the advancing tunnel, and is also dependent on a number of other operational or
engineering factors including the amount of ground cover above the tunnel face.
The historical background for compressed air operations and the development of
decompression tables is well documented in the literature and are described in a recent
review by Ridley (2006).
Initially the construction methods were entirely manual techniques and workers gained entry
into a large section of pressurised existing tunnel via an airlock built into the tunnel lining.
Advancement of the tunnel took place by hand excavation techniques (initially pick and
shovel, later pneumatic tools) carried out in a compressed air environment and this work
was generally done by large groups of manual workers supervised by a few key
management or technical staff. As the tunnel excavation and construction progressed by
heavy manual labour with many compressed air workers, often working within a continuous
24-hour shift pattern, a large number of pressure exposures took place even for relatively
small tunnels.
In recent years there has been radical change in construction methods and the associated
technology for tunnel construction. In particular, the highly specialised Tunnel Boring
Machines (TBMs) are now routinely used for many modern tunnel projects.
In modern times, tunnel projects of any size will usually have an automated tunnel
excavation and construction process, often using purpose designed TBMs. These machines
bore through the ground, excavating and removing spoil from the exposed face. The tunnel
lining is constructed as the TBM advances, either with complex hydraulic lifting devices
placing pre-cast concrete segments or by the application of sprayed concrete on the tunnel
walls. In contradistinction to the more traditional methods of tunnel construction, the
majority of the workforce are not exposed to compressed air during normal operations. The
TBM is manned by a relatively small number of specialised workers who operate, monitor
and maintain its construction functions and technical equipment.
As the cutting tools of the TBM become worn, it becomes necessary to inspect periodically
the conditions of the face and the TBM cutting tools and change them if required. In some
operating conditions (soft or unstable ground with water pressure), the use of compressed air
may be necessary and the head or front of the TBM will be fitted with an airlock system
which allows workers to gain access to the TBM cutting head and the tunnel face under
compressed air conditions. Access to the available space within the TBM head is normally
very restricted and only 2-3 people can work at any given time. Depending on the project,
short periods of inspection of the face or teeth of the machine by technical or managerial
staff may also be required periodically. Repair or maintenance, when needed, require short
but intense periods of heavy physical workload (up to 48 hours) of round-the-clock working
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in order to repair or replace the excavation teeth or cutting equipment on the front of the
TBM and recommence tunnel boring as quickly as possible. This pattern of work
(intermittent brief inspection visits by technical/management staff [1-2 hours] with less
frequent but longer and physically arduous episodes of maintenance work which is time
critical) determines the occupational pressure exposures in modern tunnelling operations.
Thus, in the United Kingdom the typical modern compressed air workforce and working
environment are very different from the major “traditional” civil engineering projects of the
1960s-1980s in the UK, to which much of the published literature refers. In the latter, large
relatively unskilled workforces were employed in heavy manual labour working in
relatively low pressure ranges (typical range 0.7 bar – 2.0 bar gauge) over prolonged periods
of time. For example, two tunnels under the Thames can be compared.
o

In 1973, the second Dartford Tunnel was constructed under the Thames River using
hand excavation techniques by workers in compressed air. That construction
required 144,000 individual compressed air exposures from 1,200 compressed air
workers over a 3.5 year period, and that generated 1,197 cases of DCS being
reported and treated (personal communication, Dr J King Contract Medical
Adviser).

o

In 2003, a similar tunnel was constructed as part of the Channel Tunnel Rail Link
project using a TBM under the Thames River in the same area. It required 267
individual exposures for face inspections and tool changes from a total compressed
air workforce of 53 men over a 14 month period. In fact, a core “compressed air
team” of about 20 men comprising engineers, managers and manual workers carried
out most of the work under pressure on that project with two confirmed cases of
DCS reported (personal communication, Dr A Colvin Contract Medical Adviser).

2.1.2

Advances in decompression safety

Historically, decompression schedules in tunnelling were developed using Air Only
Decompression Schedules in the United Kingdom. Stepwise change in terms of health
outcome following the work of early pioneers such as Boycott, Damant and Haldane was
relatively slow until 1947 with the subsequent introduction of the 1958 Regulations, and
then a further stepwise improvement from Hempleman’s work in 1963 which resulted in the
HSE approval and widespread implementation of the Blackpool Tables (Blackpool Air
Tables) in the United Kingdom and later overseas.
The experience, understanding and technical expertise used in human hyperbaric practices
has developed over the past 40 years not only in relation to caisson and tunnel work but also
in military and commercial diving, aerospace and aviation applications and even hyperbaric
medical techniques. The benefits of breathing 100% oxygen as a breathing medium either
under pressure or as part of the decompression profile has been recognised as helping to
prevent episodes of decompression sickness. These benefits have been recognised and
generally accepted for decades, but because oxygen enrichment of an atmosphere enables
ignition to occur more easily and causes more rapid combustion, breathing oxygen under
pressure was not approved by HSE as safe for application in tunnelling in the United
Kingdom until September 2001. In general, the use of oxygen in decompression schedules
is recognised as giving greater efficiency and reduced decompression times with reduced
risk of decompression sickness over the comparable Air Only decompression.
Hyperbaric oxygen is also proven in the field of hyperbaric medicine to have a variety of
profound and as yet incompletely understood physiological effects which are used
therapeutically in the treatment of decompression sickness and other recognised (non-
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pressure related) diseases such as carbon monoxide poisoning, and for wound healing. This
has led to the concept of hyperbaric oxygen being considered as a “drug” in its own right
with therapeutic and other medicinal and physiological properties being recognised that do
not occur with normobaric oxygen or compressed air.
Over the past 20 years, efforts have been made in the tunnelling industry to introduce more
effective decompression schedules in terms of health risks (incidence of decompression
sickness and dysbaric osteonecrosis) in relation to any given occupational compressed air
pressure exposure. This striving for improved health and safety has coincided with the
previously described technological/methodological advances within the tunnelling industry
and the successful application of oxygen and acceptance of its overall health & safety
benefits in the commercial offshore diving industry in the UK.
2.1.3

Decompression schedules or Tables in modern tunnelling

Staff afflicted by acute decompression sickness must have a recovery period and therefore
high DCS rates in the compressed air workforce are not only disadvantageous to the
individual employee but will result in the removal of key (often highly skilled) personnel
from the workforce, and their replacement may be a major management issue. In modern
TBM tunnelling operation, the pattern of occupational pressure exposure (characterised by
infrequent periods of pressure exposure lasting a few days) also means that there is no
possibility of any “protective” effect from the phenomenon of acclimatization or
habituation, which has been reported to be a significant factor in the past in the UK
compressed air workforce when using daily or regular air decompression schedules.
In the United Kingdom, the HSE introduced an Addendum to “The Work in Compressed
Air Regulations 1996: Guidance on Regulations” after extensive review and research on the
safety implications of breathing oxygen under pressure in the tunnelling environment. The
Addendum, called “Guidance on Oxygen Decompression and the use of breathing mixtures
other than compressed natural air in the working chamber”, brought oxygen decompression
and other breathing mixtures into routine use in the UK in civil engineering projects above
0.95 bar gauge. This legislative change became effective on 17 September 2001.
The above legislation permits greater flexibility and choice in terms of decompression
schedules in the UK and provides Contractors and Contract Medical Advisors with the
opportunity to select (subject to HSE approval) the schedule they believe best suited to the
particular task/project and operational conditions. This in turn creates the need for practical
and effective means by which the Contract Medical Advisor (or HSE) can compare
decompression safety when using a variety of different decompression schedules under field
conditions.
Under particular ground or operating conditions, some modern tunnel projects and in
particular TBMs, will require the use of high pressure compressed air, sometimes in a
pressure range above 3.0 bar gauge, to permit TBM inspections or repair. While such
activities take place, tunnel excavation is halted and therefore any unnecessary delay in
completing these essential tasks can be extremely costly to the project. In addition, the
health risks of hyperbaric exposure appear greater as pressure rises; beyond 3.0 bar gauge
there are few air decompression tables or schedules with a statistically robust or proven
track record in a civil engineering context.
The above factors led to the introduction of a variety of oxygen or rarely mixed gas (nitrox
or heliox) tables in civil engineering projects worldwide which have usually been based on
or adapted from commercial diving practices, which in turn have been developed from
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original US Navy diving experiments or procedures. The previously cited example of the
second Dartford Tunnel in 1973 used a single set of prescribed Air Decompression Tables
(The Blackpool Tables) approved by the Health and Safety Executive (HSE). The
comparable Channel Tunnel Rail Link (CTRL) tunnel project in 2003 utilised the
Swanscombe Tables following a careful multidisciplinary assessment of the operational
requirements. This schedule, using oxygen decompression up to a maximal working
pressure of 2.9 bar gauge, was considered to be the most appropriate decompression
technique in terms of effectiveness and safety taking particular project and operational
factors into account. It was formally approved for use on the project by the HSE, as
required under the 1996 Compressed Air Regulations, after a specific application by the
contractor and a formal health and safety assessment.
2.2

THE HISTORICAL EVALUATION OF DECOMPRESSION TECHNIQUES

2.2.1

Data on DCS incidence

Historically, the United Kingdom has been at the forefront of data collection in terms of
both the offshore diving and the compressed air industries. The United Kingdom is the only
country that systematically collects records of compressed air exposure by law. This was
initially achieved by the Newcastle Registry during the period 1948 to 1987 and as reported
by the Construction Industry Research and Information Association (CIRIA) in 1992.
Subsequently, the Health and Safety Executive has kept a database which represents all UK
compressed air operations in the UK during the period 1984 to present. This data source
provides the only statistically significant database for tunnelling operations in the world and,
although some shortcomings in the reporting and recording are recognised, it remains an
invaluable epidemiological tool to this day for assessment of health risks related to
compressed air work.
Summary figures from the Newcastle Registry database for the period 1948–1987 were
reported by CIRIA in 1992. These figures are given as Table 2.1. These data can now be
regarded as historic due to changes in the industry (as previously described) but do
demonstrate what is generally regarded as being unacceptably high rates of decompression
illness, particularly when compared to offshore diving which is the only comparable
hyperbaric industry. This table shows a percentage reported “decompression sickness
events/100 decompressions”. In general, the incidence of decompression sickness increases
as the pressure and duration of exposure rise, reaching an incidence of 2.97% for exposures
of 6-8 hours in the pressure range 2.7-3.5 bar gauge.
The information recorded in the Newcastle Registry represents the largest and most
comprehensive dataset of its kind for tunnelling and indeed probably for any hyperbaric
exposure or aerospace/aviation activity in the world. During the period that these data were
collected, decompression illness was often regarded as a trivial matter by the manual
workforce and was often under-recognised, under-reported and under-treated. Although the
degree to which under-reporting/under-diagnosis occurred cannot be quantified, it is now
accepted as being significant at that time and that fact increases the concerns over the high
incidence of reported/recognised decompression sickness over that period.
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Table 2.1: Newcastle Registry: Compressed Air Data 1948 to 1987

Exposure
time
Gauge
Pressure
(bar)
1.0-1.2
1.3-1.5
1.6-1.8
1.9-2.1
2.2-2.3
2.4-2.6
2.7-3.5

0-2 hours

0.02
0.03
0.12
0.12
0.19
0.14
0.26

2-4 hours

Incidence of DCS %
4-6 hours
6-8 hours

0.04
0.11
0.21
0.20
0.78
0.74
1.65†

0.05
0.17
0.50
0.89
1.18
1.18
5.90†

0.20
0.49
0.67
1.25
1.35
2.26
2.97†

8 or more
hours

0.43
0.43
0.48
0.95
1.60
1.49
2.61

Notes.
1. The CIRIA database did not include exposures at <1 bar gauge pressure. This was
because at the time such low pressures were not considered liable to promote any significant
incidence of decompression illness.
2. This database does include data from the practice of “decanting” which is associated with
high rates of DCS or decompression stress and which was effectively outlawed in the UK
with the introduction of The Work in Compressed Air Regulations (1996). “Decanting”
involves a relatively quick decompression for workers leaving the compressed air working
site, and then rapid transfer to a compression chamber where they are recompressed and
undergo a controlled recompression in accord with the appropriate decompression table (e.g.
Kindwall, 1993).
3. † These three single exposure risk factors are based on fewer than 400 man-exposures.
2.2.2

Comparing project data with the Newcastle Registry Data

Evans in 1991, as part of his “Further analysis of the Decompression Sickness Registry
Data” developed the concept of the “Standardised Bends Ratio” (SBR) to facilitate
comparison of different compressed air projects or grouped project data in order to compare
rates of decompression incidence. He intended the SBR to be a method for comparing
exposure/decompression data from new projects against the recognised standard or
statistically significant baseline formed by the data from the Newcastle Registry 1948-1987.
The SBR is calculated as a ratio of actual decompression sickness cases per 100 exposures
on a project divided by the expected rate from Table 2.1. Thus, if the SBR figure is equal to
a value of 1 the study project has achieved a DCS incidence equal to that demonstrated in
the CIRIA 1992 data. SBR figures greater than 1 indicate a higher frequency of DCS than
that which would be predicted by the CIRIA data. The SBR is calculated for each
pressure/exposure subset and when large amounts of data are available, it is accepted as a
powerful method of analysis of DCS risk.
In recent years the SBR has proven to be less helpful as the number of compressed air
workers and pressure exposures has markedly reduced.
2.2.3

Recent UK data on DCS incidence

Recently, as part of an HSE ongoing review of compressed air guidance and legislation,
Lamont reviewed figures for decompression illness in the UK using the Blackpool (Air)
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Tables in tunnelling operations for the period 1986-1999. His review produced a tabulation
of data in the same format as shown above for the CIRIA data (i.e. the percentage of DCS in
specific pressure/time bands). The newer data are those data shown earlier in Table 1.1.
These data are much more recent than those that included in the CIRIA 1992 report, and
although largely derived from exposures prior to the introduction of the 1996 Regulations,
they are considered appropriate by most authorities for comparing to modern tunnelling
operations. (In the UK from 1996 onwards, it is generally accepted that the degree of
management and control of compressed air worksites took a substantial step forward and
increasingly used personnel and operating systems and procedures that matched UK
commercial offshore diving standards.)
However, the figures again show what is generally regarded as an unacceptably high
incidence of decompression illness in the tunnelling industry for some pressure /time
exposure bands. Surprisingly these figures also show higher rates for decompression illness
in some pressure/time exposure bands than those reported by CIRIA in 1992. This arose
even though there had been no significant change (at that time) in the working population,
decompression schedules or work activities that could account for the increased rate of
DCS. It is now thought that this apparent anomaly is explained by improved recognition of
the symptoms of DCS due to improved workforce education and training, a better health and
safety culture within the workforce generally and enhanced reporting and treatment
procedures on compressed air worksites. This explanation is supported by the fact that the
more recent Table 1.1 shows occurrence of DCS below 1 bar gauge pressure.
There is certainly nothing to suggest that decompression procedures or practice have
worsened during the period 1986-1999, although under-reporting is likely to remain a risk.
2.2.4

Need for advancement

From simple observation of the Tables 1.1 and 2.1, it is clear that some DCS occurs in most
of the tabulated pressure bands but the risk or incidence of DCS is not uniform across the
bands. Mostly, the lower the pressure and the shorter the pressure exposure, the lower is the
rate of DCS although exceptions to this rule do occur.
This observation is consistent with Kindwall’s criticism of air decompression regimes for
compressed air workers for what he regards as a flawed mathematical model used on
Haldane’s original work (Kindwall, 1994). Kindwall lamented that he did not know of any
decompression tables, whether they be diving navy tables or compressed air tables, that
became safer as the shifts grew longer and the pressures increased.
From Table 1.1 which shows where data are based on less than 1000 man-exposures, it is
obvious that there have been few exposures in some bands, generally at the higher pressures
and longer exposures. This reflects a trend of reduction of pressure and time in compressed
air work throughout the 1990’s. This trend is a result of individual Contract Medical
Advisors and Compressed Air Contractors avoiding those time/pressure bands that were
regarded as problematical (i.e. produced a high DCS rate) and is similar to the use of the
“Jesus factor” approach used by Offshore diving contractors in the 1980’s (i.e. the selection
of a decompression table as if it were for a pressure and/or duration elevated by an empirical
factor, usually one line, above the actual values in order to reduce incidence of DCS). The
use of the “Jesus factor” suggests that the decompression tables were considered inadequate,
at that time, by those who used or supervised their use. Thus practice is consistent with the
US Navy recommendations to use the next greater dive table when there is any doubt in
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pressure profile and is a recognised safety measure where concerns over decompression
stress in any given operational context exists.
Thus Contract Medical Advisers when utilising the 1958 or Blackpool Table regimes prior
to the CIRIA report (Evans, 1992) were prepared to apply them to the full extent of the
decompression schedule in terms of duration of exposure and maximum pressure even at the
extremes of the Tables. In the period since CIRIA, and certainly since the early 1990’s,
increased medical concerns over decompression sickness and other late manifestations of
pressure-related conditions (particularly dysbaric osteonecrosis) have resulted in increasing
voluntary restrictions by Compressed Air Contractors (based on advice from their Contract
Medical Advisers) on duration of exposure in the higher pressure and longer time exposure
bands when using Air only regimes (Blackpool Tables).
In recent years the annual numbers of individual exposures have fallen further than the
figures for the 1986-1999 period reported by Lamont. It is generally accepted that the
numbers are now so small that interpretation of DCS rates for individual pressure exposure
bands is no longer helpful. It is also unlikely that a further dataset for the period 1999 to the
present would produce any meaningful statistical data on a “like-for-like basis” because of
the reduced number of individuals and individual pressure exposures that are now taking
place in modern tunnelling operations. Thus it has not yet been possible to conclude, from
the limited operational data available within the UK tunnelling industry using standard
evaluation techniques, whether the introduction of oxygen decompression has significantly
reduced the rates of decompression sickness.
The analysis of what data are available however suggests that compressed air work is still
intrinsically more dangerous to the health of its workforce than commercial diving practice
both in terms of the incidence of acute decompression illness and in the cases of dysbaric
osteonecrosis which continue to occur in compressed air workers in the UK. This contrasts
to commercial or military diving in the UK where dysbaric osteonecrosis has been a rare
occurrence for many years and radiological surveillance is no longer considered necessary.
Thus while the UK is unique in having a centralised database containing pressure records
and reports of decompression illness, the anticipated future data are unlikely to produce
statistically or scientifically robust results on DCS rates (and hence decompression safety)
and this scenario is likely to persist in the UK for the foreseeable future. Civil engineering
is now a global activity but to date, no agreed collation of standardised health or pressure
data in relation to decompression illnesses or dysbaric osteonecrosis has been possible either
between countries or the individual contractors or medical practitioners and this also seems
unlikely for the foreseeable future. Indeed no other country apart from the UK has any
current or planned legal obligation to record and centrally store such vital information for
long term review and analysis.
In practice this means that the historical method of monitoring the health and safety
performance of a decompression table using the DCS rate or Standardised Bends Ratio is no
longer sufficient for the evaluation of decompression tables in the modern context of
compressed air work in the UK or internationally. Thus legislative changes and
technological advances in tunnelling within the UK, while permitting greater flexibility and
opportunities to Compressed Air Contractors in the choice of decompression schedules or
tables, present new challenges in the assessment or comparison of health and safety
performance of individual decompression schedules or tables. In modern times, the
numbers of individual employees usually exposed to occupational pressure are now very
small (often in practice less than 10-12 workers); and the total number of pressure exposures
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for even large tunnels is often tiny in comparison to historical practices (typically only
hundreds even for the largest TBM projects).
These facts mean that if Doppler monitoring techniques and/or mathematical modelling are
to be effective tools in helping the further evolution or development of decompression tables
or schedules used under field conditions, they must offer accurate, reliable and sensitive
predictors of decompression stress from relatively small datasets and often from pressure
exposures producing relatively low decompression stress and few episodes of DCS.
2.3

THE
CURRENT
DEVELOPMENT
DECOMPRESSION TABLES

2.3.1

The process

AND

VALIDATION

OF

Currently new decompression tables or schedules for hyperbaric applications, whether of a
military or commercial purpose, follow a similar development path. This includes an initial
theoretical or academic phase (commonly using one or other forms of mathematical
modelling based on predictive gas loading/unloading at given exposure bands). Then
follows an experimental exposure and monitoring phase which initially involves the
exposure of laboratory animals to various pressure exposures and decompression regimes.
The “bubbles” in circulation are monitored using ultrasonic methods, notably the Doppler
technique or the ultrasound imaging method.
These initial animal experiments may then be followed by some form of human trial in a
laboratory controlled environment as close to the actual working conditions as possible or
under strictly controlled field conditions. A report on such evaluations in compressed air
work was issued by the Construction Industry Research and Information Association
CIRIA in 1974 in connection with the introduction of the Blackpool Tables. In 1994,
Nashimoto et al reported on trials with the Blackpool Tables and the addition of postdecompression surface oxygen breathing (Nashimoto et al, 1994). The HSE also published
reports of human trials in 2001 when the Blackpool Tables were assessed under simulated
working conditions utilising oxygen breathing above 1 bar gauge pressure. Similar trials
have been reported by Ribeiro (1994) for tunnel workers in Brazil, and Kindwall also makes
reference to the need for such assessments when assessing the safety of decompression
schedules. However, although mathematical modelling, ultrasonic bubble detection and
controlled trials are all helpful in establishing the (safe) parameters of new decompression
regimes, the objective assessment or validation of decompression schedules remains a
complex and poorly defined area of scientific endeavour. It is still accepted that new or
relatively untried decompression schedules or tables provide only a basis from which further
development and modification can start once they are used successfully under field
conditions. (In the past Kindwall has gone further and stated that it is only by the “empirical
modification” of such new regimes, based on successful field application and working
experience, that the table can finally be considered safe for use.)
If this final step of the validation process of decompression schedules is to be achieved, then
quality data collection of the number and type of each pressure exposure with reports on
related health effects such as acute decompression sickness or dysbaric osteonecrosis are
clearly very important.
2.3.2

Examples

One of the best historical examples of such a process comes from the UK Offshore diving
industry in the mid-1980s. The Department of Energy commissioned three linked but
separate surveys of commercial offshore air diving in the UK sector of the North Sea
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following concerns over decompression sickness rates in offshore divers. The initial survey,
which was carried out retrospectively by inspection and analysis of individual dive logs
from North Sea air diving operations, covered the period 1982-1983 but was subsequently
extended through to 1989 and in total comprised some 150,000 dives. This survey
identified the depth and time of the dive as being the most powerful contributory or
predictive factor in the production of DCS and an overall incidence of 0.31% was recorded
(281 episodes of DCS from 91,491 air dives during the period 1982-1986). Initially, a
“decompression penalty index” was proposed based upon the staged decompression time
using the United States Navy standard air table [commercial dive tables were derived from
US Navy tables at that time]. Shields and Lee subsequently conducted a detailed analysis of
this data; and based upon their work, a restriction on dive severity was adopted (practical
restrictions on depth and time combinations on commercially used dives) in the Offshore
diving industry following implementation and enforcement by the HSE (Diving Safety
Memorandum 7/86 [DSM 7/86]]). These actions, together with consequent changes in
commercial diving practice towards the saturation diving technique markedly reduced the
DCS incidence rate in the late 1980’s.
Hempleman proposed a method of categorising dives of similar hyperbaric exposure using a
pressure duration exposure index (based on the equation absolute pressure multiplied by the
square root of time).
These developments and an increased awareness of diving related health risks generally
resulted in the incidence of DCS for all commercial dives falling from 0.31% in 1982-1986
to 0.07% in 1990. Thus, steps to restrict exposure in commercial diving operations where
high unacceptable rates of DCS occurred are one recognised way to reduce morbidity.
However, it was subsequently acknowledged by HSE that adjustments to further restrict
(dive) exposure were impractical from an operational point of view in terms of current
diving procedures at that time, and this situation has changed little in the intervening years.
The challenge now is for the prediction of safe and effective decompression procedures,
using decompression schedules that should produce low or very low rates of decompression
sickness and by implication low decompression stress. Modern laboratory diving trials (to
ensure the safety of predeveloped tables for diving/decompression procedures) will, due to
ethical and other obvious reasons, try to avoid precipitating DCS in test subjects. Therefore,
modern trials generate few instances of symptomatic DCS and thus provide little data for
correlating DCS to the recorded levels of venous gas embolus. However, the HSE
Workshop on Decompression Safety concluded that “Monitoring of venous gas emboli
(VGE) is an appropriate indicator by which to measure the safety of a decompression
procedure. Definition of a ‘safe’ level of bubbling remains to be defined in relation to
health effects.” Therefore, existing data linking VGE to DCS incidence need to be
examined.
The previous methodology for assessing decompression safety [relying on the incidence of
Acute DCS or dysbaric osteonecrosis] is not sufficiently sensitive in modern commercial
diving or tunnelling due to the reduced numbers of pressure exposures that occur under
modern operating conditions and thus additional tools, direct or indirect measures of
decompression stress must be developed, tested, and if proven used. However, at present
there is virtually no significant data either in commercial diving or compressed air work in
the UK that relate levels of venous gas embolism from occupational pressure exposure
under modern tried and tested decompression tables to risk of DCS or other health effects.
Therefore it is relevant and appropriate to analyse available data for relating DCS to
Doppler scores (Chapter 4), and to use mathematical modelling to relate predicted levels of
gas in central venous blood to both DCS and to Doppler scores.

19

2.3.3

Management of occupational health of compressed air workers

In the United Kingdom, the protection and maintenance of the health and safety of workers
during compressed air operations is the duty and legal responsibility of the Compressed Air
Contractor, the Contract Medical Adviser (CMA) and the individual worker, supported
where necessary by the HSE.
The role of the Contract Medical Adviser is defined by law in the Compressed Air
Regulations 1996. He/she is responsible for strict control of the medical selection standards,
medical fitness of personnel working under pressure, proper record keeping, systematic
health surveillance and ensuring rapid response for the treatment of acute decompression
illness or other medical condition related to occupational pressure exposure. He will
normally be involved in the planning and preparation of a compressed air project to ensure
that the health implications are considered at an early stage. This will involve advice on
shift durations and decompression procedure and the most appropriate decompression
technique, taking the operational factors (including health & safety and productivity) into
account.
Any worker assessed as being fit for compressed air work who has a subsequent change in
health status (for example, an interim illness) or suffers from any pressure or work-related
illness would normally have a medical assessment by the Contract Medical Adviser or his
deputy before returning to the pressurised environment. Thus there is an established
mechanism in UK working practice for any relevant health surveillance or health screening
data that becomes apparent during the project to be taken into account either at the initial
(pre-pressure exposure) medical examination or the interim or periodic health checks.
Compressed air projects are usually managed by close team work between all the key stake
holders who include the Contract Medical Adviser, medical lock attendants (highly skilled
hyperbaric technical staff who operate and control the pressurised working system and
implement health policies and systems including treatments for DCS), line management,
engineering and hyperbaric technical staff and of course the Compressed Air Workforce.
2.3.4

Health effects and health screening

The health effects (in compressed air workers) related to pressure exposure include
barotraumas, acute decompression illness and dysbaric osteonecrosis. Concerns have been
raised in recent years over other long-term delayed effects of pressure exposure that can
affect the central nervous or respiratory systems without initial symptoms or signs. At
present however the commonest and most operationally and clinically significant pressurerelated health effect is generally accepted as being decompression sickness (“The Bends”)
and particularly neurological decompression sickness.
It is generally recognised and accepted both in the diving and in the compressed air fields
that individual susceptibility to decompression sickness exists. Studies by Golding (1960)
and Colvin (2002) both demonstrated that 4% of the compressed air workforce in the UK
suffered approximately 50% of the DCS occurrences despite quite different working
conditions and DCS incidence. Thus, if these findings are representative, a small group of
(susceptible) compressed air workers are a significant potential source of the overall acute
morbidity within any given compressed air tunnel project. Due to the fact that acute
decompression sickness has been recognised as a specific risk factor for dysbaric
osteonecrosis and other long-term or delayed health (mental or central nervous) effects, it is
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obvious that the identification of this “high risk” group of compressed air workers could
help reduce the morbidity associated with compressed air work.
It is well recorded in the literature that individual personal factors such as age or obesity are
associated with the risk of acute decompression illness and many countries have designed
guidance or medical fitness standards for use at the initial compressed air medical
examination to take account of these factors. A recent case-control study and analysis of the
HSE DCS Database 1986-1999 covering compressed air work in the UK during the period
concluded that the current initial compressed air medical examination could not identify
those workers who sustained repetitive episodes of acute decompression illness (Colvin,
2003). This finding was despite the fact that the study analysed traditionally reported
clinical risk factors such as age, obesity and all of the physical examination or clinical
parameters that are currently assessed at the initial compressed air medical examination.
Thus, as Golding stated almost 50 years ago, “there is no means of identifying such (bend
prone) men, save by seeing if they get Bends”. This study also concluded that there was no
practical method by which a Contract Medical Adviser could determine whether a
compressed air worker after a single occurrence of DCS would be at increased susceptibility
to develop further episodes of DCS.
Thus, any health screening tool that could provide meaningful information on individual
susceptibility to decompression illness would be of great interest to a Contract Medical
Adviser as part of the initial compressed medical examination or subsequent routine medical
reviews. As such information would potentially threaten the employment (or potential
employment) of the compressed air worker, however, it should meet the rigorous
professional and ethical standards that would apply to any health screening or surveillance
test used in an occupational or public health setting. This is all the more important as the
level of skills required and the potentially high salaries that are available for those fit and
capable of performing specialised TBM inspection and repair work mean that for some this
is a career of choice with truly global employment opportunities. Any decision of unfitness
for compressed air work or restricted working therefore can mean loss of a lucrative career.
The Contract Medical Adviser would normally review the medical assessment of
individuals following any reported change in health status or after any episode of pressurerelated illness to confirm diagnosis and advise on fitness for employment and on any
modifications or adjustments to the job role/working environment that appear necessary.
Again, if routine Doppler monitoring were proven to provide reliable and accurate data that
could be interpreted in terms of “early warning” about individual susceptibility to the acute
or long-term health effects of pressure exposure, then this would be an extremely valuable
tool for the Contract Medical Adviser (and also the Compressed Air Contractor in terms of
the overall management of the project).
The overall effect of any successfully implemented health screening tool to detect individual
susceptibility to DCS would likely be a significant reduction in the acute (and probably
long-term) morbidity currently associated with compressed air work. Therefore, this study
examines the current evidence to determine if the Doppler monitoring technique could be
used to identify reliably those individuals at higher risk of DCS during compressed air work.
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3 METHODS AND MATERIALS
3.1

REVIEWING PUBLISHED LITERATURE AND REPORTS

Literature searches were undertaken in the CCOHS databases (OSHLINE, NIOSHTIC,
HSELINE, CISILO), Medline/PubMed and Barbour’s Health and Safety Professional, using
appropriate keywords such as ‘Doppler’, ‘compressed air work’, and ‘diving’ amongst
others. Other bibliographical tools were employed - principally the online British Library
catalogues. Relevant papers were reviewed briefly to assess their usefulness; key papers
identified by two of us (AC and VF) and a final list agreed by the Steering Committee (the
HSE project officer, Donald Lamont, ADJ, APC, VF and BGM,). The questions and issues
to be addressed related to:
•

whether the Doppler technique can be used to provide a relevant index of
decompression stress, and if so,

•

how it can be used;

•

how the data are affected by:
o

variations in Doppler techniques;

o

objectivity and subjectivity in the interpretation of data;

o

reproducibility (within and between observers);

•

relations between exposure and the apparent extent of bubble formation;

•

relations between bubbles of varying grades of severity and risks of decompression
sickness (DCS);

•

sensitivity and specificity of the measurement; and

•

predictive ability of Doppler Grade for DCS incidence in individuals and in groups.

Training requirements and operational decision-making processes and guidance are also
considered.
3.2

UNPUBLISHED DATA

VF obtained appropriate unpublished data, and used this (with the permissions of the owners
of the data) to augment the published information.
The unpublished data comprised the compression /decompression profiles of controlled
hyperbaric trials with records of Doppler monitoring of the exposed individuals and records
of any instances of DCS. In the trials, groups of individuals underwent the same exposure,
and each individual was followed up with Doppler monitoring of venous gas embolisms in
the period after decompression.
The data originated mainly from diving trials at the Defence and Civil Institute of
Environmental Medicine in Canada. Data from four hyperbaric exposures in compressed air
working or trials to simulate compressed air working were also included. The data from the
different sources were needed to provide an adequate body of data to assess the relationship
between Doppler grades and predicted gaseous burden in central venous blood.
The analysis of these Doppler scores involved comparing them to an index of
decompression stress calculated from the records of hyperbaric exposure and decompression
using a mathematical model. The model is described in Chapter 5 and Appendix 1, but
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essentially it represents the human body as a set of organs into which gas is absorbed and
desorbed, in accord with human physiology and the physics of absorption of gases into
liquid and body tissues. The calculated index of decompression stress was the predicted
peak volume of free gas in central venous blood arising from the exposure and
decompression.
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4 REVIEW OF PUBLISHED INFORMATION
4.1

DECOMPRESSION STRESS

4.1.1

Saturation concentration

If the gas absorbed in a substance is at saturation concentration, then it is at equilibrium with
free gas in contact with the surface of that substance. The higher the gas pressure, the
higher the saturation concentration. During compression, the concentration of inert gas in
blood, in tissues and in other bodily fluids increases at rates characteristic of the properties
of each fluid and tissue. Eventually, if the exposure to increased pressure continues for long
enough, the concentration of absorbed gas would reach saturation at a concentration
appropriate for the pressure of the inert gas.
In hyperbaric exposures, the inert gas which is of interest forms only part of the total
pressure. Consequently, the concentration of that inert gas in the body relates to its partial
pressure in the gas phase. If exposure is prolonged, then the concentration of the inert gas in
the body increases with time, eventually being limited by the saturation pressure of the gas
at that partial pressure. If exposure to pressure is not prolonged, then saturation will not
have been reached in all parts of the body.
During decompression, the concentration of absorbed gas in some parts of the body is likely
to exceed the saturation concentration to some extent. The inert gas in that compartment is
then at supersaturation, and is at a higher partial pressure than the dissolved gas in the
arterial blood coming from the lungs. Supersaturation means that a solution contains
more of the dissolved material than could be dissolved under the existing circumstances and
therefore gas can come out of the solution into the free gas phase.
If the sum of partial pressures of inert gases and other dissolved gases, (normally oxygen,
carbon dioxide and water vapour) exceeds the environmental pressure, then bubbles can
form. The process of metabolism changes the proportions of oxygen and carbon dioxide
present in the body; the consumption (catabolism) of oxygen reduces partial pressure to a
greater extent than the production (anabolism) of carbon dioxide increases partial pressure.
As there is more oxygen in arterial blood than in venous blood, the gases in venous blood
have a lower sum of partial pressures (of dissolved gases) than arterial blood. Similarly,
oxygen-depleted blood in tissues will have a lower sum of partial pressures than the arterial
blood. This metabolic process shields some tissues from the formation of bubbles. This
provides a very useful level of protection against bubble formation and, depending on the
rate of decompression, may protect some tissues completely. Without this naturally
occurring mechanism, safe decompression would be very difficult to achieve.
Due to the surface tension of the fluids in the body, a great deal of energy is required to
form a gas phase within a fluid unless there are small nuclei around which the bubble can
grow. The body contains many potential nuclei; for example, some protein molecules are
large enough to act in that role. There is evidence that gaseous nuclei can be formed
wherever tissues, or layers of tissue, move rapidly relative to surrounding tissue, for
example the movement of the heart valves in the blood. The body is continuously
bombarded by cosmic radiation, the ionised particles forming nuclei around which dissolved
gas can accumulate as bubbles. The degree of cosmic radiation is altitude dependent which
may contribute towards bubble formation in decompression at altitude. The availability of
nuclei for formation of gas bubbles is likely to be variable and contribute to variation in the
rate of bubble formation in decompression.
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4.1.2

Decompression stress

Decompression stress arises when changes in physical conditions (mainly pressure, but
peripheral body temperature might contribute) produce supersaturation of the dissolved gas
in bodily fluids or tissues. The degree of supersaturation in the human body is not directly
measurable, but can be theoretically predicted or modelled. Compression produces the
increases in concentration of dissolved gas. The duration of time spent at pressure and the
time course of decompression determines the occurrence of supersaturation. Lambertsen et
al (1997) used a computed theoretical Bubble Growth Index (BGI) as a single stress index
for each exposure (compression /decompression) profile.
Venous gas embolisms (VGE) and decompression sickness (DCS) are both observable
effects of decompression stress. Lambertsen et al (1997) point out that they may well be
correlated, but the detectable venous gas embolisms probably do not cause the DCS
(because the venous gas is probably not the gas embolisms causing most DCS). Indeed they
frame the question as “whether the degree and time course of monitored VGE can
themselves provide a practically useful basis for predicting incidence and degree of the
pathologic processes induced in tissues other than blood”.
In the conclusions to their report, Lambertsen et al (1997) concluded, inter alia, that:
•
•

Doppler grade of VGE was related to a theoretical index of decompression stress,
the Bubble Gas Index (BGI) (within the data set examined);
Quantitative average correlation of VGE severity and DCS incidence, as two
different expressions of decompression, could be achieved by linking each to the
same theoretical index of decompression stress (such as their BGI).

The final conclusion above is being followed up in this study by using a modelled prediction
of bubble formation as an index of decompression stress.
Since Lambertsen et al (1997) also concluded, “on conceptual grounds”, that “quantitative
correlations of increasing decompression stress,” (expressed by a theoretical index)
“incidence of severe VGE, and incidence of identified decompression sickness were
inevitable and should be derivable”, the question is perhaps not whether each effect is
correlated to the theoretical index, but whether the relationships (VGE to theoretical index,
DCS to index) will be sufficiently coincident for VGE to be practically useful for
controlling compressed air tunnelling work.
4.2

DOPPLER MEASUREMENTS

4.2.1

Introduction

The detection of bubbles using ultrasound methods was pioneered by Spencer (1976) and
others (as described in Colvin, 2003); the principles and practice are described in a recent
review by Nishi et al (2003).
This section presents the aspects that need to be considered in evaluating the potential use of
Doppler detection of bubbles in compressed air workers. Bubbles interact strongly with
sound waves. Nishi et al identified two methods as being most practical: Ultrasound
Imaging and Doppler. However, Doppler, being available as technically simple, compact
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and robust instrumentation, is the technique that has been widely used in monitoring
decompression in field work.
The theoretical considerations are important for appreciating how the Doppler signal is
likely to vary with circumstances.
4.2.2

Theoretical considerations

The Doppler method relies on transmitting high frequency sound (ultra sound) waves from a
piezoelectric crystal (the transducer) into the body and receiving the echoes. Where the
sound wave encounters boundaries between materials that have different acoustic
impedance (defined as the product of density and sound velocity), then some of the energy
is reflected back. Nishi et al give an expression that gives, for a plane sound wave incident
at a right angle to a plane interface, the ratio (R) of the energy of the reflected wave (Er) to
that of the incident wave (Ei):
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where Z1 and Z2 are the impedance before and after the interface. The acoustic impedance
of tissues or blood is typically 3000 to 4000 times that of air, so the above equation indicates
that a bubble of air will reflect or scatter 99.9% of the energy of an incident ultrasound
wave.
The frequencies that are used for ultrasound techniques diagnostic techniques are 1 to 10
MHz. Frequencies at the lower end of this range give better penetration and therefore are
suitable for monitoring the heart. (This has affected the choice of frequency for Doppler
monitors, see next section). The higher frequencies (in this range) are better for spatial
resolution and are preferred for superficial structures such as peripheral vessels.
The Doppler effect is the shift in frequency that occurs when sound is emitted or reflected
from a moving object. For a wave reflected from particles or bubbles moving at velocity v,
the shift in frequency is:
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where f is the frequency of the transmitted signal, α is the angle between the velocities of
the sound wave and the bubble, and c is the speed of sound. The frequency shift allows the
reflected signal, from moving bubbles, to be distinguished from the transmitted signal.
Obviously, reflections from static bubbles will not have the frequency shift and will not be
detected. The dependence on both the blood speed and the angle α means that there is a
wide variation in the frequency shift.
There are also reflected sounds from red blood cells moving with the same velocity, but the
bubbles are much more effective reflectors than the blood cells.
The amplitude of the reflected signal is dependent on the number and size of bubbles.
Experimental systems (in studies summarised by Nishi et al, 2003) have shown that, for
bubbles with diameter greater than 3 µm, the magnitude of the signal increases with bubble
size. For smaller bubbles, the scattering and absorption are affected by forced vibration of
the gas in the bubble due to the varying pressure of the incident sound wave. The effect is
maximal at the resonant frequency of the bubble (e.g. 2 MHz for a 0.3 µm radius bubble at 1
atmosphere absolute pressure).
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In monitoring Doppler signals from human subjects, the bubbles must be large enough to be
detectable over the signals from red blood cells. Nishi et al (2003) point out two
advantages of using a transmitted signal of 2 MHz rather that 5 MHz. The lower frequency
gives less attenuation of the signal before reaching the heart, and that may be particularly
important for monitoring in deep chested individuals. The red blood cells give reflected
Doppler shifted noise. As there are millions of blood cells around the bubbles, albeit that
each gives less scatter than a bubble, it is important to use the frequency-dependence of the
scattering to improve the signal to noise ratio. The scatter increases with frequency, but
more rapidly for red blood cells than for bubbles. So the 2 MHz transducer works better
than the 5 MHz transducer. The detection limit for bubbles, when blood cells are present,
was found to be 30 µm for a 2 MHz transducer tested on a flow in a PVC tube. In a human,
with signal attenuation, Nishi et al (2003) expected that the detection limit would be
somewhat larger. By comparison, Spencer (1976) had estimated that his 5 MHz system
detected 100 µm diameter bubbles in the pulmonary artery. So for a modern 2 MHz system,
the lower detection limit for bubbles in the pulmonary artery is almost certainly above 30
µm and is probably less than 100 µm.
4.2.3

Practical considerations

Most units for decompression monitoring now use nominal frequencies of 2.2 to 2.5 MHz.
However, the original standard frequency used for monitoring decompression was 5 MHz.
Therefore, there is a need to consider whether earlier studies used the 5 MHz detector and, if
so, whether that might have affected the results. For example, for the reasons explained in
the previous section, lower Doppler grades might arise from lower sensitivity.
Nishi et al (2003) point out various advances, made in the 1970s, in the technology and
mode of Doppler transducers. These advances may mean that data from more recent studies
is likely to be more reliable than data from earlier studies.
Two types of Doppler detection system are available. The system can be either continuous
wave (CW), or pulsed. The CW system is the more common for decompression monitoring,
and it is a much simpler system. It has two transducers: one transmits, the other receives.
The pulsed system has one transducer that transmits and then receives.
Nishi et al (2003) noted that a pulsed Doppler system may provide more flexibility and
greater sensitivity (than a continuous wave Doppler system) for bubble detection. By
setting gates to exclude reflected noise that comes when the pulse passes though the parts of
the body that are not relevant, the signal to noise ratio is improved. However, in addition to
requiring more complex electronics, the pulsed system has to be adjusted for each subject,
and therefore Nishi et al (2003) considered that it may not be convenient for monitoring
large numbers of subjects after a dive. However, we suggest that where the same subjects
are being monitored multiple times, it might be feasible to retain the individual subject
adjustments. If that is the case, then the pulsed system might be convenient enough to use
for monitoring after compressed air tunnelling work. And if it does have better sensitivity,
then it might help prevent or reduce the occurrence of falsely low grades being scored due to
signals being obscured by background noise.
4.2.4

Monitoring

The monitoring with the Doppler ultrasonic bubble detector has several key factors which
all affect the reliability of the data of Nishi et al (2003):
•

the Doppler probe must be correctly positioned;
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•
•
•
•
•

readings from a probe at the precordial region monitor the venous return from the
whole body and are therefore generally preferred;
readings at the subclavian veins (left and right shoulders) are considered useful, but
should be additional (not alternative) to the precordial readings;
readings must be taken at sufficiently short time intervals and over sufficient time;
the subject’s position (standing not supine) affects the reading;
the subject’s movement is recognised as changing the readings, monitoring may be
at rest or during a specified movement (e.g. deep knee bends). Movement is liable
to produce a shower of bubbles, some of which may have been released from
adhesion to blood vessel walls and if so the signal would not relate solely or
directly to the formation of bubbles in the body at the time of recording.

The normal method is for the operator to listen to the signal through headphones. Listening
to the signal appears to be necessary simply to confirm that the probe is correctly placed
either over the heart or the subclavian vein, avoiding the subclavian artery. Precordial
bubble evaluation is confounded by the normal heart sounds (that are loud in the precordial
region). A well trained Doppler technician will spend some time listening to, and recording,
the subject’s bubble free heart prior to the start of the hyperbaric exposure.
4.2.5

Doppler scoring methods

The degree of bubbling detected by Doppler monitoring is assigned a severity score by the
operator. The main scoring systems are the Kisman Masurel (KM), and the earlier Spencer
method, both of which are described by Nishi et al (2003). Under both systems, Grade 0
represents an absence of detectable bubbles and Grades I to IV represent increasing amounts
of bubbles. The KM system was developed in an attempt to make the process more
systematic and it involves assigning three codes which classify three characteristics of the
bubble signal. Then a conversion table is used to convert any combination of the three
codes to one of the four KM Bubble Grades.
The three characteristics which are assigned codes are:
•

•

•

Frequency (f), as bubbles per cardiac period
o Code 0
0
o Code 1
1-2
o Code 2
several, 3-8
o Code 3
rolling drumbeat >9
o Code 4
continuous
Percentage (p), if measured at rest, of cardiac cycles with bubbles
o Code 0
0
o Code 1
1-10
o Code 2
10-50
o Code 3
50-99
o Code 4
100
Amplitude (A)
o Code 0
no bubbles detected
o Code 1
barely perceptible, much less than blood sounds;;
o Code 2
moderate amplitude, less than blood sounds;
o Code 3
loud, amplitude similar to blood sounds;
o Code 4
maximal, louder than blood sounds.

Any set of the three codes for fpA then converts according to a defined table to a Bubble
Grade: 0, I-, I, I+, II-, II+, III-, III, III+, IV-, IV, IV+.
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For measurements taken during movement, the readings are transitory and the third code is
defined in terms of duration, d, (of the shower of bubbles) in terms of number of cardiac
periods. The conversions are defined similarly for the combinations of codes fdA.
Compared to the Spencer system, the KM system has the advantages that it:
•
•
4.2.6

covers the readings with movement;
provides a systematic basis for deriving Grades and hence for uncovering the causes
of differences between observers.
Integration of Doppler measurements over time

The Doppler Data (for each decompression) are obtained from a series of readings at
intervals. The peak reading is often used as the reported Bubble Grade, but the duration of
the peak and extent of bubbling over a longer time period may also be important as
indicators of the severity of the conditions. An index that combines these aspects was
proposed by Kisman et al, as described by Nishi et al (2003). This index of severity,
subsequently called the Kisman Integrated Severity Score (KISS), is defined as:
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where ti is the time (in minutes) when reading i was taken, di is the Doppler reading at that
time, and the factor α =3 gives a greater weighting to the higher Doppler scores. However,
the choice of value for α is an arbitrary albeit expert judgement.
Doppler Grade scores are ordinal (ordered categorical) in nature. They are designed to lie in
increasing rank order on an underlying but (at present) unmeasurable scale of severity of
bubbling. Because they are discrete groupings, each may be considered to cover a range of
that scale. However, the distances along that scale at which the boundaries or centres of the
categories lie are not necessarily equal. We may wish to combine several Doppler Grade
scores in a single summary value for an individual over time or over a group of individuals,
but any summary score that uses arithmetic on ordinal data, as if they were equally-spaced
measurements on an interval scale, may represent some distortion compared to the
underlying scale. There are many areas where subjective ordinal scores are traditionally
summarised using arithmetic procedures; the so-called Likert-scored variables common in
psychology and sociology are regularly treated like this. More recently, analysts have been
increasingly using models developed specifically for the analysis of ordinal data, and these
have the advantage of estimating category widths directly from the data (McCullagh, 1980).
Summary scores can then be created from the estimated parameters.
Any use of the KISS score formula above must take into account that the numerical values
and weighting given to individual grades are arbitrary, and may in fact be inappropriate.
Nevertheless, if the numerical label for the grade combined with the exponential factor α
(=3) is a good description of the relative weighting for Doppler Bubble Grades, then the
KISS may serve as a time-integrated measure of the overall severity of the bubbling.
Nishi et al (2003) summarised the use of this index to examine the index to analyse dive
Doppler and DCS data. For example, Nishi (1983) had used the KISS to divide air divers
into three groups: high, moderate, and low “bubblers”. The majority of those who suffered
DCS were high “bubblers”, as assessed by the KISS.
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4.2.7

Problems in signals and scoring

The limitations of the Doppler signal are that it:
• relates only to venous bubbles;
• does not detect bubbles elsewhere in the body;
• does not detect venous bubbles with diameter smaller than 30 µm.
The Doppler scoring:
• is very dependent on having well trained operators, for the correct placement of the
probe (especially for the precordium) and for the interpretation of the signal;
• can be open to variation within and between observer, which may be reduced by
good training and effective quality assurance.
Errors in either placement of the probe or interpretation of the signal can be important.
4.2.8

Advantages of Doppler technique

The Doppler technique has the following advantages:
•
•
•
•

the venous gas bubbles are a direct effect of decompression stress;
the measurements are non-invasive;
real time interpretation is, in principle, possible;
signals can be recorded for quality assurance.

The Doppler technique is the only practicable indicator for routinely checking the efficacy
of decompression procedures in individuals. Nishi et al (2003) suggest that advancing
technology may soon make ultrasound imaging practicable for such applications, but the
Doppler technique will still have the advantage of the extensive existing data. With present
technology, ultrasound imaging equipment is bulky and very heavy, and expensive. Until
there are improvements in these practical aspects, Doppler monitoring is the currently
available practicable option.
4.3

OBJECTIVITY, SUBJECTIVITY AND REPRODUCIBILITY

4.3.1

Introduction

The interpretation of Doppler data is liable to be affected by differences between operators.
This scope for variation has become more recognised, but important studies have been based
on a single operator doing the scoring. The individual may have been well trained, but
another well trained operator might have produced some substantially different scores.
Sawatzky and Nishi (1991) assessed the extent of agreement between scorer (or raters) in
the grading of intravascular bubble signals. They examined the comparison procedures,
using data based upon the KM system, with categories of 0, I-, I, I+, II-, II, II+, III-, III, III+,
IV-, IV.
4.3.2

Comparison procedures

Sawatzky and Nishi (1991) used contingency tables to show how gradings by one rater
compared with gradings by another rater. They used hypothetical data to illustrate how
perfect agreement would appear (all entries down the diagonal of a table). A perfectly
consistent bias would appear as data offset parallel to the diagonal. Scatter, but no bias
would give data distributed around the diagonal. A contingency table readily demonstrates
major or systematic errors.
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They demonstrated that various common summary statistics had weaknesses for
summarising the extent of agreement. For example, a correlation statistic would not
distinguish data that was consistently biased from perfect agreement. However, a weighted
kappa statistic (κ) developed by Cohen does form a suitable basis. Sawatzky and Nishi
suggested weights of 100% for complete agreement, 75% for disagreement by only 1
category, 50 % for disagreement by 2 categories, 25% for disagreement by 3 categories, and
0 for disagreement by 4 or more categories.
4.3.3

Inter-rater comparisons

To illustrate the real impact of inter-rater differences, Sawatzky and Nishi (1991) examined
two real data sets, produced at the Defence and Civil Institute of Environmental Medicine
(DCIEM) {now Defence Research and Development Canada}:
•

•

An unpublished data set from 1978, in which Kisman and Masurel trained 6
students and then all 8 of them evaluated 62 Doppler records, 31 recorded at rest,
and 31 recorded with movement;
A recent test tape evaluated by DCIEM’s senior Doppler Technician and other
DCIEM technicians.

The contingency table comparisons for these data sets showed that there were many
recordings on which raters agreed in their classification, but there were instances of
differences of 2, 3 , 4 categories (e.g. II+ being graded as I- by the other rater, or II as 0).
The occurrence of differences as large as 1 or more bubble grade in four pairwise
comparisons between the senior Doppler technician and four other regular Doppler
technicians, on 60 recordings, were 3 in 60, 9 in 60, 12 in 60 and 13 in 60. With a less
experienced operator included in a pairwise comparison (from the 1978 data set), the
differences were larger and more frequent, but are perhaps less indicative of what can and
should be achieved.
The large differences arose in the recordings from the precordium. It was commented that
when operating on a live subject, rather than a recording, the operator would be able to
clarify a reading (where bubbles were not heard) by asking a subject to undertake a
movement which could produce a shower of bubbles. However, we suggest that this would
seem to be less reliable for an individual operator working alone.
4.3.4 Recommended procedure for comparing Doppler scorers
The optimal procedures recommended by Sawatzky and Nishi (1991), to determine the
comparability of grades given by two operators, is to have them independently grade a test
tape. The results would then be placed in a contingency table, and checked for major errors.
If the major errors are “not too many”, the weighted kappa statistic (κ) would be calculated.
4.3.5

Training and Quality assurance

Sawatzky and Nishi recommended training and quality assurance procedures to improve and
maintain consistency between technicians grading Doppler signals. These included:
•
•
•
•

inter-comparisons, with technicians working periodically in pairs, with rotation of
pairing;
for difficult recordings, evaluating the recording by all the technicians as a group;
Re-evaluating those recordings where a difference arose, and reaching mutually
agreed revised grades;
training of new technicians on previous recordings with benefit of previous grading;
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•

periodic testing of technicians, with evaluation using the contingency tables and the
weighted kappa statistic (κ).

Prior to new experimental data being processed, the DCIEM technicians also meet and hone
their skills by grading a series of tapes.
These are the procedures used at DCIEM, and clearly they have found that a major effort
has to be made to maintain operator consistency.
We suggest that for effective routine monitoring and interpretation of Doppler signals by
any smaller group of technicians, a system of external quality control will be essential.
4.4

RELATIONSHIP BETWEEN DOPPLER GRADE AND INCIDENCE OF
DCS

Decompression is a procedure that produces a risk that bubbling may occur and become
detectable and /or symptoms of DCS may occur. In seeking to describe and model that
process, a number of authors have begun from the point of view that such risks will behave
as probabilistic processes; and that, for example, a group of individuals exposed to a certain
level of stress will be subject to a risk of DCS, and the manifestation of that risk in a group
of divers or dives will be the number (or proportion) exhibiting symptoms.
Weathersby et al (1984) exemplifies how the notion of probabilistic risk may be used,
deriving a non-linear regression model predicting risk of DCS as a physically-justified
function of dive time, depth (or pressure) and decompression parameters. Their models
were fitted to data from human divers and from experiments on rats, using the principle of
maximum likelihood, a common method for fitting non-linear regression models for risk.
Another example of such fitting was given by Tikusis et al (1990), with a somewhat
different prediction model. Neither of these papers attempted to model differences in
individual susceptibility between subjects.
Given that the expression of risk is a probabilistic process, it should be no surprise that we
will meet circumstances where there is risk, but its probability is less than 1.0, so that only a
proportion of those at risk will display DCS symptoms. There is therefore a particular
interest in papers that relate observed bubbles, which may be an indicator of risk, to
observed occurrences of DCS symptoms or signs. Bayne et al (1985) reported on a
simulated trial involving 83 men, in which there were 8 instances of DCS. This showed that
individuals diagnosed as having bubbles (by a method not explained in detail) were more
likely also to be those showing DCS symptoms; the odds ratio for the association was 2.4.
However, the authors noted that their data set was too small to quantify well the association
between Doppler grade and symptom risk.
An earlier paper by Gardette (1979) had data from 232 simulated diving exposures, from a
mixture of bounce, excursion and saturation dives. There were two vestibular bends
incidents (i.e. DCS affecting a thin membrane of the inner ear), both preceded by Grade III
bubbles at rest; and there were no vestibular bends among the dives where bubbles not
exceeding Grade II were observed. Applying a diagnostic criterion of muscle or joint pains,
there were 25 cases, of which 23 were during decompression from saturation dives. This
showed a clear association between risk of pains and grade of bubbles over the range of
bubble Grades 0 to III. This early paper allows an estimate to be made of the characteristics
of bubble grades as predictors of muscle and joint pains, as symptoms of DCS. If, as has
often been suggested, the important split is between bubble grades (after movement) 0 to II
and III to IV, and we attempt to predict from this binary split whether an individual will
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develop muscle or joint pains, then the relevant part of Table 3 in Gardette (1979) collapses
to the following:
Table 4.1: Data on relationship between Doppler bubble grade and observed risk
of DCS (decompression sickness) from Gardette (1979)

Bounce & Excursion
dives
Muscle or joint pain
No
Yes

0-II

At rest
III-IV

Doppler bubble Grade
After movement
Total
0-II
III –IV
Total

102
2

3
0

105
2

97
1

8
1

105
2

104

3

107

98

9

107

Muscle or joint pain
No
Yes

102
23

0
0

102
23

83
13

19
10

102
23

Total

125

0

125

96

29

125

Total
Saturation dives

Based on these data, we may calculate attributes such as the sensitivity and specificity of
bubbles Grade III and above as a predictor of DCS symptoms such as muscle or joint pain.
In the saturation dives, there were 23 cases of pain, and Doppler grades after movement
predicted 10 of these, so the sensitivity is 10/23 = 43%. The specificity is 83/102 = 81%.
Positive predictive value of Doppler is 10/29 = 34%, and negative predictive value is 83/96
= 86%. The Doppler grades after movement for “Bounce and excursion” dives yield
approximately similar values, which are less reliable and less precise because of the very
small number of cases of pain. The data for Doppler scores at rest do not appear to be
predictive of risk of pain.
Eatock (1984) also showed summary statistics from a larger data set demonstrating that the
risk of DCS increased with increasing bubble grade They also highlighted that the
correspondence between bubble grade and DCS was not exact, concluding that “bubble
count is a more sensitive indicator of decompression stress than DCS (decompression
sickness).” Eatock’s data were not presented in enough detail to allow the calculation of
sensitivity, specificity, etc.
Other data on the same topic, from 150 recordings in caisson workers, were given by
Nashimoto and Gotoh (1977). The caisson workers’ working time ranged from 2 to 4 hours
at pressures ranging from 3.2 to 4 atmosphere absolute pressure (i.e. 2.2 to 3 bar gauge).
They give only a brief description of the Doppler recording process: “Subjects were
monitored after locking out. The probe was applied along the left midsternal border and
held in the examiner’s hand. At the same time, signs or symptoms were recorded.” That
leaves uncertainty as to how soon the recording was made after locking out, perhaps
immediately or perhaps after transferring to a suitable location. There is also no
specification if the subject is supine, sitting or standing. Presumably the subjects were
largely at rest during the recording for the examiner to keep the probe in place, but the
subject may have been at liberty to move arms or legs during the recording.
Table 4.2a: Data on relationship between Doppler bubble grade and observed risk
of DCS (decompression sickness) in caisson workers from Nashimoto and Gotoh
(1977).
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DCS signs or
symptoms

0 – II

Doppler bubble Grade
III–IV

Total

No
Yes

94
41

5
10

99
51

Total

135

15

150

Here, sensitivity was only 20%, specificity 95%, positive predictive value 67% and negative
predictive value 70%.
Nashimoto and Gotoh also reported (in their Table 1) the types of DCS being reported, as
described in Table 4.2b. Eckenhoff (1985) suggested that pains (and presumably itches)
would be caused by static bubbles in tissue rather than bubbles in veins, whereas the chokes
would be likely to be caused by gas bubbles in veins (although not necessarily in the
precordial veins). A correlation between Doppler grade and incidence of pain might be
expected because both are related to total volume of gas in the human body (as bubbles)
albeit in different locations in the body.
Table 4.2b: Doppler bubble Grade and type of DCS (decompression sickness) in
caisson workers from Nashimoto and Gotoh (1977) [their Table1].
DCS signs or
symptoms

0

I

Doppler bubble Grade
II
III

IV

Total

With itches
Bends
Chokes
paralysis

8
0
0
0

16
2
0
0

11
4
0
0

4
4
1
0

0
0
1
0

39
10
2
0

DCS total
No DCS
Total
Incidence (risk
factor)

8
51
59
0.14

18
28
46
0.39

15
15
30
0.50

9
5
14
0.64

1
0
1
1.00

51
99
150
0.34

More recent and more extensive data were surveyed by Conkin et al (1998). The exposure
procedure was designed to simulate the hypobaric exposure undertaken by astronauts, and
so the subjects were asked to undertake exercise during the hypobaric exposure. The
Doppler monitoring technician underwent the same hypobaric exposure but did not
participate in the repetitive physical exercise “since DCS in the DT (Doppler monitoring
technician) would stop the experiment”. The data from Conkin et al may therefore be more
equivalent to recording a subject after movement than recording a subject at rest.
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Table 4.3: Data on relationship between Doppler bubble grade and observed risk
of DCS (decompression sickness) in chamber simulations of high altitude
decompression (hypobaric exposure) from Conkin et al (1998)

DCS cases

0 - II

Doppler bubble Grade
III –IV

No
Yes

931
24

213
154

1144
178

Total

955

367

1322

Total

These data show sensitivity of 87%, specificity of 81%, positive predictive value 42% and
negative predictive value 97%.
The more recent data show better predictive characteristics than those from the earlier
surveys, which may indicate that techniques for detecting and grading bubbles have
improved with use. However, they leave a number of questions of practical significance. If
the data of Conkin et al (1998) are typical, then the proportion of instances where bubbles
are of low grade yet DCS symptoms develop is quite small, around 3%. (Restricting to
Doppler Grade 0 only gives a figure of 1.5%.) The higher grades are indicative of a greater
risk; for example, of those subjects with bubble Grades III or higher, 42% developed
symptoms.
Given that the data of Conkin et al are both more recent and more numerous than the earlier
sets, it is instructive to examine them in more detail. Looking at individual bubble grades,
we obtain
Table 4.4: Data on relationship between Doppler bubble grade and observed risk
of DCS (decompression sickness) from chamber simulations of high altitude
decompression (hypobaric exposure) of Conkin et al (1998) Table II
Bubble Grade

No DCS

DCS

Total

0
I
II
III
IV

830
40
61
95
128

13
5
6
23
121

843
45
67
118
249

Total

955

367

1322

% with DCS
1.5%
11%
9%
19%
48%

The increasing risk of DCS with bubble grade is clear here, although there was little
discrimination between Grades I and II. Conkin et al carried out a combined analysis
relating the risk of DCS to time at altitude, and showing that the risk varied with bubble
grade (they combined Grades I and II): their predicted risks agreed very well with those
observed.
The Conkin et al data show a very marked difference (of about 10%) between the risks
associated with bubble Grade 0 and Grades I and II. Not only is this distinction clear
enough, but the risks associated with Grades I and II are also large enough (i.e. around 10%)
to warrant some intervention to reduce these risks.
It is possible, indeed likely, that the distribution of bubble grades in tunnelling applications
with compressed air is quite different from that displayed here, but we do not have any data
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on that distribution arising with the current decompression regime from published data, and
identify that as an information need.
Flook and Lamont (2003) reported incidence of Doppler Grades (0, I, II, and III) following
compressed air work at 0.95 bar gauge pressure at two sites. Details of the results were
contained in a contract research report by Flook (1998a). Within a group of between 5 to 9
individuals in a given shift on a particular day, the Doppler score regularly ranged between
0 to III. Flook and Lamont concluded that the incidence of bubbles could explain the
incidence of DCS on these sites. However, the occurrence of DCS in the subjects during the
three day period of Doppler recordings was not reported. Probably, the DCS incidence
occurred not in the shifts in which Doppler readings were taken but over an extended period.
Nishi et al (2003) report data from 1726 compressed air dives and 1773 helium-oxygen
dives, summarised in Table 4.5. Both types showed clear gradations of increasing risk of
DCS with increasing bubble grade. The results for Grade IV were variable due to small
numbers with this grade, but Grade III showed clearly increased risks of DCS in both types
of dive (11% and 7.4%). However, these risks were around half those in the Conkin data
set.
The types differed in the risks associated with Grade II, being 5% in the compressed air
dives, and negligible in the heliox dives. Again, these risks were smaller than the ~10% in
the Conkin dataset. Both compressed air and heliox dives had very low risk associated with
Grade I bubbles, contrasting again with higher risks in Conkin et al (1998).
Table 4.5: Data on relationship between Doppler bubble grade (precordial, at rest)
and observed risk of DCS (decompression sickness) from Nishi et al (2003) Table
10.3.9. All dives in a hyperbaric chamber under controlled conditions with dry and
wet subjects.
Bubble
Grade
precordial
at rest

Compressed air dives
No
DCS Total
% with
DCS
DCS

0
I
II
III
IV

1257
131
130
170
3

7
0
7
21
0

1264
131
137
191
3

Total

1691
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1726

0.6%
0.0%
5.1%
11.0%
0.0%

No
DCS

Helium-oxygen dives
DCS
Total
% with
DCS

1078
129
232
299
1

6
2
1
24
1

1084
131
233
323
2

1739

34

1773

0.6%
1.5%
0.4%
7.4%
50.0%

Nishi et al also reported that the risk of DCS for given grade of Doppler appeared to be less
if the decompression used oxygen breathing. A subset of the dives in Table 4.5 in which the
subjects had undergone oxygen decompression showed a DCS incidence of 3% for divers
with a Doppler Grade III; whereas those divers given air decompression showed an
incidence of approximately 20% DCS for Doppler Grade III. (The numbers exposed in the
two subgroups were not stated, but to give the overall average of 11.0%, the subgroup sizes
could have been 107 and 84.)
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Table 4.6 Summary of the percentage incidence of DCS reported in more detail in
Tables 4.2, 4.4 and 4.5 from the studies cited in the Table header.

Bubble
Grade

Total
exposed
(over the
four sets
of data)

% with DCS
Conkin et al
(1998)
simulated
hypobaric
exposure
(Table 4.4
above)

Nashimoto
and Gotoh
(1978)
(Table 4.2
b above)

Nishi et al 2003,
(Table 4.5 above)

Compressed
air dives
0
I
II
III
IV

3250
353
467
646
255

Total

4971

1.5%
11%
9%
19%
48%

14%
39%
50%
64%
100% †

0.6%
0.0%
5.1%
11.0%
0.0% †

Helium oxygen
dives
0.6%
1.5%
0.4%
7.4%
50.0% †

† The variation in these rates for Grade IV reflects the very small number of individuals
with Grade IV in the data of Tables 4.2 and 4.5 (i.e. respectively, 1, 3 or 2).
Table 4.6 summarises and compares the incidence rates of DCS for the Doppler grades as
reported from the studies quoted more fully in Tables 4.2, 4.4 and 4.5. Other than the
variation due to small group sizes, there are clearly differences between the various studies.
Nevertheless, all studies indicate incidence of DCS rising with Doppler grade, and the level
of risk for Doppler scores of Grade III or above is of the order of 7 to 20% in the studies
conducted in the past decade. According to the subsets of Nishi’s compressed air dive data,
Grade III from oxygen decompression gave much less risk of DCS (3%) compared to that
from Grade III after air only decompression. Grade IV was observed in fewer individuals
(much fewer in some of the studies) but appears to be associated with risks of the order of
50%. It is not clear why there should be much higher risks in the study of Nashimoto and
Gotoh (1977), but it may be reasonable to assume that the more recent results (of the 1998
and 2003 publications) are more indicate of the risks for data obtained under modern
operational and measurement procedures.
4.5

RELATIONSHIP BETWEEN INDICES OF EXPOSURE AND DOPPLER
GRADE

It is a reasonable assumption that the likelihood of the production of audible bubbles, and
the grade (severity) of the bubbling is likely to depend on aspects of decompression stress;
i.e. on pressure changes, length of exposure, and decompression regime. There have been a
number of attempts to formalise this relationship in regression-type models using (usually
non-linear) equations to predict risk of bubbling. The severity of bubbling may also be
dependent on other environmental factors (such as working temperature, physical work rate,
wet or dry work) or on personal or physiological factors which have not been included in the
attempts to formalise relationships in regression type models.
An early attempt was by Spencer (1976), who derived graphical relationships among
bubbling, pressure exposure and DCS. More recent papers have used more model-based
approaches. Tikuisis et al (1990) developed a predictive model based on gas pressure and
exchange equations, and estimated its parameters from 108 man-dives using air and 622
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using helium. Observed patterns of bubbling were scored with an outcome value 0 for
bubble Grades 0 and I, 0.5 for bubble Grade II, and 1 for Grades III and IV. The best fit to
the data was from a model that embodied the complexities of gas kinetics, with different
parameters for nitrogen and helium, and related bubble grade to predicted bubble volume.
In a subsequent development of this approach, Gault et al (1995) both refined the model
according to its physical basis, and replaced the outcome scoring system with a statistical
model that predicted multinomial probabilities of the three groups of bubble Grades 0, {I,
II} and {III, IV}. Model parameters were estimated by fitting to a data set of 2064 air and
heliox man-dives of varied profile. The fitted model tended to under-predict the risks of
dives resulting in higher bubble grades. The authors claimed better predictive performance
for air saturation dives, where the model predicted no bubbling and none was detected, but
the validation data for this type were from only three divers. The authors expressed some
concern that estimated coefficients for the solubility of nitrogen and helium were mutually
incompatible, implying that some refinements to this aspect of the model might be
necessary.
Eckenhoff et al (1990) adopted a more pragmatic approach, seeking to construct a statistical
model to predict bubble formation after saturation diving, from an exposure-response
relationship depending only on pressure change on decompression. The model used was the
Hill dose-response equation

P(VGE ) =

Dn
D n + D50n

This is an S-shaped increasing curve, where the dependent variable is the risk of VGE
(venous gas embolisms = Doppler-detected bubbles), D is the pressure, n is a steepness
parameter, and the constant D50 is the pressure at which P(VGE) = 0.5. Separate fits were
made to binary variables representing ascending bubble grades e.g. P(VGE>0), …
P(VGE>III). In general, the value of n tended to decrease and that of D50 to increase with
the grade being analysed. At each grade, the data showed a convincing exposure-response
relationship with pressure. In addition, time of peak bubbling and duration of bubbling
increased with pressure.
However, no dive produced any report of DCS symptoms. Allowing for the possibility of
non-recording of minor symptoms, the authors concluded that the incidence after exposures
of these magnitudes was <5%. But there was a considerable amount of bubbling in these
divers even after relatively low pressures; 9 from 54 exposures (17%) produced Grade III or
IV bubbling at this pressure. This is additional evidence over the literature described in 4.4,
that in general bubble detection even at higher grades may over-estimate risk of DCS
symptoms. Nevertheless, Eckenhoff et al discussed various implications, including the
possibility of regarding high-grade bubbles as a sign to be avoided per se.
4.6

VARIATION IN DOPPLER SCORES WITHIN AND BETWEEN SUBJECTS

Differences in physiology and anatomy between individuals are likely to cause differences
in the concentration of venous gas embolisms during or after decompression. Therefore it
would be expected that there would be significant variation between individuals in the
Doppler scores for a given pressure exposure. Some of the data published by Lambertsen et
al (1999) illustrated the differences within individuals between repeated exposures with the
same controlled exposure profile in laboratory tests, and the variation between individuals in
the same tests. Table 4.7 shows examples from their Table 8-4 where the same exposure
was repeated for the same individual and for two or four individuals. (The original data was
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shown with pressure in feet sea water; here it is shown in metres sea water.) In the example
with four individuals with the same exposure, there is more variation between individuals
than within individuals and the individual with Grade IVs had a DCS recorded. There is
thus a suggestion that someone who is regularly returning high Doppler scores may be more
at risk of DCS; however, there is too little data to do more than suggest that such a
relationship might exist. There is a need for further information to determine if such a
relationship does exist. If it does, then it might create a major advance in the detection of
individuals who are at relatively high risk of DCS.
Table 4.7 Examples of Doppler scores in individuals who had more than two
exposures on the same compression /decompression profile.
Decompression
type
No Stop

In-Water,
Oxygen

Diver
code

Depth
msw

784
916
1060
884

45.1

874

54.8

Bottom
time
(mins)

No of
exposur
es

16

39

Doppler scores

Max BGI

4
5
4
4

I, I, III, III
0, I, I, III, III+
III, III, III+, III+
III-, IV-, IV, IV

5.0

3

0, 0, 0

2.9

3

II, II, IV

DCS

Y

4.7

PUBLISHED DOPPLER MONITORING RESULTS FROM COMPRESSED
AIR WORK

4.7.1

Two tunnelling sites

Doppler monitoring results from two tunnelling sites, published in an HSE Contract
Research Report (Flook, 1998a), provide examples of the variation in scores from day to
day and between individuals. Both sites were operating at 0.95 bar gauge pressure.
Shift durations were:
•

between 6 hours to 7.5 hours at Site 1 (this apparently being the time at maximum
pressure);

•

8 hours at site 2, with approximately 7.5 hours at maximum pressure.

Decompression practice differed between the two sites. At site 1, the pressure reduced
continuously over 5 minutes. At site 2 one shift decompressed using Blackpool Table 2
line 8 (44 minutes decompression time), and the other two shifts decompressed using BT
Table 1, line 8 (23 minutes decompression table), both with air-only breathing throughout
decompression.
4.7.2

Monitoring procedures

A total of 9 shifts were monitored at each site. Participation in the trial was voluntary, so
not all of the workers were monitored after each shift. At each site, a total of 9 shifts were
monitored, 3 “day shifts”, 3 “back shifts”, and 3 “night shifts”. Each man worked on a
particular shift.
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The study recorded signals at five locations in the body: the back of each knee, the
shoulders, and precordial. Two measurement systems were used.
•

Precordial bubbles were recorded using trans-thoracic scanning with a 2.34 MHz
probe and a CFM 750 scanner (Vingmed Sound A/S Norway).

•

The other body locations were monitored using a “Mini Dopplex” system with a 5
MHz probe.

The ultra sonic scanner gave an image from which grades were assigned according to the
following description:
Grade 0 - no bubbles;
Grade I - An occasional bubble;
Grade II - At least one bubble every four heart cycles;
Grade III - At least one bubble in each heart cycle;
Grade IV - At least one bubble/cm2 of image;
Grade V - White-out.
Clearly, the ordinal grades assigned by the ultrasonic scanner are not the same as grades
scored by Doppler monitoring, although they have the common feature that grades increase
as the frequency of bubbles increases.
At site 1, each worker presented thrice for monitoring, with the final measurement being
made between 75 and 125 minutes “after completion of exposure and decompression”. At
Site 2, each worker presented twice for monitoring, with final measurements being made
between 35 and 60 minutes after completion of exposure and decompression
In this summary of the results, we quote only the precordial results, as that is the site used
for all the Doppler monitoring data described in this chapter. The difference in
measurement technique means that measurements are not directly comparable, but they do
give an indication of how bubble levels can vary within an individual (from day to day) and
between individuals.
4.7.3

Ultrasonic Monitoring results

From Tables 1 to 6 of Flook (1998a), the precordial ultrasonic scanning results are
summarised in Tables 4.8 to 4.11.
Table 4.8 shows the maximum scores for each individual on each day, the final column
shows the maximum difference between any of the three days for site 1. Frequently, an
individual’s maximum recorded score can differ by several grades from day to day.
Table 4.9 summarises the numbers of man-exposures in each Ultrasonic scanner grade, by
day and in total over the three days for site 1. The final column of the Table summarises the
maximum difference between days.
Tables 4.10 and 4.11 provide the equivalent information for site 2. At site 2, there were a
higher proportion of no records for some individuals on some days.
At each site, the differences between “day shift”, “back shift” and “night shift” were
confounded with the differences between different groups of individuals.
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A comparison of the numbers of man-exposures in each grade indicated that site 1 had a
higher proportion of Grades III or above scores (18 out of 41, =44%) than site 2 (11 out of
54, =20%).
The results in Tables 4.8 and 4.9, for site 1, relate to shift lengths between 6 and 7.5 hours
(although the shift lengths were not shown for each individual). A breakdown of the results
from shifts of 7.5 hours compared to shifts of 6 hours (Table 8 of Flook 1998a) showed that
8 out of 13 results were at Grade III or above for the long shift, whereas only 1 out of 10
were at Grade III or above for the short shift. This result suggests that bubble grades
(recorded by ultrasonic scanner) in about 10 to 15 man-exposures can be indicative of the
reduction of decompression stress due to the shorter period at pressure. However, it was not
clear if the particular comparison was confounded by other potentially important differences
(such as the use of two different decompression procedures at Site 2, or any differences in
work activity on each shift).
It was not stated which shift at Site 2 used which exposure procedure (with decompression
over 44 or 23 minutes). However, the model (described in Chapter 5) was used to calculate
the theoretical peak gas in central venous blood. That calculation indicated that
theoretically the gas bubbles in central venous blood would differ only slightly with the
three procedures used at sites 1 and 2:
Site 1: Decompression over 5 minutes: 3.22 µl/ml gas bubbles in central venous blood;
Site 2: decompression by Blackpool Table 1, line 8: 3.22 µl/ml gas bubbles in central
venous blood;
Site 2: decompression by Blackpool Table 2, line 8: 3.02 µl/ml gas bubbles in central
venous blood.
These two sites were operating (at the time of the monitoring) with exposures which,
according to the data in Table 1.1 (e.g. 0.20% for 0.7 to 0.95 bar over 6 to 8 hours, or 0.24%
for 1.0 to 1.25 bar for 6 to 8 hours) might be expected to have a single exposure risk factor
of about 0.2%.
The above estimate can be compared with data from site 1. By the end of the contract at site
1, there had been 1986 man-exposures to 0.95 bar for shifts of duration 6 to 8 hours, and
there were 5 cases of DCS from the entire contract on site 1, and all were in this group of
exposures (Lamont, private communication). So the single exposure risk factor calculated
from the data for exposures on site in this range (6-8 hours at 0.95 bar) in this group was
0.25%, which is close to the value (of 0.2%) from Table 1.1.
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Table 4.8 Precordial grade scores, determined by ultrasonic scanner from
operational compressed air work at Site 1 from tables 1 to 3 of Flook (1998a).
Individual exposures to maximum pressure (0.95 bar gauge pressure) for times
between 6 to 7.5 hours.
Site 1 Three shifts
Subject
Precordial maximum recorded grade (by
(original code
ultrasonic scanner (on scale 0 to V, see section
in brackets)
4.7.2)
Day 1
Day 2
Day 3

1 (1970103)
2 (1970108)
3 (1970109)
4 (1970112)
5 (1970115)

III+
IIIIII
III
I

6 (1970107)
7 (1970116)
8 (1970123)
9 (1970125)
10 (1970134)

0
III
II
I
0

11 (1970101)
12 (1970105)
13 (1970104)
14 (1970117)
15 (1970118))

III
II
II
III
0

“DAY SHIFT”
III+
III
III
IIIII“BACK SHIFT”
0
II
II
I
II
“NIGHT SHIFT”
III
II
III
NR
NR

Note: NR = no record.
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Difference
between days
(number of
grades in 3 or
2 days)

III
NR
III
II+
III

0 in 3
0 in 2
0 in 3
1 in 3
3 in 3

II
IIII+
III
II+

2 in 3
1 in 3
0 in 3
2 in 3
2 in 3

III
II+
II+
II
NR

0 in 3
0 in 3
1 in 3
1 in 2

Table 4.9 For site 1: number of maximum ultrasonic scanner scores in each grade,
by shift, by day and in total.
Ultrasonic
scanner
Grade

Number of maximum recorded ultrasonic scanner
scores in each grade

Maximum
difference
between
days

Day 1

Day 2
Day 3
“DAY SHIFT”

Total

0
I
II
III
IV
V
total

0
1
0
4
0
0
5

0
0
0
0
1
1
4
3
0
0
0
0
5
4
“BACK SHIFT”

0
1
2
11
0
0
14

0
1
1
1
0

0
I
II
III
IV
V
total

2
1
1
1
0
0
5

1
0
1
0
3
4
0
1
0
0
0
0
5
5
“NIGHT SHIFT”

3
2
8
2
0
0
15

2
1
3
1
0

0
I
II
III
IV
V
total

1
0
2
2
0
0
5

0
0
1
2
0
0
3

1
0
6
5
0
0
12

1
0
2
1
0

0
0
3
1
0
0
4
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Table 4.10 Precordial grade scores, determined by ultrasonic scanner from
operational compressed air work at Site 2 from tables 4 to 6 of Flook (1998a).
Individual exposures to maximum pressure (0.95 bar) approximately 7.5 hours.

Subject
(original code
in brackets)

Site 1 Three shifts
Precordial maximum recorded score recorded by
ultrasonic scanner (on scale 0 to V, see section
4.7.2)
Day 1
Day 2
Day 3

Difference
between days
(number of
grades in 3 or
2 days)

“DAY SHIFT”
16 (2970106)
17 (2970107)
18 (2970115)
19 (2970124)
20 (2970130)
21 (2970133)

III
I
I
II0
0

NR
I+
0
NR
NR
0
“BACK SHIFT”

NR
NR
0
NR
NR
NR

22 (2970102)
23 (2970104)
24 (2970105)
25 (2970113)
26 (2970116)
27 (2970122)
28 (2970128)

III+
IIIIII
III
I
0
0

NR
I
II
0
III
II
II
“NIGHT SHIFT”

NR
0
II
0
NR
I
III

3
1
3
2
2
3

29 (2970101)
30 (2970103)
31 (2970110)
32 (2970117)
33 (2970119)
34 (2970121)
35 (2970126)
36 (2970131)
37 (2970135)

I
I
0
I
II
I
0
0
0

0
III+
NR
III
0
III
0
II+
0

1
2
1
2
2
2
0
2
1

0
I
I
I
0
III
0
I
I
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Too many
Missing data
1
Too many
Missing data
For days 2 & 3

Table 4.11 For Site 2: number of maximum ultrasonic scanner scores in each
grade, by shift, by day and in total.
Ultrasonic
Scanner
Grade

Number of maximum recorded ultrasonic scanner
scores in each grade

Maximum
difference
between
days

Day 1

Day 2
Day 3
“DAY SHIFT”

Total

0
I
II
III
IV
V
total

2
2
1
1
0
0
5

2
1
1
0
0
0
0
0
0
0
0
0
3
1
“BACK SHIFT”

5
3
1
1
0
0
10

0
I
II
III
IV
V
total

0
1
0
4
0
0
5

1
2
1
1
3
1
1
1
0
0
0
0
6
5
“NIGHT SHIFT”

3
3
4
6
0
0
16

2
0
3
3
0

0
I
II
III
IV
V
total

4
4
1
0
0
0
9

3
5
0
1
0
0
9

11
9
2
4
0
0
26

1
5
1
3
0

4.8

4
0
1
3
0
0
8

Too much
Missing
Data for
Days 2 and 3

SUMMARY OF OUTCOMES AND INFORMATION NEEDS

The outcomes of the survey of published literature listed below.
1. Doppler grade and risk of DCS. The published work provides some clear
indications that the Doppler grade is useful in that individuals with higher Doppler
score (i.e. III or more) are at much greater risk of DCS than those with scores of I or
II. For example, the air-saturation, hypobaric exposure data set of Conkin et al
indicate incidence of 20% for Grade III compared to 10% at Grades I or II, and
1.5% at Grade 0. An association is also seen in diving data, but with lower rates of
DCS for the grades, as summarised in Table 4.6.
2. Based on limited data, the risks of DCS for a given Doppler grade appear to be
substantially less when oxygen breathing is part of the decompression.
3. Decompression from air saturation.
Decompression from air-saturation
exposures appeared to give greater risk of DCS (than non-saturation exposure), as
seen in the results from the altitude decompression. Until very recently in the UK
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and elsewhere, full (8-hour) shifts has been the generally accepted way of working
in compressed air. More recent contracts have used shorter shifts (e.g. 6 hours), but
these may be long enough to produce to produce air saturation (in much of the
body) and therefore conditions analogous to the decompression seen in altitude
exposure. However, because of the particular conditions of the hypobaric exposure
(e.g. the repetitive exercise that subjects were asked to undertake during the
decompression), the data from chamber simulation of altitude decompression are
not necessarily directly relevant to decompression from compressed air work.
Nevertheless, the altitude data may be the most extensive data set for
decompression from air saturation exposure and is very relevant.
4. Scope for preventative recompression of individuals with higher grade Doppler
scores. The fact that higher risks of DCS are associated with higher grades of
Doppler scores suggests that in principle an individual, on an incidence of
producing a high grade, could be given a preventative recompression to reduce his
risk of DCS developing. If the preventative recompression is completely successful
in preventing occurrence of DCS, then the estimated risks associated with the Grade
give an indication of how much benefit is achieved from such action. For example,
if the risk for a Grade is 20% (as in outcome 1 above), then 5 preventative
recompressions would be expected to prevent one occurrence of DCS. In the
operational tunnelling context, it would be the duty of the Principal Compressed Air
Contractor and the Contract Medical Adviser to determine if such an approach were
“reasonably practical”. However, some of the obvious practical difficulties are
discussed later.
5. Individuals within a group having the same exposure. If some members of a
group (who are decompressing together from the same shift of work at pressure)
show higher Doppler grades, then those individuals are at higher risk of DCS (as in
outcome 1 above), but the individuals with lower Doppler grades are expected to
have the risk associated with their own grade.
6. Modifying decompression schedules. If frequent preventative recompressions
were indicated by Doppler scores from a regular decompression procedure, then it
would become appropriate (and efficient) to modify the decompression (or work)
procedure.
7. Reliability of routine Doppler monitoring. We concur with other authors that the
value of routine monitoring will be completely dependent on having a well defined
protocol, good training of the staff implementing the procedure, and effective
external quality assurance.
8. Differences between individuals in identical exposures. The published data show
substantial differences in Doppler scores between individuals undergoing essentially
the same exposure, even in well controlled laboratory trials.
9. Differences within individuals and between repeat exposures. The published
data show substantial changes from day to day in the Doppler scores for individuals
undergoing essentially the same exposure, even in well controlled laboratory trials.
10. Limited data from real compressed air work place monitoring. The substantial
differences between individuals may make it difficult to detect the effect of changes
in procedures. But data from about 10 to 15 man shifts may be enough to indicate a
change in decompression stress due to a reduced working time at pressure, based on
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the limited data (obtained by ultrasonic scanner) from operational compressed air
work comparing shifts of 6 and 7.5 hours.
Given these findings from published data, the question that arises is whether the
unpublished data can:
•

confirm that higher Doppler Grade (e.g. III or more) means substantially greater risk
for the individual, and by how much;

•

provide a further estimate of how much risk of DCS is associated with Doppler
Grades II, I or 0 for decompressions from air saturation exposure;

•

provide another estimate of the variability in the Doppler grading between exposed
individuals in a group with the same compression/decompression, or in serial
measurements in the same individual with repeated hyperbaric exposure;

•

describe differences between Doppler raters in evaluating a recorded signal (if the
signals were interpreted by more than one rater);

•

describe the available practical experience on selection and use of Doppler
protocols, training regimes and Quality Assurance systems to ensure reliable results
under field conditions.

A further question is whether there are data for incidence of Doppler Grades from
Compressed Air Work with the current decompression procedures. Are there unpublished
data which show how frequently the different Grades are likely to occur?
Of course, the altitude decompressions are not likely to follow a standard decompression
table (such as the Blackpool Table). Furthermore, the data on Doppler scores were obtained
with subjects undertaking exercise during decompression (to simulate the hypobaric
exposure of astronauts). However, the hypobaric exposure – being decompression from
atmospheric pressure – may be analogous to decompression from longer duration hyperbaric
exposures such as the several hours of exposure as can occur in compressed air work. Thus
there are differences and similarities with the decompression from compressed air work.
Nevertheless, the correlation of Doppler scores and DCS could be relevant to compressed
air work.
This Chapter’s description of the nature of the Doppler measurements and the factors that
can affect the reproducibility of the results provides a basis for the definition of a standard
protocol, to be used if Doppler monitoring is recommended as a routine procedure.
In the next chapter the relationship between Doppler grades and a theoretical index of
decompression stress is analysed, with the theoretical decompression stress expressed as a
predicted volume of gas in central venous blood. The Discussion (Chapter 7) takes up the
comparison of both Doppler grades and DCI with that index and with another theoretical
index of decompression stress (from another published study).
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5 ANALYSIS OF UNPUBLISHED DATA USING A
MATHEMATICAL MODEL OF VENOUS GAS VOLUME FOR
COMPARISONS WITH DOPPLER GRADES
PREFACE
As mentioned in the introduction, this chapter (Sections 5.1 to 5.3.1) contains material
prepared by Dr Flook, including the results from the model.
5.1

THE MODEL

5.1.1

The model

The model is described in detail in Appendix 2. It treats the body as comprising 8
compartments, defined in terms of the time constant for inert gas movement. The pressure
profile and the breathing gas profile of the actual hyperbaric exposure, from the start of
compression to the start of decompression, are used to calculate the inert gas uptake in each
compartment up to the moment at which decompression starts. The pressure and breathing
gas profiles throughout decompression and for at least an hour beyond the end of
decompression are applied to the bubble dynamic equations to follow the initiation, growth
and decay of bubbles in each compartment from an initial nucleus with radius 2 µm. This
part of the calculation gives a profile of the volume of gas carried as bubbles per unit
volume of tissue and of venous blood draining the tissue. The output from each of the 8
sections of this calculation is used to calculate a weighted mean of gas volume carried as
bubbles which is equivalent to central or mixed venous free gas load. This can be compared
to precordial Doppler bubble estimates. For all exposures used in this study, the
calculations used a time increment throughout decompression of 6 seconds which allows an
accurate representation of the profile.
For decompressions in which oxygen has been used as the breathing gas, the model has been
refined to include an element of vaso-constriction during periods of oxygen breathing. The
effect of vaso-constriction is to reduce the rate of removal of inert gas from the body and
this can have serious consequences for the extent of bubble formation.
It is impossible to find text book figures for the degree of vasoconstriction which might
occur in any tissue as inspired oxygen levels increase. Indeed according to Professor
Lambertsen "Because each organ, its many different tissue components and even minute
units of a single tissue has (sic) different relations of blood flow and metabolism, oxygen
pressure gradients vary considerably from one discrete locus to another" (Lambertsen
1978). It is for this reason, and because there is also temporal variability within the body, it
is not possible to get meaningful information about blood flow changes in individual tissues.
This is why models deal only with average values for all anatomical and physiological
parameters. In the case of vaso-constriction due to increased inspired oxygen levels, a
whole body average value has to be used, and suitable estimates have been derived from
Whalen et al (1965) quoted in Lambertsen.
From the information given in Whalen et al about changes in peripheral resistance, blood
pressure and cardiac output as inspired oxygen levels increase, it has been possible to derive
figures for the average reduction in blood flow. Table 5.1 lists these in relation to inspired
oxygen partial pressure.

49

Table 5.1 Reduction in blood flow due to hyperoxygen vasoconstriction (calculated
from Whalen et al 1965)
Inspired oxygen
partial pressure (bar)

Blood flow
as % of normal

1
1.3
1.6
1.9
2.0
2.2
2.5
3.0

94
93
91.5
90
89.5
89
86.8
86

During oxygen breathing, the calculations treat blood flow to each tissue as being reduced
by the estimated amount from Table 5.1.
5.1.2

Limitations of the model

The mathematical model used for the study has an advantage over other models most of
which have had parameter values set by comparing predictions with decompression data,
often with DCS as the only end point. The model used here, as described in Appendix 1,
uses parameter values drawn from an independent literature; thus the solubility of nitrogen
in blood is the "best" value derived from reported measurements and summarised in
Steward et al (1973) and Weathersby and Homer (1980). The anatomical and physiological
parameter values are drawn from the accepted literature. All parameter values are
independent of decompression and therefore there is no restriction on the type of hyperbaric
exposure which can be simulated. In this study the model has taken account of the muscle
and skin blood flow changes due to exercise and consequent peripheral temperature
changes.
Probabilistic models and other models such as the Gernhardt BGI model (Gernhardt 1991),
which have been parameterised using decompression data sets, should not be used outwith
the types of decompressions used for the parameterisation; extrapolation should not move
outwith the experimental range for which there are measured data. Conversely inclusion of
many different types of hyperbaric exposure in parameter estimation reduces the ability of a
model to predict outcome (Van Liew and Flynn 2001). By using only parameter values
derived from the biomedical and physical chemistry literature, the model used in this study
was always operating within the range for which parameter values are valid.
The model makes iterative calculations at very small time increments, following the real
pressure and breathing gas profiles derived from the dive logs or hyperbaric exposure
records (for the compressed air work).
Provided the parameter values are not changed and the model is used in an identical way for
all procedures, the predictions can be used to compare different hyperbaric exposures in the
average subject. No mathematical model predicts what will happen in the individual unless
the model’s parameter values are specifically for that individual. It is important to
remember that the single number which is the predicted volume of gas in bubbles in the
mixed venous blood is a central value relating to the hypothetical average subject with an
undeclared range on either side reflecting the physiological differences between individuals.
It is reasonable to suppose that the undeclared range would have a magnitude similar to the
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range seen in other biological measurements and would be expected to be of the order of 20
to 30% of the average value.
The predictions therefore are a valid way to compare procedures; they are valid for the
mythical average subject undergoing all the procedures. The model is less useful when
considering absolute levels of gas forming into bubbles for an individual because of the
physiological variability between and within individuals. In reading the discussion which
follows, this variability must be remembered. This physiological variability also contributes
to the range of Doppler scores recorded in a group of individuals following identical
hyperbaric exposure.
5.1.3

Comparison of model predictions and Doppler score

The model can predict the level of decompression stress in that it can predict the total
volume of gas being carried as bubbles from the start of decompression until all bubbles
have decayed and all the excess inert gas has been removed from the body which is restored
to 1 bar absolute pressure air-breathing conditions. Figure 5.1 shows a typical output from
the model for the total duration of bubbles.
These predictions have been compared with precordial Doppler recordings for 752
exposures derived mainly from the Defence Research and Development Canada (DRDC)
Toronto database which contains data from controlled trials of a range of air dive profiles.

Figure 5.1 Predicted gas carried as bubbles in the central venous blood following
decompression from 14 minutes at 30 msw
The Doppler recordings have been made according to a standardised procedure (Nishi
1993). Values are available for precordial and subclavian scores at rest and after movement
for a period of 2 or 3 hours after decompression has been completed, readings being taken at
20 or 30 minute intervals. Because the bubble monitoring is not continuous but at discrete
times, the highest recorded Doppler grade may not be the peak value for the individual. The
more frequent the monitoring the higher the likelihood that the maximum recorded score is
the peak score.
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The peak value of predicted gas in bubbles, from the mathematical model, has been
compared with the maximum recorded Doppler score for each individual. Because the
predicted peak value of gas is for central, mixed, venous blood the precordial Doppler score
is the appropriate site for comparison. This leaves the option of comparing scores at rest or
scores after movement; neither is ideal.
Blood appearing under the precordial Doppler probe has arrived from all parts of the body,
with a range of transit times. Bubbles under the probe will have formed in the venous blood
draining the tissues during the preceding several minutes. Almost certainly some bubbles
will adhere to the walls of the blood vessels and be delayed appearing under the probe. It is
likely that this situation reaches an equilibrium in which some bubbles are being freed from
the vessels walls whilst others are captured.
Invariably there is a flush of bubbles under the Doppler probe following movement and it is
believed that this increase in bubble numbers relates to bubbles being flushed from the
blood vessel walls rather than to bubbles being produced at the time. Thus, though the
bubbles recorded by the precordial probe during rest have a range of times of origin, those
which are detected following movement have a much wider range. For this reason the
precordial Doppler score at rest has been used as a possible measure of decompression
stress.
Table 5.2 gives a comparison of precordial Doppler scores at rest and after movement for 8
hours for one subject following the end of a decompression. Bubbles flushed from the
vessels’ walls by movement give scores of III, even when the score at rest has returned to 0.
Table 5.2 Precordial Doppler scores recorded following a Blackpool Table
decompression in a single subject
Time (mins)
15
50
91
125
161
190
234
274
315
394
430
458
483

5.2

THE DATA

5.2.1

The profiles studied

At rest
0
II
II
III
III
III
III
II
I
II
I
0
0

After movement
0
II
III
IV
IV
IV
IV
IV
IV
IV
III
III
III

Most of the profiles studied derive from the database of Defence Research and Development
Canada (DRDC) Toronto which is the centre for development and testing of decompression
procedures for the Canadian military. It is also the centre which has developed Doppler
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bubble evaluation to a routinely high level of consistency. The other hyperbaric exposures
which have been used are those on which Doppler recordings have been made in a variety of
diving and compressed air studies carried out for HSE (Flook 1998a, Flook 1999, Flook
2001, Flook 2003) or for private contractors during compressed air operations. All
exposures involved immersion in water with the exception of the four marked in Table 5.4
as compressed air (CA) procedures. Thus, the compressed air procedures involved 76 manexposures out of the 752 man-exposures for which Doppler scores were available in Table
5.4. (There were also three man-exposures which did not have Doppler scores because DCS
occurred before Doppler monitoring had taken place; thus giving a total of 755 manexposures in Table 5.4.)
This study has used only hyperbaric exposures on which air is breathed during the time at
maximum pressure. Decompression types include no-stop procedures, i.e. where reduction
in pressure is continuous without a hold at any level, air decompressions with stops,
decompressions with stops with oxygen breathing on some of the stops and "surface
decompressions" (Sur-D).
Maximum pressure ranges from 0.9 bar gauge to 8.0 bar gauge and the time spent at
maximum pressure ranges from 5 to 360 minutes.
5.2.2

Range of Doppler scores

The individual variability in bubble scores recorded after identical hyperbaric exposures is
considerable. Table 5.3 gives the results for maximum precordial Doppler scores at rest,
recorded for ten of the procedures from the DRDC Toronto database. These are a mixture
of types of decompression: air only as the breathing gas, oxygen as the breathing gas for the
last part of the decompression and "surface decompressions" (Sur-D).
Sur-D decompression is one in which the initial decompression is quicker than would be
considered safe, with or without stops, with or without oxygen, followed by a strictly
limited time on surface, 5 or 7 minutes maximum, followed by recompression to 1.2 bar
gauge on pure oxygen and a long hold at that pressure before final decompression.
Where Table 5.3 shows more than one exposure for the same depth/bottom time
combination they are for different types of decompression. These results all refer to
controlled decompressions carried out under laboratory conditions; for any one exposure all
the subjects taking part had identical exposures. For most exposures there is a wide range of
maximum Doppler scores, from Grade 0 to Grade III or Grade IV.
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Table 5.3 Maximum precordial Doppler scores at rest (Subset of data in Table 5.4)
Dive
msw/mins
45/15.5
45/30
27/60
36/50
36/50
36/50
39.4/30
18.5/240
18.5/240
63/30

Number of divers with maximum bubble
Grade 0 Grade
Grade
Grade
Grade
I
II
III
IV
10
5
20
6
12
18
6
17
4
11

3
1
1
1
2
2
4
3

2

5
4
1
6
6

6
4
3
6
2
3
4

36
8
22
6

4
4
Total

Total
20
10
22
19
24
23
56
30
33
21
258

5.3

RESULTS

5.3.1

Predicted gas in central venous blood versus maximum Doppler
scores

Every exposure reported here was predicted to give bubbles somewhere in the body for
every subject.
Table 5.4 lists the basic results: peak value of predicted gas carried as bubbles (free gas) in
the central venous blood, and the maximum recorded precordial Doppler score at rest shown
as the number of subjects with each grade. The procedures are listed in order of increasing
decompression bubble formation as predicted by the model. The predicted free gas carried
in the central venous blood, expressed as µl gas/ml of blood, shows a 4.7-fold increase from
the least to the most.
There were 20 cases of DCS reported on the trials in Table 5.4; Doppler grades were
recorded before treatment was started for 17 of these. These cases are shown as * in Table
5.4, each * represents 1 case of DCS and the * is shown in the column corresponding to the
maximum Doppler grade for that individual. In three cases, the symptoms occurred before
the maximum bubble score had been identified with certainty, and therefore the * has been
placed in the second column. Table 5.4 shows that, though the majority of cases of
symptomatic DCS occur at the higher bubble scores, the symptoms can occur at low bubble
scores and even when no Doppler detectable bubbles are recorded.
Inspection of Table 5.4 gives the impression of more of the lower grade scores at the low
predicted gas end of the table and more of the higher grade scores at the other end. Taking
an arbitrary switch from "moderate" to "severe" as being half way through the range of
predicted gas (halfway from 1.65 to 7.69 µl/ml) just over 58% of the Grade 0 scores fall in
the "moderate" procedures whereas only 24.6% of the Grade III scores occur on "moderate"
procedures.
This pattern of Doppler grades is detectable mainly because of the large number of
exposures in Table 5.4. It would be difficult to use a small number of subjects to rank
procedures in order of severity. As an extreme example of the difficulty of ranking
procedures using small numbers of subjects, Table 5.5 (on page 59) gives Doppler results
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for two exposures, one from the lower end of predicted free gas volume and one from the
high end. The pattern of Doppler scores is remarkably similar for both. The model
prediction of gas as bubbles in central venous blood is much higher for the second group.
There was one DCS in the first group.
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Table 5.4

Predicted volume of gas in bubbles (�l/ml) and observed maximum bubble scores, precordial Doppler recording at
rest. (Results produced by Dr Flook)

Each asterisk (*) in this table indicates an incident of DCS, either for the Doppler grade (* in columns 3 to 7) or prior to Doppler score being
recorded (* in column 2). All exposures involved immersion in water with the exception of the four marked as compressed air (CA). See text in
section 5.3.1 for details. The pressure is given in metres sea water (msw); 10 msw is approximately equal to 1 bar gauge pressure.
Maximum depth (msw)/
duration at maximum (mins)

Predicted gas
(�l/ml)

Grade 0

Grade I

Grade II

Grade III

Grade
IV

Type of
decompression

9/120

1.65

2

1

1

CA

18/80

1.82

7

1

1

Air, oxygen

27/60

1.96*

20

1

36/50

2.52*

12

2

24/34

2.55

8

19/60

2.56

10

30/21

2.83

8

30/55

2.92

2

24/30

3.06

8

18.5/240

3.09

17

30/14

3.10

6

45/40

3.11

7**

45/40

3.27

19

24/40

3.33

5

33/15

3.48

8

45/70

3.76

6

2

2

3

Air, Oxygen Sur-D

11/360

4.00

1

1

6

1

CA

54/30

4.06

19

1

3

1

Air, Sur-D

30/28

4.12

6

5

1

4

1

Air, oxygen

6

Air, oxygen
Air, oxygen

1

1

Air
Air, oxygen

4

4

4

Air
Air

3

2

8

CA, oxygen
Air

2*

1

1

Air, oxygen

1*

2

Air, oxygen

1

Air
Air
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Air, Oxygen Sur-D

Maximum depth (msw)/
duration at maximum (mins)

Predicted gas
(�l/ml)

Grade 0

Grade I

Grade II

Grade III

Grade
IV

Type of
decompression

80/55

4.29

11

1

Air

36/30

4.30

5

3

3

1

Air

36/50

4.35

15

1

3

2

Air

36/50

4.41

5***

Air

36/50

4.44

18

36/60

4.44

7

36/40

4.45

2

2

3

45/20

4.77

2

3

1

60/8

4.78

8

70/6.8

4.81

1

2

36/50

4.83

6

1

66/10

4.92

12

1

18.5/240

5.00

4

39.4/30

5.11

6

45/25

5.12

54/15

1
2

3

Air

3

Air
5*

Air
Air, Sur-D
Air

6*

1

Air

6*

Air

1

Air

3

22

4*

CA

4

6

36

4

Air

7

2

2

1

5.12

5

4

3

Air

60/9

5.27

9

2

2

Air

70/7.5

5.29

10

4

1

3*

Air

45/20

5.30

8

1

2

3

Air

75/10

5.30

6

1

1

2

Air

45/30

5.32

3

4

2

3*

Air

45/15.5

5.42

10

3

2

5*

Air

45/30

5.71*

5

1

4

Air

54/20

5.75

5

1

3

Air

60/10

5.75

9

1

2

57

Air

Air

Maximum depth (msw)/
duration at maximum (mins)

Predicted gas
(�l/ml)

Grade 0

Grade I

Grade II

Grade III

45/40

5.82

8

2

2

8***

54/20

5.88

3

1

3

4

54/25

6.10

3

54/25

6.10

1

1

66/15

6.18

6

3

54/25

6.66

1

63/30

6.77

11

63/30

7.60

5

72/40

7.69

Total

3

Grade
IV

Air
1

4
4

Type of
decompression

Air
Air

5

1

Air

5

Air

3

1

Air

4

6

Air, Sur-D

2

4

1

Air, oxygen, Sur-D

10

1

4

6

Air, Sur-D

393

80

102

167

(with no Doppler
grade available)

58

10

Total = 755
(752 exposures with
Doppler grades)

Table 5.5 Distribution of Doppler grades, see text for details
(Subset from Table 5.4; again the * indicates a case of DCS)
Predicted gas in bubbles
µl/ml
2.52 *
7.69

5.3.2

Grade 0

Grade I

12
10

2
1

Grade II

Grade III

4
4

6
6

Grade IV

Individual maximum Doppler score and average predicted peak gas
volume

It is clear from Table 5.4 that any relationship between predicted gas and the relative
frequencies of the Doppler grades is subject to considerable variation, and that a qualitative
judgement of the strength of any relationship is impeded by the variation. Therefore, it is of
interest to quantify the evidence of a relationship, and to estimate its parameters.
Doppler grade is a subjectively-scored, ordinal response, where the risk of higher grades is
expected to increase with predicted gas. An initial analysis applied simple linear regression
analysis to relate the proportion of Grade 0 results to the predicted gas. A statistical model
more appropriate to the nature of the data was employed for the final analysis reported here.
Risks are probabilities bounded by the values 0 and 1. Where the observed data are frequency
counts representing binary risks (e.g. a Doppler score above or below a certain grade), they
are customarily analysed with logistic regression models, which predict risks values only in
the range 0-1. A logistic regression model can also allow for the different weights implied by
differing group size denominators.
Analysis of ordinal responses (i.e. responses scored on a progressive scale of severity) is
sometimes carried out by analysing the risk of achieving a particular level or higher, and
using logistic regression to find the relationship with the determinants of the risk. Here, we
analysed the risk of being at or above each grade (i.e. at Grade 1 or above, or at Grade II or
above, or at Grade III or above, or at Grade IV).
A model due to McCullagh (1980) extends the logistic framework for use with ordered
categorical responses such as Doppler grade; we have used this for our analysis of these data.
The details of the analysis and the estimated coefficients are given in Appendix 1. The main
finding was a statistically highly significant trend of increasing risks of higher Doppler grades
with increasing predicted gas. However, the data showed considerable random variation
about the average trends.
The relationships implied by the fitted model are shown in Figure 5.2. Table 5.6 shows, for
selected percentage risks of achieving the listed Grade or higher, the corresponding predicted
gas value, obtained from the fitted formula in Appendix 1. For example, the model predicts
that at a predicted venous gas of 1.12 µl/ml there is a 10% risk of showing Doppler Grade I or
higher.
Caution is necessary in interpreting and extrapolating any summary results from Table 5.4.
The trials that contribute to it were done in a range of environments, and with different
decompression regimes, in some cases using oxygen rather than air. In Appendix 1, we note
that the residual variance is inflated compared to that expected from statistical theory. That
inflated variance may arise because these differences in procedures within the exposures are
not taken into account in the statistical analysis.
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Figure 5.2 Risk of achieving Doppler Grade at or above each grade as a function of
predicted gas concentration in venous blood

Plotting the percentage of subjects with Doppler Grade at or above III (i.e. Grade III or Grade
IV) against the predicted level of gas in blood, in Figure 5.3, shows the considerable variation
between the groups.
Figure 1.1 had shown a previously developed relationship between predicted gas-in-blood and
the risk of DCS. That relationship suggested that the risk of DCS would be controlled well if
the predicted gas in blood was less than 4 µl/ml.
In Figure 5.3 it appears that a threshold (for proportion of Grades at or greater than III) at
20% would possibly serve well as an action level in that most of the trials with predicted gas
in central venous blood less than 4 µl/ml have less than 20% occurrence of grades at or
greater than III. Conversely, a proportion above 20% is quite common from the trials with
predicted gas in central venous blood above 4 µl/ml.
Of course, the threshold could be expressed in terms of percentage at or above some other
Doppler Grade, and Figure 5.4 illustrates the equivalent data for percentage at or above Grade
I.
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Figure 5.3 Incidence of Doppler scores at or above Grade III (i.e. at Grades III or IV)
versus predicted level of blood in central venous gas. The curve represents the fitted
model, as taken from the values in the final two columns of Table 5.6.
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Figure 5.4 Incidence of Doppler scores at Grade I or higher versus predicted level of
blood in central venous gas. The curve represents the fitted model, as taken from
the values in the first two columns of Table 5.6.

Table 5.6 Risk of achieving Doppler Grade at or above each grade with
corresponding predicted gas concentration in venous blood. Where the risks are for
predicted gases that are above the range in Table 5.4 (maximum value there is 7.69
µl/ml), the font is italic.
% at or
above
Grade I
1
5
10
20
30
40
50
60
70
80
90

Predicted
Gas
(µl/ml)
0.23
0.69
1.12
1.90
2.69
3.59
4.68
6.09
8.12
11.54
19.56

% at or
above
Grade II

Predicted
Gas
(µl/ml)

1
5
10
20
30
40
50
60
70
80
90

0.32
0.93
1.51
2.56
3.64
4.86
6.32
8.23
10.98
15.59
26.44
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% at or
above
Grade III
1
5
10
20
30
40
50
60
70
80
90

Predicted
Gas
(µl/ml)
0.49
1.45
2.36
4.00
5.68
7.57
9.85
12.83
17.11
24.30
41.19

5.3.3

Predictions of gas in blood versus median maximum Doppler scores

The range of scores for each procedure can be summarised in a single score representing a
central value. Table 5.7 gives the median of the individuals’ maximum scores for each of the
groups in Table 5.4 compared to predicted gas volume ranked in order of increasing gas
volumes. Where scores are quoted in the form 0/I, an even number of subjects and the
distribution of scores gave a median value in between the adjacent Grades. Inspection of this
table shows that Grade 0 is the most common outcome especially at the lower end of
predicted gas in blood, and medians tend to be higher for higher predicted gas in blood.
From the first two columns Table 5.6, a predicted gas in blood of 4.68 µl/ml gives a 50%
probability that an individual’s score will be at or above Grade 1; and that implies a 50%
probability of the individual being at Grade 0. Therefore:
•

at predicted gas in blood below about 4.7 µl/ml the median for several individuals
is likely to be Grade 0.

•

At the top of the range of predicted gas in these data from Table 5.4, (i.e. at 7.7
µl/ml), the probability of individual scores at Grade 0 has fallen to about 30% from
Table 5.6 However, medians of Grade 0 are still a likely outcome in small groups.

The observed medians (in Table 5.7) and the probabilities (in Table 5.6) were derived from
the same data so it is not surprising that they are consistent.
Table 5.7 Predicted peak volume of gas in bubbles and median of the group of
individuals’ maximum bubble scores, for Precordial Doppler recording at rest
Predicted
gas
1.65
1.82
1.96
2.52
2.55
2.56
2.83
2.92
3.06
3.09
3.10
3.11
3.27
3.33
3.48
3.76
4.00
4.06
4.12

Median
score
I/II
0
0
0
0
0
0
II
0
0
0
0
0
0
0
I
II
0
0/I

Predicted
gas
4.29
4.30
4.35
4.41
4.44
4.44
4.45
4.77
4.78
4.81
4.83
4.92
5.00
5.11
5.12
5.12
5.27
5.29
5.30
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Median
score

Predicted
gas

Median
score

0
I
0
III
0
0
II
I
0
I
II
0
III
III
0
I
0
0
0

5.30
5.32
5.42
5.71
5.75
5.75
5.82
5.88
6.10
6.10
6.18
6.66
6.77
7.60
7.69

0
I
0/I
0/I
0
0
I/II
II
II
II/III
I
II
0
I
I

5.4

DCS IN THIS DATA SET

5.4.1

Risk of DCS relative to Doppler score

In the data of Table 5.4, there were 53 profiles of hyperbaric exposure and a total of 752
individual exposures with recorded Doppler scores. From these exposures, there were a total
of 17 cases of DCS (plus three cases of DCS in individuals who were not scored for Doppler
grade), as summarised in Table 5.8. The data of Conkin et al (1998) were based on 1322
individual exposures (i.e. approximately twice the number in Table 5.8), and a much higher
number of DCS (367).
Table 5.8 Data on relationship between Doppler bubble grade and observed risk of
DCS (decompression sickness) from the data in Table 5.4
Bubble Grade

DCS

Total

% with DCS

0

391

2

393

0.5

I

79

1

80

1.3

II

100

2

102

2.0

III

156

11

167

6.6
10.0

IV
Total

5.4.2

No DCS

9

1

10

735

17

752

DCS and predicted gas in blood

A relationship between predicted gas in blood and incidence of DCS, based on a much larger
dataset, has already been shown in Figure 1.1. Figure 1.1 suggests that incidence of DCS
decreases rapidly as predicted gas in blood is reduced and that DCS would be highly unlikely
to occur when gas in blood is less than about 3.5 µl/ml. It is useful to see if that relationship
is reflected in the data of Table 5.4.
From the data in Table 5.4, the number of DCS cases can be compared to the number of man
exposures. Table 5.9 shows a summary of this comparison, with the exposures from Table
5.4 gathered into groups with approximately 150 man exposures. There is some fluctuation in
DCS rates between 1.4% and 2.6%, but not a progressive rise. There are, however, only 20
cases of DCS so it is perhaps not significant that the incidence does not appear to rise with
predicted gas in central venous blood. Nevertheless, it is important to note that the model
predictions of gas in blood did not serve better than the Doppler scores as a predictor of risk
of DCS in this data set.
These results appear to contrast with those in Figure 1.1. However, Figure 1.1 is based on a
minimum of 1000 man-exposures for each data point, so the small amount of data in Table
5.9 is not refuting the relationship in Figure 1.1 (given the width of the confidence intervals
on rates observed in groups of only 150 man-exposures, see Section 1.4 and Appendix 1).
However, it is useful to contrast how informative Doppler scores and theoretical predictions
are within this small data set.
If the predicted gas in blood had predicted the incidence of DCS in this (Table 5.4) data set as
well as (or better than) the Doppler scores, then we would have discussed whether the
Doppler monitoring might be replaced by theoretical predictions to assess the risk of DCS.
However, the Doppler scores do appear to provide information which is not replaceable
simply by theoretical prediction (as shown by comparing Table 5.9 with Table 5.8).
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Table 5.9 Incidence of DCS compared to predicted gas in blood for the data from
Table 5.4. Groups from Table 5.4 are combined to give as nearly as possible 150
man-exposures with predicted gas in the stated range. This table includes 20 DCS
cases whereas Table 5.8 has only 17 results, the 3 cases that occurred without
Doppler score being available are indicated by the footnotes.
Predicted gas
µl/ml

man-exposures

1.65 to 3.1
3.11 to 4.35
4.35 to 5.00
5.11 to 5.42
5.71 to 7.69

147
150
135
167
156

Total

755

†
‡

number of DCS

Single exposure
risk factor for DCS
%

2†
4
7
4
3‡
20

1.4
2.7
5.2
2.4
1.9
2.6

These two DCS occurred before Doppler monitoring results were obtained
One of these DCS occurred before Doppler monitoring results were obtained

5.4.3

Relationship from the data in Table 5.4

Table 5.4 showed the Doppler scores for groups of between 4 and 56 subjects with each group
having a well defined hyperbaric exposure. The number of cases of DCS in any one group
ranged from 0 to 3, with most groups having no cases. Plotting the percentage of subjects
with DCS against the percentage with Doppler Grade III or above (i.e. Grades III or IV) gives
Figure 5.5. The group with 50% DCS was one of the smaller groups with just 6 subjects, so
that 50% corresponded to 3 cases of DCS. The data in Figure 5.5 suggest that the risk of
DCS, in this data set, rises as the percentage of Doppler Grades III or IV increases. Above
20% with Doppler Grade III or IV, there are several groups with DCS incidence of 8% or
more; whereas all except one of the groups with fewer than 20% with Doppler Grade III or IV
show incidence below 6%. So 20% of Doppler Grade III/IV may be a useful approximate
guide to relative risk of DCS in the group.
When the group exposures of Table 5.4 were ordered by ascending percentage of individuals
with Doppler Grade III or above in the group, then that lead to the summary in Table 5.10.
The main features of this summary data are that:
•

The sub-total for groups with no individuals having Doppler Grades at III or above
show no cases of DCS in a total of 172 man-exposures.

•

Five out of the 20 cases of DCS (of Table 5.4) occurred in individuals with grades that
were either not recorded or in the range 0 to II, but all 5 cases were in exposure-groups
where another individual had Doppler score of III or above. Only the larger groups
(>5) of Table 5.4 can possibly give percentages < 20% in column 1 of Table 5.10. DCS
rates appear to be 2.9% to 3.7% if Grades III or above occur in the exposure-group.
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Table 5.10 Summary of incidence of DCS for exposures categorised by percentage
of Doppler Grades III or above in the exposure-groups of Table 5.4.
range of % of men with
Doppler Grade III or above

Number of man
exposures

Number of
cases
of DCS

%DCS

0
4 to 20%
>20%

172
205
378

0
6
14

0.0
2.9
3.7

Total

755

20

2.64

% of subjects in each group with DCS
60

% of subjects with DCS
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Figure 5.5 Percentage of subjects with DCS versus the percentage of subjects in
the same group with Doppler grade scores at or above Grade III (i.e. scores of III or
IV). Data derived from Table 5.4.

5.5

DISCUSSION OF THIS CHAPTER’S FINDINGS

The main question to be answered in this work is:- can Doppler bubble evaluation be used to
evaluate decompression severity under operational conditions, specifically for compressed air
work in the construction industry? For Doppler recordings to be of value to the industry, the
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pattern of Doppler grades recorded at the end of a decompression should indicate the
effectiveness of decompression. Currently, the severity of an exposure is assessed in terms of
incidence of DCS, so proving a reliable relationship between Doppler scores and DCS
incidence would help establish its relevance to monitoring operational compressed air work.
Total exposures to any one decompression procedure during a modern contract are likely to
be up to a hundred or so exposures; there would probably be fewer than 10 different
procedures used on a single contract and perhaps a thousand exposures at most for the whole
contract. Ideally the severity of each procedure should become apparent after the first few
subjects have been monitored under operational conditions.
A secondary question is:- can the maximum Doppler bubble grade recorded in an individual
be taken as a reliable indication of the level of decompression stress in that individual?
Hypothetically, a Doppler score which indicates an unacceptably high level of decompression
stress could be taken as an indication for giving that person a preventative recompression.
5.5.1

Use of Doppler grades to rank procedures in order of severity of
decompression stress

The results in Table 5.6 above demonstrate the average relationship between the probability
of obtaining a given maximum Doppler grade in an individual and the level of decompression
stress as indicated by the predicted peak free gas volume. The usefulness of this relationship
is limited by the large scatter on the Doppler results, and the uncertainty in the relationship
between predicted gas in the average person and the actual gas in a particular individual.
There is a lower limit to size of gas bubbles which current Doppler techniques can detect, and
bubbles probably have to exceed 30 µm to be detected in practice. Therefore it is not
surprising that the model predicts a free gas phase though the Doppler grade is 0, as seen in
Table 5.4. For example, a predicted gas volume as low as 1.65 µl/ml has 2 out of 4 (50%)
subjects with non-zero Doppler scores (Table 5.4), although the expected risk of Grade I or
higher at that level (Table 5.7) is about 25%.
This variability within groups is largely due to variations in physiology and anatomy between
individuals. However, the range of maximum Doppler scores seems surprisingly large even
taking account of variations in normal physiology and anatomy, and clinical and other
constitutional factors are also likely to be important.
The muscles of the body make a major contribution to central venous blood. Differences in
inert gas uptake in muscles in different individuals would have a big influence on precordial
bubbles. Activity during the time spent at pressure is the major influence on muscle inert gas
uptake because the blood flow to muscle increases enormously, up to 18 times in hard activity
and an increase of 10 times would be common. The exact increase in blood flow depends
critically on the level of physical fitness of the individual. The trials described in Flook
(1999; 2001) attempted to overcome the variability by ensuring that the working muscles
were brought to inert gas saturation. Under those conditions, the variation in Doppler scores
was relatively small. However, under compressed air operational conditions, the workers
may be doing work that could vary greatly in the degree of physical exertion required. That
variation in physical exertion may contribute to the variation in Doppler scores between
individuals and from shift to shift for each individual.
There are thus many factors which might, under operational tunnelling conditions, influence
the Doppler scores for groups (the selection of a small group of perhaps 5 individuals, their
personal conditions on the day (dehydrated, fatigued, etc), level of work activity, local
barometric pressure, minor differences in duration of compressed air work, and variation in
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how precisely a manually controlled decompression schedule is operated). For these reasons,
Lambertsen et al (1999) concluded (in point 8 of their conclusions) that “operational trials
will lack the precision of the laboratory profiles, will lack the convenience of grouping
numbers of individual dives to derive % incidence of high or low VGE (Doppler) scores, and
are less able to avoid ancillary precipitating factors.” Since data from operational Doppler
monitoring would have similar uncertainties, any Doppler results would have to be interpreted
with great care (e.g. in assessing the decompression efficacy per se) and with full recognition
of the uncertainty due to ancillary and confounding factors. A laboratory trial undertaken to
compare the Blackpool Tables with and without oxygen breathing (Flook, 2001) illustrated
how the complicating factors (exercise, subjects, etc) can be controlled in laboratory trials.
5.5.2

Use of the KISS integral for Doppler Scores

So far, this chapter has discussed decompression stress in terms of peak values, both of
Doppler scores and predicted free gas. There is a school of thought which considers that
some form of integrated Doppler score gives a more meaningful evaluation of risk; see for
example the KISS described in Section 4.2.6. The idea of an integrated score fits very well
with the concept that every bubble can cause damage to e.g. the endothelium. The model
predicts that bubbles will last for many hours following return to normal pressure. The
evidence (e.g. Table 5.2) is that supersaturation is present somewhere in the body for many
hours following decompression. Supersaturation supports bubbles generated following
movement. Therefore, peak volume of free gas may not be the best way to evaluate
decompression stress.
In a normal individual, after a decompression which has not flooded the body with bubbles
the lungs can be assumed to act as a perfect bubble filter and therefore it could be assumed
that each bubble gets only one chance to cause damage. Only in the case of a severe
decompression such as would now be experienced only accidentally, or in an individual with
a significant venous arterial shunt, e.g. an open patent foramen ovale (PFO), would bubbles
cross the lungs and re-enter the body on the arterial side. The fact that bubbles leave the body
on the first passage through the lungs means that some form of integration of bubble numbers
would be a summation of dose (of bubbles) and therefore possibly a better index of risk than
the peak bubble score.
Figure 5.3 shows the complete output from the mathematical model for 2 procedures which
have the same predicted peak free gas volume. The model was run until the volume of gas in
bubbles returns to zero; the body is restored to its predive normobaric condition. The bubbles
last for many hours, a consequence of the gas:blood/tissue partition coefficient for nitrogen,
approximately 65:1 in favour of the gas phase. Once the bubbles form, the gas phase releases
gas only very slowly to maintain the dynamic equilibrium between gas and tissue or between
gas and blood. Figure 5.3 illustrates that the duration of free gas is considerably longer for 36
msw /50 minutes than for 70 msw/6.8 minutes. The longer duration exposure at lower
pressure produces a greater exposure in terms of integrated gas bubble dose, but not in terms
of peak gas concentration.
The maximum Doppler score reduces the information from a series of perhaps two or three
measurements to just one of those measurements. The integrated score uses all of the
measurements and the information about the time intervals between readings. So a summary
index that is an integrated score could be a more representative indicator of relative
decompression stress arising from different exposure profiles. However, comparability of
integrated scores would be likely to be dependent on consistency in taking readings at
appropriate time intervals over a defined post decompression period.
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Figure 5.3 Predicted gas in bubbles
The literature (e.g. as discussed in Nishi (1993)) contains a suggested means of integrating
Doppler scores to get a KISS value as defined in section 4.2.6. The KISS could provide a
pragmatic means of creating a summary score across several Doppler grade measurements for
an individual. However, the caveats in Section 4.2.6 would apply to its use
The principal objection to summation indices such as the KISS score is that they apply
weighting schemes to the observations that make implicit assumptions about the spacing of
the scores on an underlying continuum. However, the results of the analysis (using the
McCullagh (1980) model in Appendix 1) derive a spacing from the data themselves, and it
would be possible to construct a version of the KISS that allowed for the observed spacing.
It is not clear, however, that this would be a useful approach. While the result could be
subject to less variation than a peak value, it would still have sizeable sampling variation; in
addition, the requirement for repeated Doppler grade measurements over a period would
likely be a severe practical handicap.
5.5.3

Predicted gas in blood and hence Doppler scores for current
decompression Tables

The figures in Table 5.6 can be put into context by considering the results from predictions
made by the model in earlier studies of compressed air decompressions. Table 5.11 gives the
predicted gas in bubbles for some procedures which used the air-only Blackpool Tables
(approved by HSE for use in the UK up to 2001); these figures are drawn from Flook (1998b).
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Table 5.11 Predicted gas levels for air-only Blackpool Tables procedures
Exposure at maximum
pressure
gauge pressure (bar) and time

Decompression Table

0.95 for 7.5 hours
ditto
2.35 for 4 hours
2.35 for 6 hours
2.35 for 7.25 hours
2.35 for 4 hours
2.55 for 6 hours
2.75 for 6 hours
2.95 for 6 hours

Table 1 Line 8
Table 2 Line 8
Table 7 Line 8
Table 7 Line 8
Table 7 Line 8
Table 7 Line 7
Table 8 Line 8
Table 9 Line 8
Table 10 Line 8

Predicted gas
(�l/ml)
3.22
3.02
6.4
7.4
7.8
6.43
7.0
5.8
5.4

In practice it has been several years since exposures longer than 4 hours at pressures greater
than 2.0 bar gauge pressure using air decompression have been permitted by the Contract
Medical Officers.
The decompression tables reported in Table 5.11 have now been replaced by the modified
Blackpool Tables, which use oxygen during part of the decompression. A study to compare
oxygen decompression tables used in the compressed air industry of several nations was
undertaken with the same mathematical model (Flook 2001). The predicted gas volumes
calculated for the modified Blackpool Tables range from 1.09 µl/ml to 5.53 µl/ml, the latter
for a 4 hours exposure at 3.3 bar gauge. Summarising the results from the comparison with
the decompression tables of other nations:
•

for exposure pressures below 2 bar gauge, most predicted gas volumes lie between
2 and 3 µl/ml, 4 hour exposure being the longest allowed;

•

for exposures between 2 and 3 bar gauge, the predicted gas values range to just over
4 µl/ml;

•

for higher pressures, 3.9 to 4.5 bar gauge, only exposures up to 1 hour are allowed,
and the predicted gas volume range from about 4.5 to about 5 µl/ml;

•

the highest allowed pressure is 4.5 bar gauge with a maximum permitted duration
of 1 hour and this was predicted to give 5.05 µl/ml gas in bubbles.

If current “acceptable practice” as set out by current global decompression tables is used as a
basis for defining “acceptable” levels of predicted gas in blood, then the corresponding
theoretical level of gas in blood could be used to read off (from Table 5.6) the probability of a
Doppler scores exceeding Grade I, Grade II, Grade III, or Grade IV.
However, the
relationship between predicted gas in blood and frequency of Doppler scores at or above a
given grade is based mainly on diving trial data.
Consideration of how to judge whether group Doppler scores indicate adequate safety
A proposal from Dr Flook
A suggestion from Dr Flook is that the figures from the study comparing various
national standard decompression tables give some idea of where limits for future
compressed air work might be set in terms of Doppler scores. Thus, the current
maximum allowed exposure (4.5 bar gauge pressure for 1 hour duration) gives a
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theoretical predicted gas in blood of about 5 µl/ml, and from Table 5.6 that corresponds
to an expectation that on average nearly 50% of subjects would be at Grade I or above.
If that is taken as the guideline, then any exposure that gave more than 50% of subjects
with Doppler recordable bubble would be considered unacceptable. If the limiting
acceptable level of predicted gas in central venous blood is set closer to that predicted
for the less deep and shorter exposures, which seem to be the more common in recent
compressed air work, then a range of exposures giving up to 4.0 µl/ml might be
considered acceptable and 57% of subjects should have no detectable bubbles.
Allowing a safety margin to take account of the large scatter on the data might suggest
the limit should be set lower for example to correspond to a predicted gas in central
venous of around 3 µl/ml and therefore 65% of subjects should have no detectable
bubbles, although at this level we would expect a risk of around 14% of showing
Doppler Grade III or above.
Whatever value is set as the acceptable level, this approach treats every non-zero
Doppler grade as important. If the limit is set to correspond to less than the highest level
predicted for oxygen decompressions, then this approach would ensure that the majority
of subjects have no detectable bubbles.
Setting the limit is not the function of the present work but the above discussion illustrates
how the data from this study might be used, with Doppler recording, to monitor and regulate
procedures.
Examination of practicality of the above initial proposal
The above initial concrete proposal as to how Doppler scores might be used is a convenient
example to use in assessing the practicality of a set of criteria for assessing grades and
percentages.
In modern compressed air work, a group of only 4 to 6 workers may be exposed at a time (as
in a real life example in Chapter 6). Some published data from a laboratory compressed air
trial for a group of 10 subjects are available (Flook, 2001). That study demonstrated the
advantages of using oxygen decompression and was part of the evidence to support HSE
adopting the oxygenated Blackpool Tables. These data are reproduced below in Table 5.12,
with subjects ordered in sequence of decreasing level of Doppler scores.
A real compressed air work force might have comprised any five out of these ten miners.
•

If a work force happened to comprise the first five as listed in Table 5.12, then their
Doppler scores after 3 shifts would have shown 3 Grade 0 out of 15 scores (i.e.
20%) and that would have made the operational procedure unacceptable under the
suggestion from Dr Flook.

•

If the workforce comprised the latter five of the table, then their decompression
under oxygen breathing gave 14 Grade 0 out of 15 scores, i.e. greater than 93%.
This would make the operational procedure acceptable under the proposal from Dr
Flook.

•

A compressed air work force might resemble the average of the results in Table
5.10; however, there is wide variation between individuals under oxygen
decompression, so the examples merely illustrate the possible range.
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These examples suggest that there is no advantage to taking the percentage of Grade 0 scores
as the basis for assessing a procedures for small groups. A similar approach, based on
percentage with Grade III or above is examined in the following chapters.
Table 5.12 Precordial Doppler grades at rest from a trial with 10 subjects each
exposed 3 times with oxygen decompression, and 3 times with air decompression
(Data from table 1 of Flook (2001)). Subjects ranked with grade in column 2 in
descending order.
Subject
(as defined in
original)
11

6

14

19

1

8

4

6

16

3

Maximum precordial Doppler grades at rest
(6 decompressions for each subject: 3 with O2, 3 without O2)
With oxygen (O2)
Without oxygen (O2)
decompression
decompression
III+
IIIIII
II
IIIIIIIIII
I
III
I
0
0
0
III
0
II
0
0
0
0
0
0
0
0
0
0
0
0
0

III+
III
III
IIIIV
III
IVIIIIIIIII+
III+
III+
II
III0
IIIIVIII+
0
0
IIIIIIIV
III
IIIIII
III
II
III
II

Incidentally, it is striking that the incidence of Doppler scores at Grade III or above is quite
high (24 out of 30 = 80%) for the decompressions under air breathing in Table 5.10. From the
data (from the diving trials of Nishi et al, 2003) described in Section 4.4, an incidence of 11%
of DCS has been recorded in those with Doppler Grade III scores, so if that risk applied to
those with Grade III or above in the diving trial, the risk of DCS for the group would be about
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8.8%. There were also some Doppler scores at Grade II (3 out of 30, = 10%), and their risk
would be 5% from the Nishi et al data. The overall risk for the air decompressed group in the
trial would therefore be predicted to be about 9.5%, if the same association between Doppler
scores and DCS risk held true. That would have led to an expectation of 3 cases of DCS in
the trial group; whereas the report (Flook, 2001) stated that one case of DCS occurred on the
trial. Although not stated in the report, that DCS case occurred in the air decompression
(Lamont, private communication). From Table 1.1, the data for operational compressed air
work during 1985 to 1999, show a DCS risk of about 2.4% for air breathing decompression
for an exposure of that level and duration (i.e. in the band 1.6 to 1.85 bar for duration 4 to 6
hours). A similar risk (1.85%) is shown for the next above pressure band. Thus, the diving
trial data appear to indicate a higher risk (relative to Doppler score) than that apparent from
the operational compressed air data.
5.5.4

Using Doppler scores to monitor individual decompression stress

Measurement of Doppler scores may be useful to give warning of undue stress in an
individual.
There is anecdotal evidence that most of the variability in maximum recorded Doppler scores
arises between individuals rather than within an individual. Some people seem to bubble;
some do not. For example, in Table 5.12 (oxygen decompressions) the first two subjects had
Grades II or III only, whereas the other 8 subjects also had Grade 1 or Grade 0.
Unfortunately, even in a database as large as that used for the present study, there may not be
a sufficient number of exposures of any individual to move from the anecdotal to the
scientific evidence. However, there may be the potential to evaluate decompression stress in
the individual against the background of that person's usual level of bubbling. With complete
records of an individual's Doppler scores for all hyperbaric exposures experienced by that
individual, it may be possible to identify a Doppler grade as being unusually high for that
person. This approach does require a good knowledge of the individual's past history of
Doppler scores and in practical terms that may be impossible. This would require each
compressed air worker to carry a log book in which was recorded peak Doppler scores after
every exposure. Since 4% of the compressed-air workforce have been shown to carry the
burden of 50% of the incidence of DCS, these records might help to identify and protect
susceptible individuals.
There is one important way in which maximum Doppler scores could be used to protect the
individual against an excessively high decompression stress. A precordial Doppler score of
IV is so unusual that a recording of that level must certainly indicate an unacceptable level of
stress. Doppler recording could thus be used to indicate an individual who should be kept
under surveillance for several hours and could be considered for preventative recompression.
It is possible that Grade III bubbles should also be regarded as unusual in modern hyperbaric
work and that grade should also be an indication that the person should be kept under
surveillance with an option to recompress if Doppler scores continue to increase. Both Grade
IV and Grade III bubblers should only be allowed to leave the site once bubbles are obviously
reducing; the practical issues that would arise from this are discussed further in Chapter 6
(Section 6.2.9).
Of course, any immediate action based on an individual’s Doppler scores is dependent on the
Doppler scores being immediately available. However, that has not always been the case; for
example, where Doppler recordings are made and then analysed subsequently off site (by a
third party) for quality assurance purposes.
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The implications of taking this approach are that the contract medical officers should all be
trained to interpret Doppler recordings and, as described in Section 4.2, this means frequent
reinforcement of the original training. It also suggests that a formal clinical protocol or
guidance (for the interpretation of Doppler scores and further actions in an operational or
research setting) should be discussed and agreed with management and communicated to the
workforce.
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6 OPERATIONAL CONSIDERATIONS
6.1

HEALTH MONITORING AND SURVEILLANCE

6.1.1

Current practice

All compressed air workers are individually reviewed at pre-determined time intervals by the
Contract Medical Adviser to determine any health, safety or welfare concerns or problems
that have arisen during the course of compressed air working and to have health checks
performed as considered appropriate e.g. repeat lung function or eye tests when individuals
are breathing mixtures of increased oxygen under pressure.
The interim health checks provide an opportunity for asking about possible health effects that
may (or may not) have been formally reported, and for the compressed air worker to raise
general health issues that may (or may not) be relevant to the work and working environment.
There is currently no objective or agreed single clinical test or measurement that can identify
whether any particular individual is at increased risk of any pressure-related or work-related
health effects. However, interim health checks will routinely include health questionnaires,
monitoring of weight, and sometimes simple exercise tests and measurement of eyesight and
lung function test (where oxygen decompression is a regular occurrence).
6.1.2

Scope for using Doppler monitoring results for each individual

If Doppler monitoring were to be carried out on individual compressed air workers following
occupational pressure exposure, then analysis and reporting of the results could be made
available to the Contract Medical Adviser for that individual during the periodic health
checks. This would require clarity on:
•

what the tests were measuring (and how the measurements relate to health risks),

•

what clinical interpretation could be made on behalf of that individual, and

•

what outcomes or effects might arise for the health of the worker and his medical
fitness for occupational pressure exposure.

Doppler monitoring would require informed consent from the worker and specific training or
information during the compressed air induction training programme.
During compressed air projects, individual compressed air workers will often undergo
changes in health (for example, weight gain or loss) which may influence perceived health
risks from pressure exposure according to conventional beliefs and current medical
knowledge. It is also true that some individuals who appear perfectly suited for the
compressed air environment and without any obvious clinical risk factors will (unexpectedly)
develop acute decompression illness and if they make a full recovery without any residual
effects, may be deemed fit to return to the compressed air working environment. In both
these examples there would be obvious advantages in having additional individual (perhaps
Doppler) results or information that could assist the clinical review by the Contract Medical
Adviser. Thus for example, if any clinically significant trend in the serial Doppler
measurements were identified for an individual compressed air worker AND could be related
to an objective or quantifiable increased health risk of DCS or pressure related illness or
morbidity, then this would be a useful step forward in the occupational health management of
an individual compressed air worker.
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Any technique to be utilised in such a context would have to meet the professional and ethical
requirements for health screening tools in an occupational medicine or public health setting.
Health surveillance classically means the systematic application of proven screening methods
to detect the adverse effects of work on the health of employees. It may also include
systematic assessments of fitness to work and assessment of changes in health status not
directly related to occupation.
Occupational health surveillance endeavours to detect at an early stage any adverse health
effects arising from work activities or the working environment, and thereby assists in the
evaluation of control measures and provides data that may be used for the detection of
hazards and assessment of health risks related to work.
There are recognised criteria that any health screening tool must meet reach before it can be
used for health surveillance:
1.

there is an identifiable disease or other identifiable adverse health outcome
related to what the test measures;

2.

the disease or health effect is proven or thought to be related to occupational
exposure;

3.

there is a likelihood that the disease or health effect may occur in the individual
worker;

4.

the technique for detecting an indication of the disease or health effects is
validated.

In practice, it is accepted that health surveillance techniques should be:
•

sensitive

•

specific

•

easy to perform and interpret

•

safe

•

non-invasive

•

acceptable (to workforce and management).

An example of biological effect monitoring would be the measurement of cholinesterase in
the blood of workers exposed to certain organophosphorous pesticides. The cholinesterase is
an effect of exposure to the organophosphorous pesticide and, in general terms, is linked to
the exposure and to the risk of a disease process occurring.
6.1.3

Scope for using Doppler monitoring results for groups of workers

If serial Doppler monitoring results and DCS data were available for groups of workers from
pressure/time exposures related to specific working environments or tasks, then guidance on
how these results might be collectively analysed or clinically interpreted by the Contract
Medical Adviser in terms of reducing the overall pressure risks to the workforce within the
project would also be of great benefit.
The Contract Medical Adviser, as part of his duty to consider the overall health of the
workforce in relation to the working environment, should review the health and safety
performance of the decompression schedule in the actual operational setting.
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In practice, with the very small number of personnel and pressure exposures in modern
compressed air work, the calculation of the DCS rate or Standardised Bends Ratio (described
in Section 2.2) is no longer very helpful in assessing the performance of a given
decompression schedule or table in a specific compressed air project. Therefore the Contract
Medical Adviser has to rely on his knowledge and personal experience or anecdotal reports to
determine when changes should be made to decompression schedules, often on a “case by
case” basis in response either to occurrences of DCS or to changes in the working
environment or activities.
If Doppler results could be analysed collectively on a specific compressed air project and it
could be proven to provide an overall indicator of decompression stress within the
compressed air workforce, then this information could be used to assist the Contract Medical
Adviser in two particular circumstances:
•

to enable preventative action where work conditions are changing, especially in
regard to factors that have been recognised as affecting the risk of DCS (physical
workload and work rate, the pattern of working (rest periods between shifts and
sufficient time between pressure exposure for complete off gassing to occur), the
physical working environment (hot, cold and wet);

•

where work conditions are stable, to facilitate comparison of possible improvements
(e.g. restrictions in duration of exposure) to existing decompression regimes or the
trial of new decompression tables.

6.2

PRACTICAL EXPERIENCE OF USING DOPPLER MONITORING IN
COMPRESSED AIR WORK

6.2.1

The example

This section relates the experience of the only practical application of Doppler technique as a
health monitoring tool in normal compressed air work during a civil engineering project in the
UK. (APC and VF were involved in that work as respectively, the Contract Medical Advisor
and the consultant conducting the Doppler monitoring.) The purpose of this section is to
consider the extent to which the Doppler technique met the recognised criteria for any health
screening method or tool. Since operating conditions on this particular project were
reasonably typical of modern TBM tunnelling operations in the United Kingdom, it is
presumed that the issues raised are relevant to any overview of utilisation of Doppler in
compressed air work in the UK.
6.2.2

Background to the use of Doppler in this tunnelling project

The Blackpool Tables were modified to incorporate oxygen breathing from the 0.6 bar gauge
stop and, following extensive trials (Flook, 2001) sponsored by the HSE, became approved by
the HSE for use in compressed air work in the UK in September 2001. Prior to the approval,
there had been a theoretical assessment (using a mathematical model) of both the standard and
oxygenated Blackpool Tables, field studies of the extent of decompression bubble formation
using the Air Blackpool Tables, trials carried out using the oxygenated Blackpool Table under
controlled conditions, and a theoretical comparison between all the various oxygen
decompression tables used worldwide to determine (by mathematical model) which (if any) of
the tables performed significantly better or worse for the conditions of this project. The use
of oxygen is now mandatory in the UK for decompression for compressed air work above 1
bar gauge.
The predictions from the mathematical model had correlated well with the results of the field
work and laboratory trials for both air and oxygen decompression using the Blackpool Tables.
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However, it was considered necessary to check the performance of the oxygenated Blackpool
Tables under normal operational conditions.
In 2002, the contractor building a Channel Tunnel Rail Link (CTRL) section formally applied
for HSE approval to use an alternative decompression procedure (i.e. a modified German
oxygen tables) on a Contract specific basis as permitted within the (1996) Regulations. The
project Hyperbaric Technical Consultant (T Ridley) recommended some minor changes to the
German Oxygen Tables for UK application and created what has become known as the
Swanscombe Table (Ridley, 2004). A written justification supported the application. HSE
gave formal approval subject to various conditions, including that the performance of the
German oxygen Table be monitored using the Doppler monitoring technique.
The theoretical comparisons suggested that the German oxygen table would perform as well
as the oxygenated Blackpool Table on that particular project. There were specific operational
considerations that made the German oxygen Table the preferred choice of both the Contract
Medical Adviser and the Principal Compressed Air Contractor. As Doppler monitoring of the
operational use of the oxygenated Blackpool Tables was being conducted, it was also decided
to be necessary for the inaugural use of the German oxygen Tables.
Thus Doppler monitoring was carried out by a recognised expert in this field, in mid 2003,
with the purpose of using the Doppler monitoring technique to evaluate the extent of
decompression bubble formation in nine miners under standard operational conditions,
following decompression using the German Oxygen Tables from six hours exposure to 1.1
bar gauge pressure.
6.2.3

Doppler monitoring procedures in the CTRL 2003

The pulmonary artery and subclavian veins of miners were monitored by trained staff using
the Doppler ultrasound technique. The Doppler sounds were recorded onto tape; and the
tapes were subsequently scored for bubbles by the Doppler technicians of Defence and Civil
Institute of Environmental Medicine (DCIEM) Canada (now known as Defence Research and
Development Canada) who are the most experienced experts in using this technique. This
procedure was arranged in order to minimise possible inter-observer differences in the
recording and scoring of Doppler sounds.
Some difficulties arose in the availability of the external staff due to the variability and last
minute changes of shifts and time of compressed air work (typical of all tunnel projects).
It was later agreed by all parties that the medical lock attendants could be appropriately
trained to undertake the Doppler measurements. However, it was recognised that due to the
relative infrequency of compressed air work there would be a practical difficulty in fully
maintaining skills through adequate regular practice.
The equipment used for the Doppler monitoring is relatively small and portable. No
difficulties were experienced in taking the equipment on site or setting up the Doppler
recording.
The intention had been that the Doppler recording should be made every 20 minutes,
beginning 20 minutes after the end of decompression and would continue until the bubble
numbers began to reduce. Ideally, peak level of bubbles would have been recorded; however,
this peak had been found (in preceding compressed air trials) to occur between 90 and 120
minutes after the end of decompression from compressed air at work. Recording for this
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duration would not be possible under operational conditions, and a compromise had to be
reached.
The actual work was carried out by highly skilled experienced TBM personnel and the ground
conditions and location of the project meant that the predisposing thermal environment was
towards cold. The TBM was 10 metres in diameter which allowed for a relatively large
working space, large airlock system, equipment locks and support services on the TBM skid..
On the CTRL project, it was typically almost an hour after finishing decompression before the
miners could reach the area designated for the Doppler monitoring (near the top of the shaft in
the hyperbaric treatment facility). Therefore the first recording was approximately 60
minutes after finishing decompression, and monitoring was repeated at approximately 20
minute intervals. Theoretically, monitoring could continue beyond 120 minutes from the end
of decompression; but on this particular project, the compressed air exposure took place
typically toward the end of a 10 or 12 hour shift. This meant that in practice prolonged
Doppler monitoring would erode the men’s rest and recuperation (unpaid time) as they were
in a continuous compressed air shift cycle rather than a ‘single exposure’ scenario and that
was not a viable prospect either from the welfare or the health and safety perspective.
If three hours of Doppler monitoring is to be achieved (in future projects), this time would
probably have to be part of the normal shift and that would mean effectively a 30% reduction
in work output for each man per shift in which Doppler monitoring was required.
6.2.4

Acceptability of monitoring to the workforce and management

All the workforce were briefed appropriately about the purpose and method of obtaining the
Doppler results. No difficulties in explaining the technique were encountered, although
detailed explanation of the interpretation of the results was not thought to be appropriate in
view of the lack of previous operational Doppler results.
In general the technique was relatively easy to perform provided that an appropriate
examination room was organised and set aside.
For future monitoring, if the men were to be paid (for their time under monitoring) and the
examination area was comfortable, then the workforce would be likely to accept the
monitoring. It is likely that management would want clear justification on what advantages
Doppler monitoring would bring to the project as this would have a significant cost (both
direct and indirect) in terms of the overall project.
Although the initial site policy was that individuals would not be made aware of their Doppler
results, two individuals did become aware that they were ‘high bubblers’ and this generated a
significant degree of anxiety which subsequently required detailed explanation by the
Contract Medical Advisor. Adverse effects of disclosure of what could be interpreted by the
individual employee or patient as ‘abnormal test results’ are well known in public health (for
example, during public health screening trials where apparently healthy individuals have been
advised that their blood pressure is ‘raised’) and it is recognised that this can lead to adverse
health effects through (sometimes inappropriate) psychological morbidity.
Therefore, communication of results is a particular issue with the Doppler technique in the
occupational health setting as the clinical interpretation of results can be complex (e.g. due to
the intra and inter individual variability and the uncertainty in the relationship between
Doppler grade to health risk). Communication of Doppler results to the employee requires a
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very considered approach, with clarity on the significance of results for individuals. Ideally,
the clinical and management processes should be carefully discussed and agreed in advance.
6.2.5

Results of the monitoring

Nine miners were monitored after each completing a single shift. Table 6.1 (from the Unimed
Scientific Limited (USL) report) gives a result for the maximum recorded Doppler bubble
grade for rest and following movement, three knee bends. The maximum precordial grade at
rest for each miner is given in Table 6.2. This shows the median value to be Grade II
Table 6.1 Nine miners were monitored after each completing a single shift.
Maximum recorded Doppler bubble grade for rest and following movement.
(Table 1 of USL report); subjects ordered by diminishing grades measured at rest

MINER
1
2
4
8
9
6
7
5
3
1
2
4
8
9
6
7
5
3

Maximum recorded Doppler grade
EVALUATION 1
EVALUATION 2
EVALUATION 3
Rest
III
I
II
II
II
II
I
II
II
0
II
II
0
II
II
0
II
0
0
0
II
I
0
0
0
0
0
Movement (three knee bends)
III+
III+
III+
+
III
IV
IVII
III
IV
II
III
III+
II
III
III+
0
IIIIII0
I
III0
I
0
II
II
II
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Table 6.2 The maximum precordial grade at rest for each miner, and the group’s
median value. (from Table 2 of USL report)
MINER
1
2
4
8
9
6
7
5
3
median
6.2.6

MAXIMUM GRADE
III
II
II
II
II
II
II
I
0
II

Discussion of the CTRL Doppler Monitoring results

The miners were monitored up to a minimum of 2 hours after the end of the decompression.
This was less than the ideal minimum of 3 hours, which had been calculated to ensure that the
maximum Doppler score would be identified. However, following decompression on oxygen
in trials (Flook, 2001), the maximum value of precordial bubbles at rest was recorded at an
average time of 114 minutes after the end of decompression. As seven of the nine miners had
their last evaluation more than 120 minutes after the end of decompression, it was considered
that the maximum value had probably been recorded.
The Doppler results were consistent with the mathematical predictions of gas in bubbles made
by the theoretical model. The mathematical model predicted that by the end of
decompression using the German oxygen tables at this pressure and duration of exposure,
only the slowest tissue (fat) would be bubbling. A very small percentage of miners might also
have bubbles in muscle. The predicted volume of gas carried as bubbles in the pulmonary
artery by the mathematical model was 4 µl/ml which roughly equated with Grade II Doppler
score as a median value of maximum scores from precordial recordings at rest.
For comparison, decompression from this exposure using the modified (oxygenated)
Blackpool Tables gave a shorter decompression and the predicted pulmonary artery gas load
using the mathematical model was 3.1 µl/ml which should equate with a Grade 0 as median
score (for maximum Doppler scores from precordial recordings at rest).
6.2.7

Initial interpretation by the Doppler Consultant of the CTRL Doppler
monitoring results

The initial interpretation illustrated the difficulties in making decisions based on Doppler
monitoring when there are only limited historical Doppler monitoring data on which to base
any estimation of the risk of DCS. The final interpretation, based on practical experience and
historical data for DCS rates, differed markedly from the initial interpretation.
These Doppler results were initially interpreted as meaning that both decompression
procedures (German Oxygen Tables and the oxygenated Blackpool Tables) carried a risk of
producing symptoms or signs of decompression sickness. Using the results of Nishi (1993),
the Doppler consultant’s report concluded that a median value of Grade II precordial bubbles
at rest gives a risk of DCS of about 5%. The report suggested that the exposure time should
be reduced in future. It recommended a reduction from 6 hours to 4 hours at 1.1 bar gauge
pressure with decompression on the appropriate table which would give a predicted volume of
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gas in bubbles (from the mathematical model) of 1.7 µl/ml. It advised that this would result in
most miners having no detectable Doppler bubbles and reduce the predicted incidence of DCS
to less than 1%.
The consultant’s initial interpretation was considered surprising by those with previous
compressed air experience, and therefore the Contract Medical Officer undertook a detailed
review which led to the final accepted interpretation below.
6.2.8

Final interpretation of the CTRL Doppler monitoring results

Based on comparison with reported rates of DCS
Other than the previous Doppler monitoring studies which had been carried out as part of the
evaluation of the modified Blackpool Tables (Flook, 2001), there are few published data on
Doppler monitoring studies under operational conditions during compressed air work in the
United Kingdom (or indeed from any other country). Nor are there any published Doppler
studies of the German oxygen tables which are widely used in Germany.
However, the initial inference from the Doppler monitoring results (that a five percent
incidence of DCS was to be expected using the German Oxygen Tables for decompression
from 6 hours at 1 bar) was not considered to be consistent with the (extensive) available real
life experience of reported decompression sickness in Germany where it was generally
considered that the episodes of decompression sickness when using the German Oxygen
Tables in this pressure/exposure range were extremely rare and probably of the order of
0.01% (Faesecke, personal communication to APC). As in the UK, there were no historical
operational Doppler monitoring records from Germany.
Perusal of HSE published data for the period 1986-1999 for compressed air work in the UK
using the AIR ONLY Blackpool Table Decompression showed that in the pressure range 11.2 bar for exposure duration of 6-8 hours, an incidence of decompression sickness of 0.2% is
recorded. In the same pressure band but with an exposure of 4-6 hours the incidence of DCS
is even less at 0.05%. The Lamont data (Table 1.1) record an incidence of DCS at 0.24% in
the pressure band 1-1.25 bar gauge for a 6-8 hour exposure and recorded a DCS rate of 0.2%
in the exposure duration 4-6 hours.
Ridley has reported data from real life tunnelling operations with air decompression and a
post-decompression surface oxygen breathing, for a typical modern work force and with good
reporting procedures; these data showed a DCS incidence of the order of 0% for an exposure
time of six hours at 1.1 bar gauge, (Ridley, Personal Communication November 2006).
The latter two datasets are particularly significant since the Blackpool (Air) Tables and air
decompression with post decompression surface oxygen breathing would be expected to
produce a markedly higher level of decompression stress than the German oxygen tables (or
oxygenated Blackpool Tables) and therefore a higher level of reported DCS.
These real life data on DCS incidence from UK and German experience were thus at variance
with the initial interpretation of the Doppler monitoring results in terms of a predicted DCS
incidence using the German Oxygen Tables.
The data from Nishi et al (1993) summarised in Chapter 4 (see Section 4.4 page 33 and Table
4.5 in particular) showed an incidence of 5% in those with Grade II after air-only exposure
and decompression, but Nishi also showed that the incidence was much reduced by oxygen
decompression (based on the relative rates for those with Grade III, a 10 fold reduction). The
incidence of DCS in those with Grade II after helium-oxygen dives) was at 0.4%.
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So the initial interpretation had apparently quoted the DCS rate for Grade II under air
decompression from the diving trial data of Nishi et al (1993), whereas their very limited data
on the relationship between Doppler scores and DCS under oxygen breathing suggested a
much lower rate for a given Doppler score (which perhaps could be consistent with the
historical rates in Germany and in the UK).
Work conditions and individual factors
The miners during the Doppler monitoring had been carefully monitored and none had
reported any symptoms to suggest sub-clinical manifestations of DCS i.e. tiredness or other
non specific features of general malaise following compressed air work. Masurel et al 1976,
have reported that divers who are fatigued before a dive have generally been found to have
higher Doppler scores and a greater risk of decompression sickness; so it was thought that this
factor could be significant in this instance because the Doppler readings were taken at the end
of a full working shift (full working 10 or 12 hour) shifts.
High Doppler scores in a small group could also be due the recognised variation that occurs
between and within individuals.
Lack of previous Doppler monitoring data to aid interpretation
It was considered that the lack of previous Doppler monitoring studies in tunnellers under
typical working conditions made interpretation of these results problematical in terms of what
action should be taken with regard to the time / pressure exposure using the German Oxygen
Tables at 1.1 bar gauge on the project.
If the risk of DCS in that pressure/exposure band was likely to be 5%, then an even greater
incidence of DCS at pressures above 1 bar would be expected since practical experience and
recorded data indicates that decompression schedules generally become less safe [or more
hazardous] as exposure lengthens and pressure increases. However, current practical
experience and knowledge concerning the German Oxygen Tables (in Germany these tables
are mandatory) suggest that decompression sickness at exposures less than 2 bar gauge are
very significantly less than 5%.
Thus although reducing the exposure would give a theoretical reduction in terms of collective
decompression stress, it could significantly increase the number of decompressions for a
given compressed air workload. Increasing the number of decompressions might in itself
increase the risk of causing cases of DCS. Therefore, it was concluded that this would have a
dubious health and safety benefit overall. Furthermore, it was recognised that all the available
‘real life’ experience of compressed air work to date in similar (or worse) working conditions
to the current tunnel project would seem to indicate that a 1.1 bar gauge pressure exposure for
six hours is a safe and reasonably practicable procedure using oxygen decompression.
In practice due to the physical and environmental stresses of TBM maintenance (extremely
arduous work in a very confined hot space or occasionally as at Swanscombe, very cold and
wet conditions), it is unusual for working shifts for TBM maintenance under pressure to
exceed four hours in any case. However, this practical time limit is not due to concerns over
risks of DCS or dysbaric osteonecrosis.
The discrepancy between the predicted DCS rate for the six hour exposure at 1.1 bar gauge
pressure obtained from the Doppler monitoring and extensive real life experience and
reported data of using both the German Oxygen Tables and the Blackpool (air) Tables at this
time exposure band (1.1 bar / 6 hour exposure) was difficult to explain at the time. However,
based on all the evidence, it was concluded to be unnecessary to place restrictions on
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pressure/time taking into account the current knowledge of “real life” performance of the
German Oxygen Tables. Many years’ experience of compressed air work in this pressureexposure band (whether using air or oxygen decompression) suggested that the incidence of
DCS was already considerably below 1%, and therefore further action was deemed
unnecessary.
6.2.9

Lessons for interpretation of Doppler scores in future tunnelling
projects

Where any decisions are being made on an individual’s fitness for employment then any
interpretation of Doppler scores, and any subsequent recommendations by the Contract
Medical Officer, need to take full account of the uncertainties and limitations in the
significance of the Doppler scores in terms of the associated health effects.
The use of Doppler monitoring as part of health surveillance should only be undertaken with
informed consent from the workers, and we would recommend within an agreed clinical and
management plan developed by the Contract Medical Officer in conjunction with key
stakeholders. Informed consent means that the workers should be fully informed about the
possible significance of higher Doppler scores and possible sequelae and the implications for
fitness for compressed air work. Any implications for shift duration, pay or rest periods
should also be fully explained to the work force. In particular, the possible significance of
Grade IV Doppler results and the case for considering preventative recompression need to be
explained, as the occurrence of a “high” score and consideration of recompression may
increase an individual’s anxiety.
Doppler scores from groups of workers may be a useful indication of the relative
decompression stress of various compressed air working procedures, but again the
uncertainties and limitations need to be considered in the final interpretation of those results.
The benefits of a data set for comparison appear obvious.
6.3

DCS DATA AFTER THE COMPLETION OF THE CTRL 320

6.3.1

Numbers of exposure and DCS incidence on CTRL 320

The data on exposures and DCS at Channel Tunnel Rail Link (CTRL) 320 have been
summarised by Lamont (publication in preparation from original data supplied by TRHA
Limited, 2003). In total there were 360 exposures, but a high proportion of them were only
short duration (e.g. lock tests of only 15 – 20 minutes duration, up to a brief maximum
exposure at 3.0 bar gauge pressure). None of the 225 exposures at durations less than 2 hours
produced any DCS, but the zero may reflect the very short duration of most of these
exposures, and the relatively small number of exposures.
Exposures of duration and pressure similar to that during shifts that Doppler monitoring s
In the exposure duration comparable to that in the shifts monitored for Doppler grades (4 to 6
hours), there were 86 exposures in total:
•
•
•

22 in the 0.7 to 0.95 bar gauge pressure range;
62 in the 1.0 to 1.25 bar gauge pressure range;
2 in the 2.2 to 2.35 bar gauge pressure range;

None of the 86 exposures of 4-6 hour duration gave rise to case of DCS. However, the small
numbers of exposures does not give a good basis for estimating single exposure risk factors,
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but the absence of cases does not contradict the expectation of a rate below 1% as deduced in
Section 6.2.
Exposures at higher pressures and for more than 2 hours duration
There were 41 exposures for more than 2 hours at pressures above 1.9 bar gauge. This
produced two incidents of DCS, both in the duration interval 2 to 4 hours, and pressure in the
range 2.4 to 2.65 bar. (One other person was given treatment but was retrospectively
diagnosed as having a non-pressure related condition and DCS was clinically excluded as a
diagnosis.) Based on such small numbers of exposures, the uncertainty associated with an
estimate of single exposure risk factor for that interval of exposure pressure/duration is of
course relatively large, but these data give an estimate of about 7.4%.
Unfortunately, there are no Doppler data from the higher pressure exposure. Such data might
have been very useful in relating Doppler scores to increased risk in operational compressed
air work.
6.3.2

DCS incidence in other exposures at about 3 bar gauge pressure with
oxygen decompression under the German tables.

Lamont also summarised German experience from compressed air work at about 3.0 bar
gauge. He quoted Faesecke as reporting a single exposure risk factor of 2.9% in 303
exposures at between 2.7 and 3 bar gauge pressure at the Wessertunnel South (duration not
given). He also quoted Faesecke as reporting single exposure risk factors between 1.3% and
3% for exposures at 3 to 3.6 bar gauge pressure at the 4th Elbe tunnel, but again without
exposure durations.
The single exposure risk factor derived for relatively few (41) exposures at about 2.5 bar in
CTRL 320 differs from the German data only to an extent that may arise from variation
arising from the few exposures.
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7 DISCUSSION
Historically the level of decompression stress for a particular hyperbaric exposure and
subsequent decompression was evaluated only in terms of the incidence of symptoms or signs
that amounted to a clinical diagnosis of decompression sickness, DCS. These health effects
ranged from the apparently mild, for example pain in a joint, to paraplegia or even death.
However even the mild occurrences were gradually considered to be not so innocuous as
evidence accumulated of later complications such as aseptic bone necrosis, with the
breakdown of joints, in some of those who underwent decompressions as part of their
working life. Incidence of bone necrosis is still seen in compressed air workers and it appears
to be associated with previous incidence of acute DCS, although dysbaric osteonecrosis is
diagnosed without any recorded DCS too.
More recent evidence implicates decompression stress as a possible cause of long term CNS
changes, lung changes or other sub-clinical health effects in commercial divers. These
delayed or chronic health effect findings are likely to be relevant for the compressed air
workforce to a similar or greater extent, if the relative rates of DCS are indicative of overall
health risk.
7.1

INTEGRATING FINDINGS FROM TWO APPROACHES

In attempting to evaluate Doppler bubble scoring as a suitable means of determining
decompression risk in compressed air work, for the efficacy of a decompression table and for
the individual undergoing a routine decompression, this study has taken a dual approach.
One approach was to review published literature in which Doppler scores are quoted. Most of
the reviewed literature related DCS to Doppler grade; and Section 4.4 of this report evaluates
the peak Doppler scores as a predictor for DCS risk. The DCS risk is the one health effect
where there are sufficient data to produce such a correlation. It might be inferred that if
Doppler score correlates with DCS and acute DCS correlates with some chronic health
effects, then there may be a correlation between Doppler score and decompression illness in
general. The quality of the inferred possible correlation is unknown; and there are unlikely to
be the data to test it. Lambertsen et al (1999) in the final point of their conclusions stated that
their analysis of relationships linking acute DCS to Doppler score (of VGE) “provided no
basis for conclusions concerning the relations of VGE severity or clinical DCS incidence to
long term consequences of either”. The same is true of the analyses in this study.
The second approach has been to use a mathematical model to estimate the volume of gas
predicted to be carried as bubbles, the free gas phase, in central venous blood for a series of
hyperbaric air exposures for which Doppler scores were recorded in a carefully standardised
way under laboratory or field conditions that were well controlled. Some of the data used for
that part of the study have not previously been published. The objective of the modelling was
to provide a basis for assessing whether the Doppler scores related to a theoretical prediction
(of gas in blood) which serves as an index of decompression stress. Given that Figure 1.1 has
shown that risks of DCS are related to the theoretical index of decompression stress (when
assessed on large sets of data), and since the present results show that the Doppler score
relates to this theoretical index of decompression stress, it follows that the Doppler score may
also relate to the risk of DCS.
This Chapter brings together the findings from the two approaches to evaluate the
significance of Doppler scores with the practical lessons from the limited operational
experience described in Chapter 6.
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7.2

DISCUSSION ARISING FROM THE LITERATURE REVIEW

7.2.1

Using data from groups to improve safety of procedures

The HSE Workshop on decompression safety (Simpson, 1999) reached consensus
conclusions on several issues relevant to the use of Doppler Monitoring as a tool to improve
safety in decompression from commercial diving. The conclusions are also relevant to
compressed air work. The Workshop’s consensus conclusions included that “Monitoring of
venous gas emboli (VGE) is an appropriate indicator by which to measure the safety of a
decompression. Definition of a ‘safe’ level of bubbling remains to be defined in relation to
health effects. However, Doppler grades greater than II are correlated with an increased risk
of DCI. Work to define an acceptable incidence of scores greater than II will be required if
HSE wishes to set performance standards for the industry.”
In endorsing the HSE’s diving research programme at that time, the workshop recommended
that HSE continue “to seek improvements in decompression safety by reducing gas emboli
post decompression”. That recommendation implies a need for a suitable tool to monitor or
assess any reduction in gas emboli post decompression. The Workshop recommended that
seeking to make this improvement would require
•

“collection of VGE data from operational diving”, and by implication collection of
such data from compressed air tunnelling, and

•

“monitoring to confirm levels of VGE being generated on operational dives in the
North Sea”; and by implication monitoring in compressed air work;

•

“establishment of baselines for the safety of decompression, in terms of the incidence
of VGE, based upon an analysis of VGE data and current understanding that Doppler
scores greater than II indicate higher risk.”

The Workshop also recommended that, taking scores greater than Grade II as higher scores,
“the incidence of such scores within a population can be used to define accept / reject
procedures for new tables.” (Simpson 1999, page 40). Note that where Simpson refers to
grades “greater than Grade II” we have generally used the phrase “at or above Grade III” in
this report.
The analysis, in Chapter 4, of data from previous studies has confirmed that the risk of DCS
was significantly correlated with Doppler score, and that scores of Grade III (in those data
sets) were associated with risk of DCS in the region of 10 to 20% for decompression
breathing air (see Table 4.6). The level of risk associated with higher Doppler grades may be
dependent on the data set used; for example, a much lower risk of DCS appeared to be
associated with a Grade III Doppler score in the unpublished data analysed in Chapter 5.
7.2.2

Using individual scores

Several publications have concluded that Doppler scores are not adequately predictive of
individual risk of DCS to be used either as a diagnostic tool or a predictive tool in practice
(e.g. discussion in Colvin, 2003). However, the results reviewed in Chapter 4 showed that an
individual with Doppler Grade III has a clearly elevated risk of DCS, but the estimate of that
risk is based on very limited data for decompression under oxygen decompression tables.
Grade IV may indicate a risk of DCS that could be 50% for decompression under air
breathing (see Table 4.5), and would be lower under oxygen decompression but still possibly
substantial. Preventative recompression, based on an individual Doppler score following a
pressure exposure and routine decompression, is an option that can be considered, in relation
to all the other practical factors that may affect the individual case. However, preventative
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recompression could raise a number of operational and clinical issues in “real life”
compressed air operations.
The option of preventative recompression is, of course, only feasible if the recording is
reliably scored without delay. That might not be the case if scoring of the recorded signal
relies on external technicians (e.g. the technicians at DRDC in Canada, who scored signals in
the CTRL 320 project).
7.3

DISCUSSION ARISING FROM THE UNPUBLISHED DATA

7.3.1

Variability in Doppler scores

The data in Chapter 5 have also illustrated the variability in maximum Doppler scores within
a population who have had the same hyperbaric exposure and decompression. This variation
between individuals has been noted before, and it is a feature that complicates the
interpretation of Doppler scores to assess the relative safety of a decompression table. For
example, Lambertsen et al ((1999) had concluded (point 7 of their conclusions) that “large
variation of individual VGE (i.e. Doppler scores) and group VGE, as well as DCS, exists even
at fixed level of decompression stress. The variations are real and are unlikely to be reduced
by expansion of the highest quality laboratory data. It is considered that the variability does
not result from the minute differences in imposed stress but is a consequence of the human
physiological complexity.” An implication is that any guidelines for using Doppler scores to
assess the operational adequacy of a decompression procedure must take account of the
potentially large variation between small groups.
The HSE Workshop on decompression safety (Simpson, 1999) recommended that the
incidence of unacceptably high scores (i.e. at or above Grade III) should be used to accept or
reject new tables. However, the workshop did not define what frequency of such scores, nor
the numbers of subjects that would need to be monitored to account for the group or
individual variability.
7.4

DISCUSSION OF THE MODEL PREDICTIONS

7.4.1

Association between predicted gas and Doppler grades

The results described in Chapter 5 have shown a clear relationship between predicted gas in
central venous blood (as predicted from the Flook mathematical model) and increased
probability of higher Doppler grades. The same data set showed an association between
higher Doppler grades and increased risk of DCS. The association between Doppler grades
and risk of DCS was more than merely a reflection of a relationship between predicted gas
and risk of DCS because, for this data set, the predicted gas did not explain the increasing risk
of DCS.
7.5

THE RELATIONSHIP BETWEEN DOPPLER SCORES AND ANOTHER
INDEX OF STRESS

7.5.1

Another index of decompression stress (BGI)

There are other indices that have been constructed from modelling the formation of gas
bubbles as a function of the compression / decompression profile. Lambertsen et al (1997)
used the Bubble Growth Index (BGI) as an index of decompression stress. They reported on
the relationship between Doppler venous gas embolisms and DCS in terms of the relationship
between each and the BGI. As described earlier (see Chapter 4), they considered each to be
an independent effect of decompression stress. The BGI is a unique function of the
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compression and decompression profile. The incidence of DCS would be liable to be affected
by other environmental or personal factors such as thermal strain, physical stain, and
dehydration. The Doppler scores might also be affected by some of those factors, although
not necessarily in the same way. Under controlled trial conditions, however, they expected
consistent and repeatable relationships between BGI and Doppler grade, and between BGI
and DCS.
7.5.2

DCS and Doppler scores related via an index of stress

Lambertsen et al (1997) examined the relationship between the level of stress (as estimated
theoretically by the BGI for the dive profile) and two effects of that stress, incidence of DCS
and incidence of higher Doppler grades (i.e. Grades III and IV). From their results (Table
12.1 of Lambertsen et al (1999)), we have produced Figure 7.3 below. This figure shows the
percentage of subjects with Doppler Grades III or IV (precordial, at rest) and percentage of
subjects with DCS, for two types of decompression: “in water air including no stop
decompressions” and “Sur D O2 (in water air and in water O2)”. The total numbers of mandives in these data were, respectively, 569 and 300. From Figure 7.3, it is apparent that:
o

the percentage of subjects with Doppler Grades III or IV (filled symbols) increased
with the decompression stress severity index (the BGI);

o

the percentage of subjects with DCS (open symbols) also increased with the BGI, but
not as rapidly as the percentage of subjects with higher Doppler scores;

o

the type of decompression affected the relationship of each effect with the predictive
index of stress (the BGI).
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Figure 7.3 Relationship between decompression severity index and percentage of
subjects with higher Doppler grades and with percentage of subjects with DCS, for
two types of decompression. (Data from Lambertsen et al (1999)).

7.6

THE RELATIONSHIP BETWEEN DOPPLER SCORES AND DCS

7.6.1

In principle

The Doppler score is an indicator of the amount of gas, in gas phase, in the central venous
blood and, as pointed out earlier, that gas will leave the blood stream once it reaches the
healthy lungs. So for most individuals, the gas that is suspected to cause DCS or other health
effects is the gas elsewhere in the body. The Doppler score is likely to reflect the levels of
gas elsewhere in the body, but the distribution within the body is dependent on the exposure
pressure and duration and decompression profile, as well as individual variation in
physiological characteristics and probably other environmental factors (e.g. heat, fatigue,
dehydration). The distribution of gas within the body can be (and has been) estimated with a
mathematical model of the rates of exchange of gas within and between compartments of the
body, and these models take account of the exposure pressure and duration and
decompression profile. Such calculations show, as illustrated in Chapter 5, that the duration
of pressure exposure affects the time course of release of gas from the body. The mechanisms
whereby gas bubbles lead to health effects are not completely or even well understood as yet.
So we know that the time courses of the bubbles causing the Doppler signal and of bubbles
causing DCS are different, but probably sufficiently similar that the Doppler score can
logically be expected to correlate with risk of DCS. However, the correlation (between
Doppler scores and DCS risk) does appear to be dependent upon which set of data is used, as
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shown in Chapter 4. Some of the differences were undoubtedly due to methodological
differences in the way that studies and measurements were conducted, but there does also
appear to be a real dependence of the association (between DCS and Doppler score) on the
decompression procedure and breathing gas (e.g. with oxygen breathing during
decompression reducing the risk of DCS for given Doppler score compared to air breathing).
The association between DCS and Doppler scores is also going to be affected by individual
susceptibility. The susceptibility of some individuals to DCS is well recognised, with 4% of
the compressed-air workforce carrying the burden of 50% of the incidence of DCS. There are
indications that Doppler scores may also vary systematically between individuals, with some
individuals tending to produce higher scores for given decompression stress. It is possible
that it is the same individuals who have a susceptibility to higher Doppler scores and also to
incidence of DCS, but it does not necessarily follow from the fact that both are related to
decompression stress. Lambertsen et al (1999) concluded (in point 7 of their conclusions)
that “While a single biophysical basis of decompression stress can be considered for both
VGE generation and severity (Doppler score), and for detectable expressions of DCS,
occurrences of VGE and most clinical DCS are unconnected.” Some symptoms of DCS are
expected to be directly related to gas bubbles in venous blood (e.g. the “chokes”), whereas
others as more likely to be due to formation of gas bubbles in tissue (Eckenhoff, 1985). If the
high Doppler score is indicative of higher levels of gas formation throughout the body, then
individuals with propensity to relatively high Doppler scores might be the same individuals
who are susceptible to DCS.
DCS also covers a wide range of symptoms and possibly pathological processes and can vary
from an apparently minor complaint to a life-threatening condition. Sometimes the
recognition of DCS is very much dependent on the subjective response of the affected
individual. That may contribute to DCS sometimes occurring even when the Doppler score is
0; or there may be gas trapped in critical (sensitive or important) tissues when the level of gas
in the central venous blood is very low.
Perhaps we should not be surprised to find that the correlation of DCS with Doppler score is
partly dependent on whether the decompression is from high altitude decompression
(hypobaric exposure) or from hyperbaric exposure, and affected by the use of oxygen
breathing during decompression. The relationship between Doppler score and risk of DCS in
compressed air work is the key information that is needed for monitoring future compressed
air work, especially if higher pressures (e.g. above 3 bar) are needed to cope with the
geological conditions and depth. However, this information is perhaps that which is least
recorded at present.
Nishi et al (2003) commented that “to really define the relationship between bubble scores
and DCS, dives which produce many bubbles and have a high risk of DCS are required.” We
conjecture that where the hyperbaric exposure and decompression schedule produce a low
risk of DCS, it is possible that the inter-individual variation (in central venous gas levels)
would produce some Grade III scores, and yet the risk of DCS for any of the individuals in
the group would remain low. Conversely, with a hyperbaric exposure profile and
decompression schedule giving a relatively high risk of DCS, we might expect that Grade III
Doppler score would be quite common. In the second group, those individuals with higher
Doppler scores would be expected to have the greater risk of DCS, but in the second group
the risk for DCS at any Doppler score would be expected to be higher than that for an
individual with the same Doppler score in the first group. Exposures of the first type (low
risk) might produce one correlation of Doppler score with DCS (if enough data were
available); exposures of the second type might produce a different correlation (indicating a
higher risk for DCS for an individual with a given Doppler score).
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Lambertsen et al (1999), in discussing the application of their VGE-DCS-BGI relationship,
wrote that “Since VGE and DCS are different expressions of the complex results of
decompression stress, their highly variable relations in laboratory dive trials and operational
diving should not be the basis for predicting acceptably low risk in entire tables.” They also
considered that acquiring further data from “monitoring of unknown profiles” would have no
cumulative value, and therefore dismissed acquiring data from routine monitoring of
operational diving. They concluded that there was “no basis for expecting simultaneous
initiation, or identical time courses (of high Doppler scores and DCS) in exposures to the low
degrees of predicted decompression stress of operationally useful profiles” (for commercial
diving). “ The correlations were only found by emphasising analysis of high degrees of
theoretical stress, and large numbers of precisely monitored diving trials”. However, for
modern operational compressed air work, the decompression process can and should be well
defined (giving well characterised profiles). Some of the operational profiles in compressed
air work are not “low predicted decompression stress” based on historical morbidity rates.
Therefore, we suggest that data from Doppler monitoring of current operational compressed
air work would be of research value.
If Doppler monitoring is to be of value for routine monitoring and controlling decompression
stress, then there needs to be a sound basis for interpreting the Doppler scores in terms of
health risk. To aid the interpretation of Doppler scores recorded for modern tunnelling, we
suggest that there is a need to build up a data base of Doppler scores from operational
compressed air work. This data, once collected, would define the scores which are associated
with hyperbaric exposures and decompressions which have been shown to have very low
DCS. They may also help to define the correlation between Doppler Scores and DCS in the
compressed air work situation, and when using specific gases (air, oxygen) during
decompression.
7.7

CONSISTENCY WITH THE LIMITED PRACTICAL EXPERIENCE OF
DOPPLER MONITORING IN OPERATIONAL COMPRESSED AIR WORK

7.7.1

Resumé of operational
compressed air work

experience

of

Doppler

in

operational

The practical experience of the limited use of Doppler monitoring on a compressed air
tunnelling operation (described in Section 6.2) gave Doppler scores on 9 miners under a
compressed air working schedule that had extensive historical evidence to demonstrate that
low rates of DCS were associated with that level of exposure and the (oxygen) decompression
Table. However, 6 out of the 9 monitored miners had Doppler scores of Grade II; one had
Grade III, one Grade II and one Grade 0. So about 10% of the subjects had Doppler Grade
III, and about 60% had Doppler Grade II.
The data from Channel Tunnel Rail Link 320 may be representative of Doppler grades to be
obtained in compressed air work, and therefore we proceed (in the next section) on the
assumption that they are the best indication available. However, with such limited data from
operational experience (described in Chapters 4 and 5), it is possible that further monitoring
would produce a substantially different frequency of the various grades. Therefore, there is a
need for more data from monitoring compressed air working to provide a data base for
comparison of relative safety of compressed air working practices (i.e. the duration and
pressure of exposure and the decompression table).
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7.7.2

Suggestion of a threshold for Doppler scores indicative of unacceptable
hazard.

From the limited available data from compressed air work (summarised in the preceding
section), it appears that procedures that are widely accepted operationally and therefore
presumably regarded as being adequately controlled risk can produce about 60% of grades at
Grade II, and 10% of grades at or above Grade III. Therefore, a criterion set (as suggested in
section 5.5.4) at 20% of grades being at or above III might be a useful starting point for using
Doppler scores to predict unacceptably high risks of DCS for decompression (with oxygen
breathing) from compressed air work.
The suggestion is consistent with the very limited data from operational compressed air work,
and also with the data from the trials reported in Chapter 5 and summarised in section 7.4.
However, the proposed development of a more extensive data base would enable the level of
the threshold to be revised appropriately and would also help to define how much data would
be needed to demonstrate an excessive frequency of high Doppler scores (i.e. allowing for the
variation within small groups).
7.8

POTENTIAL FOR PROPHYLACTIC RECOMPRESSION OF INDIVIDUALS

If Doppler monitoring is undertaken (whether as a routine procedure or as part of the initial
assessment of a decompression table in practical application), then there may be instances
where an individual will have a Doppler score that is Grade III or even Grade IV. That could
be taken as an indication that the decompression table has been inadequate for that individual
on that day. There would then be a question as to whether the individual should be given a
preventative hyperbaric recompression in the absence of DCS symptoms or signs of illness to
treat clinical signs.
It is suggested that Grade III score for an individual should be taken as an indication for
special consideration, with the hypothetical possibility of running a preventative
recompression or prophylactic recompression. (It would not be a treatment as the subject is
not showing any clinical symptoms to treat.). Grade IV should always be taken as an
indication that preventative recompression may be appropriate. However, the judgement of
the contract medical officer would have to take into account the full clinical picture and the
operational circumstances of the case. In the example discussed in Chapter 6, Doppler
monitoring took place more than an hour after decompression, and the results showed that the
majority of individuals were producing scores that did not exceed Grade II. We conjecture
that the occurrence of an isolated Grade III would be not as strong an indication of likely DCS
as if the incidence (of Grades at or above III) for the group exceeded 20%. That conjecture
reflects the idea that the recorded maximum scores may reflect a peak in bubbles, which
might be of short duration if a high grade is recorded in only one individual, but the peak (at a
level giving grades at or above III) is perhaps less likely to be of short duration if similar
readings are being obtained from other individuals.
In the UK, both the law and accepted hyperbaric best practice dictate that you always have a
treatment lock available on site during any ongoing exposure and for 24 hours afterwards – if
personnel were routinely recompressed based on Doppler score, at best this would limit the
use of the medical lock or at worst block it, should a bonafide case of DCI require treatment.
In theory the only solution would be to double lock capacity and support personnel at large
additional cost in order to ensure Doppler recompression and genuine treatment could take
place in parallel.
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A further consideration is oxygen toxicity and/or the potential UPTD implication of Doppler
recompression; if you had had an oxygen decompression, followed by a preventative
recompression again with oxygen, the UPTD would be high and could mean a medical
restriction for further oxygen administration in some pressure scenarios due to the potential
for lung damage and acute or chronic oxygen toxicity. (There would also be an implication
for the tender as he would have an exposure also).
Therefore, practical issues – including costs - involved in offering preventative
recompressions would need to be considered e.g. the possible demand on the use of the
medical lock or tunnel lock and the possible need for additional hyperbaric staff (medical lock
attendant) and possible morbidities associated with the additional compressions.
Furthermore, the likely psychological effects of offering preventative recompression (for the
individual concerned or for his colleagues) would also need to be considered. For example,
frequent recompressions could reduce the confidence of the compressed air work force in the
decompression procedures and that might lead to more reported symptoms for DCS or
increased psychological morbidity. A given compressed air workforce needs to understand
and believe that as far as possible it is working under best current hyperbaric practice and that
as a result of this the risk of DCS is minimised. Any suggestion that this may not be the case
relative to Doppler initiated prophylactic recompression is very likely to severely damage
confidence in the operational protocols; this was demonstrated on a CTRL project when
workers submitting to Doppler examination showed an interest in the results and became
troubled when the hypothetical implications were untactfully discussed. Significant practical
difficulties of this sort may be envisaged in a typical compressed air work scenario. Again,
more real life data from Doppler monitoring in compressed air work would be useful for
informing future management policy or clinical practice in this area.
7.9

POTENTIAL FOR INDENTIFYING SUSCEPTIBLE INDIVIDUALS

As described earlier in the report (see Section 2.3.4), a few individuals have a large proportion
of the reported incidents of DCS in compressed air work (e.g. data suggest that 4% of the
work force have 50% of the DCS incidents (Colvin, 2003)).
Attempts to identify susceptible individuals in the process of health screening have excluded
most of the general physiological and health criteria for detecting susceptible individuals
(Colvin, 2003). In recent years evidence has accumulated indicating a link between Patent
Foramen Ovale (PFO) and some types of DCS.
Differences in susceptibility between individuals may be one of the causes of differences
between data sets. For example, the diving trials may have been conducted with professional
divers who are a survivor population of those who have not been excessively susceptible,
whereas the hypobaric simulations of high altitude exposure of Conkin et al (1998) used
volunteers who did not have apparent prior experience of hypobaric exposure and there would
have been no removal of susceptible individuals by self selection. That might contribute to
higher DCS rates being reported from the hypobaric trials than from the diving trials.
Tunnelling is likely to have a mixture of experienced compressed air workers and “new
starts”.
If individual susceptibility to DCS is also linked to individual propensity to produce high
Doppler scores, then a sequential record of each individual’s Doppler scores might be a guide
to susceptibility. This again appears to be a topic where further research could lead to
significant benefits in protecting the health of the (at present unidentifiably) susceptible
individuals.
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7.10

RECORDING AND INTERPRETATION OF DOPPLER SCORES AND OF
DCS

DCS incidence is currently the main method of assessing the efficacy of decompression
tables, but DCS rates are prone to the uncertainties of a frequently subjective condition and
diagnosis, and to allegations of possible under-reporting. The use of Doppler monitoring
offers the scope of a quantitative signal that can be interpreted by trained analysts. The
recording of the Doppler signal relies on correct placement of probes and adjustment of
equipment. The analysis of the signal requires practice and systematic cross checks between
analysts to ensure consistency in the estimation of scores from the recorded signals. Then the
scores need to be interpreted carefully and reported appropriately to management and
individuals.
A current limitation to Doppler scores is the lack of a quantified, proven relationship based on
data from compressed air work, of the Doppler scores to risk of either acute or long term
health effects. Such a relationship is unlikely to be proven in the near future. That, of course,
is why this report examines so thoroughly the inferences of likely risk based upon the wider
Doppler data.
7.11

THE ROLE OF MODELS OF DECOMPRESSION STRESS

This study has used a mathematical model to predict the amount of gas expected in the central
venous blood. The model describes the physical processes of gas exchange between various
parts of the body, with the model represented as compartments that are connected in parallel
as are the organs of the body. Each receives an arterial blood supply and contributes to the
central venous blood. The representation of the body by the model is simplified in that tissues
with similar time constants are grouped but all anatomical, physiological and physical
parameter values derive from the scientific literature.
The model serves to provide a theoretical estimate of the gas in central venous blood, for the
hypothetical average man, which is a characteristic of the exposure profile (i.e. the profile of
pressure, time at pressure, and breathed gas composition over time). The index of exposure
severity is, under present models, calculated only for the average man and only for an
assumed set workload.
The model provides insight into the relative effects of pressure and time and decompression
schedule on the likely release of gas in the body.
The model does not appear to supplant the role of the Doppler monitoring, as the Doppler
monitoring was indicative of raised risk of DCS which had not been revealed by the model
predictions of relative level of gas in central venous blood (as described in Sections 5.4.1 and
5.4.2).
Modelled theoretical indices of decompression stress (such as the predicted gas in blood
should have an important role in comparing the expected efficacy of different decompression
tables. This approach was advocated for diving by Lambertsen et al (1999) in point 10 of
their conclusions: “With the existence of high quality databases, for both VGE (Doppler
scores) and DCS, and their correlation via a validated stress index, it should be more
practical to use the profile-specific BGI stress index for examining operational table profiles”
than it would be to use Doppler monitoring on operational divers following decompression
for that purpose.
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However, the Doppler monitoring could be detecting the influence of other superimposed
external factors that are not covered by the model and which may have modified the condition
of the miners/divers.
For compressed air work, particularly with decompression using oxygen breathing, there
appears to be a need for that “high quality data base” to relate the risk of DCS to a theoretical
stress such as the predicted gas in central venous blood or the BGI index, and to relate the risk
of DCS from compressed air work to that index. The operational experience in using Doppler
described in Chapter 6 makes it clear that there are still substantial uncertainties (over the
health risk associated with given predictions of gas or Doppler grades in compressed air
work) due to limited data.
7.12

IMPROVING SAFETY FOR COMPRESSED AIR WORK

In the past, where improvements in safety were needed (in commercial diving or tunnelling)
they were usually achieved by reducing the pressure and/or time under hyperbaric exposure.
However, in recent times, it appears that further reduction of pressure or duration is no longer
a readily available practicable option and therefore effort has focused on improving
decompression procedures. Therefore a technique which enables quantitative evaluation of
adjustments to decompression schedules is likely to be of practical value to the industry. It
appears that Doppler monitoring might serve that purpose. The Doppler scores may not, as
yet, be a direct indication of the absolute level of risk (of health effects) in compressed air
work but they should be indicative of relative changes in degree of safety. Data indicative of
relative safety are, of course, more useful if there are relevant comparable data, and hence
there is a need on for data on Doppler scores from typical compressed air operations.
Since the incidence of acute DCS has been correlated with the later incidence of dysbaric
osteonecrosis and CNS effects, a reduction of acute DCS might lead to a reduction in the late
health effects but the analyses described in this report do not lead to any conclusions on
whether that would be the case.
Doppler monitoring would have significant cost implications, involving the logistics of the
monitoring and time required from the specialised compressed air workers (since their
availability for carrying out maintenance work under compressed air may affect the duration
of downtime for expensive tunnel boring machines). Until it is clear how the results could be
used, to estimate risks to health, the technique is likely to be a research and investigation tool
rather than a routine health monitoring technique in the current industrial setting.
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8 CONCLUSIONS AND RECOMMENDATIONS
8.1

CONCLUSIONS

The single exposure risk factors for some of the relevant and permitted ranges of hyperbaric
exposure for compressed air work still carry unacceptably high level of risk of DCS; these are
generally the higher pressures and longer times, as shown in Table 1.1. Therefore, there are
known operational conditions where improvements in decompression procedure should be
sought, and this is still likely to be the case even with the benefit of the recently introduced
oxygen decompression tables. .
Conversely, there are ranges in compressed air work where the risk of DCS would be
expected from historical data to be well controlled by the current decompression procedures.
Nevertheless, even for some of these situations, there remains a concern as to whether further
improvements may be needed to protect against possible long term health effects from
compressed air working. For diving, the most recent survey of long term health effects
(Macdiarmid et al, 2004) found sub-clinical effects (e.g. complaint of forgetfulness or loss of
concentration) which related to diving experience but also to experience of welding. There
has been no comparable study of long term health effects in compressed air workers.
However, there continue to be legal claims for compensation for dysbaric osteonecrosis from
compressed air workers who have used contemporary decompression tables, and historically
the morbidity associated with compressed air work has been distinctly greater than in diving.
The levels of compressed air pressure needed in compressed air working is determined by the
geophysical conditions (depth of the tunnel, ground condition, gas or water in the strata), and
some modern (TBM) tunnels have required higher pressures to be able to operate. Generally,
it is accepted that higher pressures may give rise to more risk of DCS and hence more reason
to seek a health screening technique that helps evaluate relative decompression safety.
Given this background of concern, there is an interest in being able to make assessments of
the relative safety of exposure to compressed air and decompression schedules by a means
that does not rely on occurrence of DCS. This need appears to be demonstrably greater in
Compressed Air Work than in diving.
From the reviews and analyses described in this report, the conclusions are that:
1. an association between grade of Doppler score and risk of DCS is evident from
several data sets, but the actual level of risk is dependent on the data set used. There
are several good and valid reasons why the risks should vary between sets, including
the conditions of the pressure exposure, differences in breathing gas, the exercise
/activity of participants during pressure or decompression, technical measurement
differences, differences between subjects. In particular, the available evidence
indicates that the breathing of oxygen during decompression leads to substantially
lower risk of DCS for given Doppler grade than for decompression with air breathing.
2. Most of the data demonstrating association between Doppler scores and risk of DCS
originate from diving trials. A necessary precursor to applying Doppler monitoring
as a routine monitoring tool in tunnelling would be to have adequate comparative data
from operational conditions that are accepted as being low risk. However, that is a
research need rather than an operational requirement.
Until there are adequate data to define when Doppler scores are indicating
decompression stress that exceeds the levels that occur under proven low-risk
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compressed air operating conditions, the interpretation of Doppler results from
operational compressed air work will be hampered by the uncertainty in the
relationship between Doppler scores and risks to health. This was the case in the
experience described in Chapter 6.
3. Since there are some operational profiles for compressed air work where DCS and
dysbaric osteonecrosis are believed to be non-trivial risks, it is still appropriate to
consider how Doppler monitoring might be used to check on the adequacy of
decompression procedures in such circumstances. It is possible to offer tentative
conclusions on how routine monitoring might be undertaken and interpreted.
4. Based on the very limited data available, it would be reasonable to propose that an
incidence of 20% or more of individuals with maximum Doppler Scores at Grade III
or above should trigger careful review of the adequacy of the decompression
procedures (e.g. to identify contributory factors or to modify the procedure
appropriately). However, this is a based on the small amounts of data (e.g. section
4.4 and 6.2). It is also clear (from the limited data) that substantial variation in
Doppler scores will occur between individuals and between small groups, even for
identical decompression stress.
5. As stated by others, including Lambertsen et al (1999), the venous gas embolisms
that produce Doppler scores are not causally related to DCS and therefore Doppler
grades are neither a symptom of DCS nor direct evidence that DCS is inevitable.
However, the risk of DCS associated with Grade IV Doppler score has been of the
order of 50% in some of the data analysed for decompression breathing air. Although
the risk associated with Grade IV under oxygen breathing decompression should not
be as high as that from air-only decompression, there is still a case for the Contract
Medical Adviser to assess whether the subject should be offered prophylactic
recompression (i.e. recompression in the absence of any clinical symptoms).
However, the Doppler grades have insufficient positive predictive power for risk of
DCS to warrant recommending that prophylactic recompression should be undertaken
without taking other factors into account. A clinical judgement by the Contract
Medical Adviser is needed, and it should be based on all the medical and operational
evidence.
6. Collecting Doppler monitoring data involves the cost of the monitoring but also
importantly requires non trivial amounts of time from the staff being monitored, and
thus affects the availability of the compressed air team when maintenance or repair
work on the tunnel boring machine (TBM) is needed. Downtime for the TBM is
expensive for the tunnelling contractor. Collecting Doppler data for research
purposes, from operational compressed air working, will be a significant cost and this
report does not address the issue of how any such work should be funded. (That was
not part of the remit; but it is important to recognise that costs of Doppler monitoring
are likely to be a significant practical issue in the commercial environment.)
7. It is recognised that a small proportion (about 4%) of the compressed air workforce
carry a high proportion (about 50%) of the incidence of DCS. These might be
individuals who also have a propensity to high Doppler scores, although that is not
proven nor is it an inevitable consequence of the association between higher Doppler
grades and DCS incidence. This hypothesis could be tested if regular Doppler
monitoring were undertaken. If confirmed, it might enable individuals at risk of DCS
to be better protected, and hence significantly reduce the overall morbidity in
compressed air work.
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8. Given the present uncertainty over the clinical interpretation of Doppler scores,
careful consideration has to be given as to whether and how individuals should be
informed of their results.
9. Doppler monitoring has a valuable role in comparing the efficacy of different
procedures in well controlled laboratory trials. It may perhaps offer a similar function
in testing the benefit of changes in decompression tables or reductions in exposure
time or pressure in operational conditions. However, the high levels of variability
within and between individuals may make it more difficult to obtain unambiguous
results when extraneous factors may be less controlled than in laboratory trials.
10. The data analysed in Chapter 5 indicated that Doppler monitoring did show a closer
association to the risk of DCS than did the theoretical profile specific index (the
predicted gas in central venous blood). So Doppler monitoring may provide
information additional to that from theoretical predictions.
11. We suggest that the dependence of Doppler scores on the physiological
characteristics of the individuals may actually be an advantage when trying to protect
a particular set of individuals (e.g. the relatively small set of individuals in a modern
compressed air working team).
8.2

RECOMMENDATIONS

8.2.1

On current suitability of Doppler monitoring for routine use

For Doppler monitoring to be used regularly, then there would need to be clarity as to what
action would be taken if individuals presented with high bubble scores. A high Doppler score
(say Grade IV) definitely means a higher risk (than say Grade II), but the quantitative risk (of
DCS or other health effects) is uncertain for oxygen-breathing decompression. There is a lack
of data on Doppler scores from Compressed Air work at higher pressures i.e. we know of no
Doppler score data for Compressed Air work at the higher pressures used in modern
tunnelling (e.g. 2 to 4 bar gauge pressure). However, there appears to be an incidence of DCS
(single exposure risk factors) of the order of 1 to 3% % in tunnelling at 3 to 4 bar gauge
pressure with oxygen decompression under the German oxygen-tables (e.g. data reported by
Faesecke (2003), and described by Lamont (in preparation)). The lack of data on Doppler
Scores (and indeed on DCS incidence) under the UK oxygen-decompression Blackpool
Tables is an information need which limits recommendations on whether routine use of
Doppler monitoring would be of practical benefit.
If an individual were Doppler Grade IV, then the risks of DCS (or possibly other health
effects) might be large enough to justify prophylactic recompression. However, the evidence
on the relative frequency of Grade IV in operational compressed air work is not available to
justify a recommendation that monitoring become the normal practice.
Doppler monitoring is not a minor undertaking because it requires a substantial amount of
time from the individual while being monitored after decompression. That is a practical issue
which is likely to affect acceptability of routine monitoring, unless the monitoring has clear
benefits (e.g. to the individuals, in terms of prophylactic recompression when appropriate, and
to the compressed air contractor in terms of reduced morbidity).
We recommend that a data base for Doppler results from real life compressed air operations
be established. Doppler monitoring could be undertaken, as a minimum, at the start of a
tunnelling contract and at the stages when the working conditions change (e.g. as the tunnel
goes deeper and higher pressures become necessary). We recommend that this be adopted, to
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provide more data where it is currently lacking. If such monitoring is undertaken, it also will
create the opportunity to use that data to protect individuals and to assess the adequacy of
operational procedures – as recommended below.
8.2.2

On Clinical Guidance and Protocol

If Doppler monitoring is to be undertaken, then it must be undertaken under a protocol agreed
with management and with the workforce, and the informed consent of subjects must be
obtained. For informed consent, the purposes of the monitoring need to be defined, and the
possible consequences of any Doppler results need to be specified.
The technical procedures obviously need to be designed to meet the agreed purposes of the
monitoring. For example, it is possible that Doppler signals could be recorded and evaluated
subsequently, and that would be suitable for research into the adequacy of decompression
procedures. However, if the Doppler monitoring results are to be used as a basis for detecting
individuals who might benefit from prophylactic recompression then sufficiently reliable
Doppler results need to be produced without delay and the necessary logistical arrangements
in place.
8.2.3

On using Doppler scores to protect individuals

If Doppler monitoring is undertaken, whether as a regular routine or in special cases, there
will be the possibility of using the Doppler score as an indication to provide prophylactic
recompression. Individuals should be given best advice on the possible significance of their
Doppler scores, and that advice should take proper account of the uncertainties in the
association between Doppler score and health risk but should also avoid creating undue
anxiety which in itself may lead to increased morbidity. The Contract Medical Adviser’s
decision (on offering prophylactic recompression) should take account of all medical
evidence and operational factors. We recommend that Doppler Grade IV be interpreted as an
indication for considering prophylactic recompression.
8.2.4

On theoretical stress and Doppler scoring

Theoretical indices of stress (such as the BGI or the predicted gas in central venous blood)
indicate the decompression stress of a given compression exposure (pressure and duration)
and decompression (table and gas). The indices do not address differences between
individuals. The Doppler scores may reflect the propensity of the given group of individuals
to bubble under a given theoretical stress. If the propensity to bubble is aligned with
susceptibility to DCS (and perhaps other health effects), then the Doppler scores are
indicative of the adequacy of the procedures to protect those particular individuals.
We recommend that Doppler scores be considered as means of testing the adequacy of the
decompression procedures for protecting the particular individuals in a modern tunnelling
project team, and therefore enable decompression to be tailored to the individuals.
8.2.5

On using group Doppler scores to assess a working procedure

On the current data, it would not be appropriate to set rigid guidelines on what group Doppler
scores could be considered acceptable in compressed air workers because the association
between Doppler grade and health risks is too uncertain at present.
The data from the limited experience of using Doppler monitoring on compressed air
tunnelling operations suggests that more data from routine operation are needed to build up a
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data base which can serve as a point of comparison for any future compressed air work at the
higher risk exposures. Once the point of comparison is established, then there will be a sound
basis for deciding what percentage incidence of Doppler grades above any given level (e.g. at
Grade III or above (as proposed by Simpson et al 1999)) are indicative of adequately safe
practice in compressed air work (for air-only and oxygen decompression). We do believe that
it would be useful to set up such a database; however, we have not considered what costs
would be involved nor how they would be met.
With a high variation expected between individuals, the percentage with relatively high
grades will vary substantially from one small group to another. The number of individuals in
the group being exposed may be only about 5 or 6 in modern mining, and we have shown the
wide range that can occur between groups of that size. Interpretation of the adequacy of the
procedures needs to allow for such variation.
In the Discussion, we have suggested that if the percentage of individuals with Doppler
grades at Grade III or above exceeds 20%, then the current data indicate a concern in terms of
risk of DCS. If the Doppler scores for a particular group show 20% or more of the
individuals at Grade III or above, then we recommend that it be taken as an indication that the
decompression is probably not adequate protection for that particular group of individuals
under the particular circumstances, where the circumstances includes all factors that affect
either the individuals’ exposure (pressure, duration, gas, temperature) or their susceptibility
(fatigue, dehydration, general health). A practical point is that external environmental (or
work) factors should be recorded where possible as well as maximum pressure, exposure
duration and decompression regime.
8.2.6

On individual susceptibility to DCS

Individual susceptibility to DCS has been recognised as important but hard to identify, and it
is reasonable to suppose that tracking an individual’s serial Doppler scores might be
informative about his relative risk of DCS, and indicative of any changes in his susceptibility
(e.g. associated with changes in health). If Doppler scores are recorded, then the
measurement data for individuals should be kept on record and be scrutinised for any
systematic trend over time. We recommend that there would be value in having a centralised
record of Doppler scores that could track individuals’ Doppler scores over their working
history.
We suggest that there is a research need for a Doppler database to assess whether some
individuals do have a propensity to have high Doppler scores. We suggest that research
should be undertaken to assess whether individuals with propensity to high Doppler Grades
do exist, and if so, whether that propensity is linked to some underlying medical conditions
(e.g. PFO) in some or all of those individuals, and to determine whether there is an
association with those individuals who have higher incidence of DCS.
8.2.7

On protection against long-term health effects

Protection against long term health effects is more difficult to assess because there are no data
relating Doppler grades to long term health effects. Reduction of the risk of DCS may reduce
the risk of long term health effects as cases of dysbaric osteonecrosis often have prior
occurrence of DCS, but reported DCS is not always a precursor of dysbaric osteonecrosis.
The necrosis may be due to the formation of bubbles in decompression, although other factors
may be involved (for example one suggestion has been that the rate of compression could be
important). Therefore, it is desirable to minimise the extent of bubbling from any compressed
air operation and Doppler monitoring is the only currently available tool to monitor the
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formation of bubbles in decompression. However, there is not a causal relationship between
the bubbles monitored by the Doppler technique and the health effects.
If Doppler monitoring is undertaken, then it may help to reduce decompression bubbling in
general and hence to reduce the risk of long term health risks. We recommend that Doppler
monitoring be regarded as a tool that may help reduce long term health risks, but the proof (of
an association) will be difficult and slow to obtain as long term health effects cannot be
detected until years later.
8.2.8

On procedures needed to obtain reliable and comparable Doppler data

If Doppler monitoring of operational compressed air work is undertaken (in specific cases or
in general), then the implementation needs to follow the good practice as described in Chapter
4. Controlled and standardised techniques of measurement, with adequate external quality
control, are essential if the monitoring is to produce adequately consistent and comparable
data to be useful for establishing standards across the industry.
8.2.9

On data records, maximum scores and integrated scores

The Doppler scores in the published literature are mainly in terms of maximum Doppler grade
from precordial monitoring. Doppler scores are generally recorded at intervals (e.g. signals
recorded at approximately 20 minute intervals, and with 3 readings taken over an hour).
Other summary indices could be constructed to use all the data, e.g. the three readings and the
time intervals between readings. The maximum score may have been widely used because
the peak levels are likely to be important for some types of DCS (e.g. the “chokes”).
However, an integrated score might have relevance to other types of DCS and perhaps to
health effects. Where Doppler monitoring is undertaken, we recommend that the data records
include all the Doppler readings, the time of the reading (relative to when decompression was
completed), and the cause of any cessation of monitoring (e.g. if monitoring stopped so that
the individual could be treated or recompressed).
8.2.10 On practical issues
Any implementation of Doppler monitoring in compressed air tunnelling would need to take
account of the practical issues such as the time between men leaving the decompression and
reaching a facility for Doppler monitoring, and a requirement to ensure that the time spent
under Doppler monitoring does not adversely affect recovery and rest periods. There would
also be the obvious direct costs and also the perhaps less obvious indirect costs (e.g. time
from key staff at critical maintenance times) involved in implementing Doppler monitoring;
however, the purpose of this study has been to assess the technical merits and requirements,
not the cost issues.
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APPENDIX 1 - STATISTICAL ANALYSES
A1.1

ON UNCERTAINTY IN RATES FROM BINARY DATA

Observed rates, e.g. for DCS incidence or for exceeding a particular point on the Doppler grade
scale, are usually obtained by counting the number of occurrences, say r, of a binary event in a
group of size n. Assuming that this observation comes from an underlying probability process
with risk probability p, the natural estimate of p is the observed rate, i.e.

pˆ = r / n
Repeated counts from a group of n members, each with the same risk p, would be distributed
according to the binomial distribution, which has mean p and variance p(1 - p)/n. An observed
rate estimates the true rate with uncertainty, and this depends both on the group size n and the
true rate p.
This uncertainty can be expressed in a confidence interval constructed around the observed rate.
Intervals can be estimated by a variety of methods, exact or approximate. One method uses a
widely quoted formula based on a Normal-distribution approximation. Because of the
approximation, n needs to be large for the method to be valid. One criterion (for how large n
should be for the approximate formula to be valid) is that n should be large enough for: min{np,
n(1 - p)} ≥ 5 . For example, if p = 0.1, then n should be at least 50 and if p = 0.01, then n should
be at least 500. For much of the data in this study (in Chapters 4 and 5), the approximate
formula would not be valid.
An exact method can be used where sample sizes are smaller than desirable for the
approximation. An exact interval is constructed by solving an expression involving a sum of
binomial probabilities. This is complex, but can be programmed in a spreadsheet.
Table A1.1 Two sided 95% confidence intervals for rates observed in small groups; Lo
CL = lower confidence limit; Hi CL = upper confidence limit.
Observed
rate %

Group size n
20
Lo CL

0
1
2
5
10

0.0
*
*
1.2
3.2

50
Hi CL
16.8
*
*
24.8
31.6

Lo CL
0.0
*
0.5
*
4.5

100
Hi CL
7.1
*
10.7
*
21.8

Lo CL
0.0
0.2
0.6
2.2
5.6

500
Hi CL
3.6
5.4
7.0
11.3
17.6

Lo CL
0.0
0.4
1.1
3.4
7.7

Hi CL
0.7
2.3
3.6
7.3
13.0

The table above (Table A2.1) shows some examples of two-sided 95% confidence limits, all
derived by the exact method, for different values of observed occurrences from different group
sizes. For each combination, the lower and upper confidence limits are shown (labelled as Lo
CL and Hi CL). (For the smaller group sizes, not all rates can be observed, and impossible
combinations are marked *.) It is clear from the table that observed rates based on small
samples are subject to considerable uncertainty.
It is often overlooked that the above calculations depend on the assumption that the members of
the group have equal underlying risk. In human populations, that may well not be the case, and
inhomogeneity of risk is an additional source of variation (sometimes referred to as extra-
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binomial variation). In some data sets, it is possible to estimate the amount of this
inhomogeneity; this information can be taken into account when calculating confidence
intervals. Where the structure of the data set does not permit this, the user should be aware that
confidence intervals based on the binomial assumption may be narrower than they should be.
In what follows, we show a number of tables that include observed rates. The reader is
reminded that these do not represent exact quantities, but estimates made with uncertainty.
Reference to Table 1.2 may give a feel for the likely scale of this uncertainty
A1.2

STATISTICAL ANALYSIS OF THE RELATIONSHIP BETWEEN PREDICTED
GAS AND DOPPLER GRADES

It is clear from Table 5.4 that any relationship between predicted gas and the relative
frequencies of the Doppler grades is subject to considerable variation, and that a qualitative
judgement of the strength of any relationship is impeded by the variation. Therefore, it is of
interest to quantify the evidence of a relationship, and to estimate its parameters.
Doppler grade is a subjectively-scored, ordinal response, where the risk of higher grades is
expected to increase with predicted gas.
Risks are probabilities bounded by the values 0 and 1. Where the observed data are frequency
counts representing binary risks (e.g. a Doppler score above or below a certain grade), they are
customarily analysed with logistic regression models. A logistic regression model can allow for
the different weights implied by differing group size denominators.
Analysis of ordinal responses (i.e. responses scored on a progressive scale of severity) is
sometimes carried out by dichotomising the response to a binary event, such as achieving a
particular Doppler grade or higher, and using logistic regression to analyse the determinants of
the risk. Here, we may choose to dichotomise at any of the Grades I, II, III, and IV. However,
dichotomisation, while easily understood, discards a lot of information from the ordered
responses.
A model due to McCullagh (1980) extends the logistic model framework to deal with ordinal
responses; the model treats the responses as lying at unknown distances on a continuum of
severity, and estimates those distances along with other parameters. Dependence of risk on
other factors is modelled in the same way as in other regression models, and here the only other
parameter is for the dependence on predicted gas.
We have fitted the McCullagh logistic model to the ordinal responses in Table 5.4. The model
is specified as

Logit (# ij ) = " j % ${! i x ij }
where ! ij is the risk that the response for unit i is Grade j or lower, and the logit function is
defined as

Logit (! ) = log e (

!
)
1"!

The quantities ! j are referred to as the cut-points, and represent theoretical boundaries between
the categories on the underlying logistic scale. In the present case we also have a single !
parameter, which is a logistic regression coefficient relating the risk of higher grades to
increasing predicted gas. The corresponding xi variable is the predicted gas. We found that
fitting to the (natural) logarithm of the fitted gas gave a slightly better fit than the original scale,
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so have used that here; it brings the additional practical benefit that predicted risks are always
associated with positive values for predicted gas.
The model was fitted to the data of Table 5.4 and yielded the parameter estimates in Table 5.6
Table A1.2 Parameter estimates for McCullagh model for data in Table 5.4
Parameter

Estimate
of !

Standard error

Cut-point 0/1
Cut-point 1/2
Cut-point 2/3
Cut-point 3/4

2.370
2.833
3.514
6.682

0.518
0.524
0.534
0.702

Predicted gas (ln)

1.536

0.336

Residual Deviance

Degrees of freedom

Mean Deviance

431.7

207

2.085

If the random variation in the data followed a multinomial distribution, then the expected value
of the mean deviance is that of a chi-square variate divided by its degrees of freedom, i.e. 1.0.
Here the mean deviance is twice the expected value, indicating that the data are somewhat more
variable than the simple model implies; this may be due to factors distinguishing the profiles
that are not included in the table of data. In this circumstance, it is appropriate to scale the
standard errors to allow for the over-dispersion, and that has been done in the figures quoted;
the standard errors in Table 5.5 have been inflated by a factor of ~√2.
The regression coefficient on ln(predicted gas) is estimated as 1.536, and (after allowance for
the over-dispersion) its standard error is estimated as 0.336, yielding a t-value of 4.57, which is
significant at better than the 0.1% probability level; this shows strong evidence of a trend in
risk with increasing predicted gas.
The McCullagh (1980) model implies a set of parallel regression lines on the logistic scale, and
this assumption can be checked by fitting separate simple logistic models at each of the
potential dichotomy cut-points. This yielded estimates of regression coefficients of 1.536,
1.658, 1.525 and 2.17 (the last for Grade IV, based on small numbers); thus there was no
evidence of non-parallelism on the logistic scale, and the single overall regression parameter
quoted appears to be adequate as a summary of the relationship between the risk of increasing
Doppler grade and predicted gas.
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APPENDIX 2 – MATHEMATICAL MODEL OF BUBBLE GROWTH
A2.1

THE MATHEMATICAL MODEL

The mathematical model is based on that of Mapleson (1963) which treats the body as eight
parallel compartments in agreement with the gross anatomy of the cardiovascular system
(Kelman 1977).
Each compartment is given the physiological and anatomical characteristics of identifiable
tissues. This model allows quantification of inert gas uptake and distribution. Bubble growth
during and following decompression is simulated using the physical relationships given in Van
Liew and Burkard (1993). In the gas dynamics section all tissues are handled concurrently. In
the bubble growth section each tissue is handled independently for the duration of the bubbles.
This allows quantification of the volume of gas which is carried in bubbles in each tissue. It is
also possible to determine the volume of gas carried in bubbles in the pulmonary artery, central
venous blood, by calculating a weighted mean of gas in bubbles in the venous drainage from
each tissue.
A2.2.1 Gas dynamics
The uptake of inert gas during the time spent at depth is calculated in the gas dynamics section
of the model. The eight compartments are defined so that each contains all the tissues which
have the same time constant. As described in Mapleson, the time constant for each tissue is the
total capacity for the inert gas in the tissue divided by the rate of supply/removal of gas in the
blood. This is expressed as:

( vt x ! t ) + ( q t x ! b )
( &qt x ! b )
vt, qt and t are the volume of tissue, the volume of blood contained within the tissue and the
blood flow through the tissue respectively. t and b are the partition coefficients for tissue:gas
and blood:gas.
Blood flow to each tissue can be changed to simulate different physiological conditions. Tissue
volumes can be changed to allow simulations of different body shapes. Tissue groupings are
listed in Table A1 together with the time constant for each compartment for nitrogen, for a
standard 70 kg man at rest. The model can also be used with more compartments. For example
a 9th compartment can be used to represent the proportion of the muscle which is involved in
physical activity, or the skin to simulate conditions of thermal regulation of skin blood flow.
The values used for the partition coefficients are "best values" for the Ostwald solubility
coefficient taken from the literature, notably from two reviews, Steward et al (1973) and
Weathersby et al (1980). These are for nitrogen in blood and all tissues except fat 0.0148 (units
are ml/ml equilibration at 101 kPa volume measured at standard pressure and 37oC) and for fat
0.066.
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Table A2.1 Characteristics of each compartment. Time constant in minutes.
Compartment
1
2
3
4
5
6
7
8

Tissues
Adrenals, kidneys, thyroid
Heart, brain grey matter
Liver plus portal system, other small glands and organs
Brain white matter
Red marrow
Muscle and skin
Nonfat subcutaneous
Fatty marrow and fat

Time constant
0.86
1.87
3.07
5.31
12.25
50.62
69.14
211.3

Uptake and washout of inert gas in each compartment is calculated using an exponential
relationship. The calculation is reiterated at small time intervals.
This section of the model requires, as input, the pressure profile and the breathing gas mixture.
At each time increment the model calculates:
●
●
●

the arterial oxygen and arterial inert gas partial pressure;
the venous oxygen partial pressure from a standard oxyhaemoglobin dissociation curve;
venous inert gas partial pressures.

Arterial and venous carbon dioxide pressures for the body at rest are assumed to be the textbook
standards of 5.5 and 6.1 kPa. In the standard format each tissue is assumed to be in equilibrium
with the venous blood draining it and inert gas exchange at the lungs is assumed to be complete
in a single passage of blood through the lungs.
Mixed venous inert gas partial pressures are calculated as weighted means of the 8 contributory
venous streams. The weighting factor for each is the ratio of blood flow to the compartment
divided by the total cardiac output. Table A2 lists the values for the weighting factors for a body
at rest.
Table A2.2

Compartment
1
2
3
4
5
6
7
8

Weighting factors used to calculate mixed venous values from 8
separate venous values
Tissues

Weighting
factor

Adrenals, kidneys, thyroid
Heart, brain grey matter
Liver plus portal system, other small glands and organs
Brain white matter
Red marrow
Muscle and skin
Nonfat subcutaneous
Fatty marrow and fat

0.28
0.17
0.33
0.03
0.02
0.13
0.01
0.02

These values change when conditions change. For example increased physical activity results in
an increase in muscle blood flow which, in addition to causing a reduction in muscle time
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constant, results in an increase in the proportion of pulmonary artery blood which derives from
muscle.
Total venous dissolved gas partial pressure for each compartment is determined as the sum of
the inert gas + oxygen + carbon dioxide + water vapour. A separated gas phase (bubbles) is
assumed to occur whenever the total dissolved gas pressure exceeds environmental pressure and
this ratio, total dissolved gas pressure:environmental pressure, is calculated for each
compartment and for the mixed venous blood at each time increment throughout the whole
period of time which is being simulated. Simple inspection of this section of the model shows
when the bubbles will start to grow in each tissue, i.e. when the ratio of dissolved gas pressure
to environmental pressure exceeds 1. Thus the assumption is made that sufficient nuclei exist to
enable bubble growth to go ahead without the requirement for any additional source of energy.
A2.2.2 Bubble dynamics
The bubble dynamics section of the model is exactly as described by Van Liew and Burkard
(1993) for multiple bubbles in tissue. An independent calculation of bubble dynamics is made
for each compartment. For an 8 compartment simulation there are 8 parallel repeats of the Van
Liew-Burkard model.
The equations in the Van Liew-Burkard model account for the physics of bubble growth and
thereby take account of:
●
●
●
●

the effect of bubble density
gas diffusion between tissue and blood
the rate of removal of inert gas by blood
the effect of surface tension on internal pressure of the bubbles

In this study the initial conditions have been taken as the conditions at the beginning of the first
compression. Thus the values for blood flow and time constant of the compartment,
environmental pressure, arterial inert gas pressure, inert gas pressure for tissue and venous
blood and venous oxygen pressure are provided from the gas dynamics section of the model. In
this way mass balance is ensured. The calculations are reiterated for each time interval
throughout the whole profile and 60 minutes after the end of the last decompression. In this way
the "fate" of the inert gas which is in the tissue at the end of the time at depth is followed as it
moves between blood, tissue and bubble during bubble growth and decay.
The starting volume of the nuclei on which the bubbles form is assumed to be 2 microns and
this value is held constant until growth begins.
The diffusion coefficients used in this work for nitrogen are for aqueous tissue 0.001302
cm2/min, for fat 0.001038 cm2/min.
Time increments are chosen so that changes in them do not cause changes in the result. In this
section of the model the exponential gas uptake and washout is approximated to a large number
of linear sections and therefore the time increments must be small enough for the linear
approximation to agree closely with the exponential.
If the time increments are too big, so that the total volume of gas moving between bubble and
tissue within the time interval is large, the change in bubble radius (and in all other calculated
values) overshoots and oscillations are initiated. This is positive feedback and the calculation
breaks down. Large movements of gas result from very large pressure changes, large numbers
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of bubbles changing size and slow removal of dissolved gas by the blood flow. Thus a large
pressure drop in a tissue with a long time constant and high bubble density is more likely to
result in oscillations and a failure to complete the simulation. The time increments must be
reduced to a level at which no oscillations occur. Invariably the time increments required by
this section of the model are much smaller than those required by the gas dynamics section.
Obviously such instability in the calculations can lead to gross error in the results. For example
it is possible for the bubble radius to drop to zero during a period of oscillation whereas when
corrected so that oscillations do not occur the bubble will last for a longer time. If the results
are not studied carefully it would be possible to record a false early resolution of bubbles.
Oscillations are manifest as sudden changes in inert gas partial pressures and in bubble radius;
inert gas pressures may become negative. After every calculation inert gas pressures and bubble
radius are displayed graphically and carefully inspected to look for such sudden changes. Time
increments are adjusted until inert gas partial pressures change in a smooth continuous way
consistent with what is happening to the environmental pressure and bubble. When this situation
is reached the outcome must then be shown to be independent of time increment as long as
oscillations do not recur. Only when these conditions have been fulfilled is the result accepted.
This is time-consuming but becomes less so with experience. All the results presented here
have been subjected to this type of quality control.
Where pulmonary artery gas is to be calculated the 8 bubble dynamics sections are combined by
calculating for each time interval the weighted mean values for:●
●
●
●
●

bubble radius
tissue and venous blood inert gas partial pressure
blood total inert gas concentration (the sum of dissolved gas and gas in bubbles)
gas volume carried in bubbles in the blood (assuming that bubbles have formed to the
same extent in the blood and in the tissue)
total gas concentration (in bubbles and dissolved) in the tissue.

The weightings are as given in Table A2. Thus all parts of the model are linked and because of
this there is a "seamless" join whenever there is a switch from one part to the other. In other
words mass balance is automatically maintained.
A2.2.3 Bubble density
The number of bubbles which can form in any tissue is unknown. The energy required to
generate a de novo bubble is very high and it seems unlikely that this is the normal mode of
bubble initiation on decompression. A bubble can grow more easily if there is a nucleus of some
kind available; nuclei can be gaseous or solid. It is not appropriate to make a detailed
examination of the factors which determine the incidence of suitable nuclei here, the readers is
referred to Vann (1989) for more information, a brief summary only is included here.
It is possible to argue that bubble density is very high throughout the body. Van Liew and
Burkard (1993) suggested that the number of bubbles formed depends on the magnitude of the
decompression move. It has also been argued that the number of bubbles formed depends on
the level of supersaturation at the start of decompression. This corresponds to the findings of
Yount and Strauss (1976) in their studies of bubble formation in gelatin. In the original
validation of the model high bubble density was one of the conditions studied.
The argument that bubble density relates to the magnitude of the decompression move or to
supersaturation has a weakness in that the experimental evidence for high density depends on
the methods used to visualise and count the bubbles. It may simply be that more bubbles grow
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large enough to be detected following a bigger decompression step. It is possible to argue the
case that the number of bubbles formed is determined by the availability of nuclei.
Candidates for solid nuclei might be some of the larger molecules which are in the body, some
protein molecules could be candidates. Gas nuclei can be formed in the body and there may be
continuous formation on the arterial side of the circulation for example by the action of the heart
valves (Fox and Hugh 1964); throughout the body by the action of ionising radiation (Evans and
Walder 1978); by activity in skeletal muscle (Vann 1989). The simplest pattern of bubble
density which follows from this reasoning is that all parts of the body have similar bubble
density levels except skeletal muscle, in which tribonucleation may be caused by the muscle
movement, fat (because of the large lipid molecules) and the arterial side of the circulation
because of the action of the heart which may result in tribonucleation.
This simplistic approach was been used to determine an alternative low range of bubble density
values. For the body at rest all compartments are assumed to have a bubble density of 100/ml
except for muscle and fat. Muscle has been assumed to form 500 bubbles/ml to allow for the
fact that the respiratory muscles and postural muscles are continuously active. Fat has been
assumed to form 8,000 bubbles/ml, this density is in the region where precise bubble number
has little effect on the outcome. This option is referred to as the "low" bubble density in the
following section. These values were used throughout the work dealt with in this report and the
justification for this choice is discussed in the next section.
A2.2.4 Original validation of the model
The model used in this work was originally validated as part of a study undertaken for OMEGA,
a consortium of Norwegian oil companies and the Norwegian Petroleum Directorate, and
reported in Flook and Brubakk (1996). Several forms of predictions from the model were
compared with the peak bubble counts as recorded by transoesophageal ultrasonic scanning in
anaesthetized pigs. Fourteen different decompression types were involved and 106 animals
contributed results.
Of various output values available from the model the peak predicted gas volume carried as
bubbles in the pulmonary artery was the one which correlated best with measured peak bubble
counts. The best correlation was for the "low" bubble density option; correlation coefficient r =
0.91, P<0.001. This very high, statistically significant correlation coefficient indicates that if
appropriate physiological and anatomical values are used in the model it is a very reliable way
to evaluate decompression stress.
The low bubble density case is now routinely used; that is with bubble density 100/ml in all
tissues except muscle which has density 500/ml, and fat 8,000/ml.
A2.2.5 Influence of the size of the initial nucleus on which bubbles form
The size of the nuclei which are available in the body is an important value in determining the
moment at which bubbles begin to grow. The relationship between nucleus size and the excess
pressure required to start bubble growth is the inverse of the radius. For example an initial
radius of 0.5µm requires 301 kPa of excess pressure to start bubble growth whereas an initial
size of 2 µm requires 51 kPa.
In an attempt to evaluate the effect of nucleus size on the predictions made for this study 20% of
the procedures have been rerun with assumed nuclei 0.5 µm, one quarter the size usually used.
The overall effect is to reduce the predicted peak free gas volume by an average value of 30%.
However, because the model considers several compartments, because bubble growth is a
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binary phenomenon, either on or off, and because once growth starts the extent of growth
depends on the gas loading, the relationship between initial radius and predicted peak gas in
bubbles is not a simple smooth inverse relationship. For example one of the profiles rerun with
0.5 µm gave no change in predicted gas in bubbles and one gave zero gas in bubbles where
previously there had been bubbles. This makes it meaningless to carry out a standard sensitivity
study. The only meaningful approach would be to repeat every profile and quote a range of
results corresponding to the range of initial size.
It is possible to derive a notional value for the size of the nuclei from the work of Eckenhoff et
al (1990). The ED50 for the smallest pressure change which causes detectable precordial
decompression bubbles in that work was 50 kPa. This corresponds to using nuclei of 2.3 µm in
the model calculations with an excess pressure required to start bubble growth of 43.4 kPa. It
has to be assumed that bubbles have to grow somewhat before being large enough to be
detected by Doppler. From the work of Nishi (1993) and Spencer (1976) the lower limit of
detection for bubbles in the pulmonary artery has been estimated as greater than 30 µm and
probably less than 100 µm. Because once bubble growth has started, the final volume of gas
which moves into the bubbles is determined by the volume of dissolved gas in the surrounding
tissue and blood, the difference between using 2.3 µm and 2 µm is insignificant. The 7 kPa
greater excess pressure to start bubbles from 2 µm is a small fraction of the supersaturation for
most profiles in this study. The supersaturation ranges from 72 kPa for the 9/120 exposure to
570 kPa for the 72/40, the difference in excess pressure required to get bubbles started is less
than 1% of the supersaturation in for all procedures.
The practical solution is always to use the same size for initial radius so that results from all
studies are comparable. The value of 2 µm has been used right from the initial validation of the
model when the values for bubble density were derived.
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Evaluation of Doppler monitoring for
the control of hyperbaric exposure in
tunnelling
Decompression illness occurs either as symptoms arising
soon after the hyperbaric exposure (decompression sickness
(DCS)) or as chronic effects (such as dysbaric osteonecrosis)
that do not become apparent until many years later. After
hyperbaric exposures, the return to atmospheric pressure
is routinely achieved by gradual decompression following
set tables, and in modern times with breathing of oxygen
(eg oxygenated Blackpool Table). The tables are designed
to allow for the hyperbaric exposure pressure and duration,
but the health risks are not fully controlled for all exposure
conditions. Therefore there is a need to be able to monitor
and improve the effectiveness of decompression procedures
under routine operational conditions in compressed air
tunnelling. Doppler monitoring of gas bubbles in the venous
blood might fulfil that need.
This potential application of Doppler monitoring was
evaluated by assessing the theoretical and practical issues
in using Doppler, analysing the published studies that
compare Doppler scores to related incidence of DCS,
quantifying the relationship of Doppler scores to predicted
level of gas in venous blood, and assessing the practical
issues and experience of Doppler monitoring in tunnelling
work. Doppler scores correlate with risk of DCS, and DCS
has been associated with long term health effects. Data
from diving trials and hypobaric exposure trials indicate
that the correlation of Doppler grades with risk of DCS is
not the same for all situations, which may be because the
monitored bubbles are on their way out of the body and
therefore are unlikely to be the ones causing the DCS.
Only a small part of the available data (relating to Doppler
scores) were from compressed air work or compressed air
work simulations. The variability of Doppler results between
individuals and between small groups means that Doppler
scores have limitations in routine operational use. However,
they are indicative of relative risk. The role of Doppler
is likely to be limited for routine operational use at the
current level of knowledge, but we make recommendations
on what would be needed to make Doppler monitoring
suitable for routine use in compressed air work in the UK.
This report and the work it describes were funded by
the Health and Safety Executive (HSE). Its contents,
including any opinions and/or conclusions expressed, are
those of the authors alone and do not necessarily reflect
HSE policy.
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