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Abstract

Objectives. To systematically review the uses control chatts to monitor clinical variables in individual patients.

Data sources. Systematic seatches of MEDLINE, CINAHL, Embase and five other databases yielded 74 studies, of which
seven met our inclusion criteria of using control charts to monitor clinical variables for disease at an individual patient level.

Review methods. Included articles wete reviewed independently by two reviewers. Data wete extracted on study design, clini-
cal condition or disease being monitored, clinical variable or marker, measurement method, outcome measure and any
changes in clinical indicator identified in the articles.

Results. Control charts were applied to four conditions—hypertension, asthma, renal function post-transplant and diabetes.
Studies fell into two categories. Three studies sought to determine the ‘performance’ of control charts in comparison with
existing ‘gold standard methods’ in terms of sensitivity and specificity based on moderate sample sizes (# = 35—45). This cat-
egory of studies found control charts to be simple, low-cost, effective tools with good sensitivity and specificity characteristics
and concluded in favour of control charts. The other four studies were individual patient case-studies in which the use of
control charts to monitor clinical variables was associated with a positive impact on patient and carer experience albeit anec-
dotally and with varying degrees of attention.

Conclusions. Control chatts appeat to have a promising but largely undet-researched role in monitoring clinical variables in

individual patients. Furthermore, rigorous evaluation of control charts is required.
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Understanding, monitoring and controlling variation in
clinical variables is an integral part of clinical practice [1].
Changes in clinical variables, such as blood glucose levels or
blood pressure measurements may be due to changes in the
patients’ underlying condition or biological processes,
measurement error, or random variation. Monitoring systems
need to be able to detect material changes in the clinical vari-
able (i.e. detect a signal) from background noise to support
appropriate clinical decision-making [1]. Monitoring systems
must also minimize false positives/negatives that may atise
from background noise that could lead to inappropriate clini-
cal decision-making [1]. Recently, statistical process control
charts (also known as control charts) have been advocated
for use in chronic disease monitoring [1, 2].

Control charts were originally developed by Walter
Shewhart as a tool for monitoring and controlling manufac-
turing processes [3]. Control charts distinguish between two
sources of variation: ‘common cause’ vatiation, which is
intrinsic to any process and ‘special cause’ variation, caused
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by a factor extrinsic to the process [4]. A key feature of this
classification (common versus special cause variation) is that
the actions requited to address them are different. To reduce
common cause variation, we need to change the underlying
process in some fundamental way and for special cause vari-
ation, we need to find the extrinsic factor and then act on it.

Shewhart developed a set of simple, graphical tools—
control charts—for distinguishing between the two types of
variation. Fig. 1 shows a typical control chart of daily systolic
blood pressures for a hypertensive patient. Typically, control
charts have a central line (the mean) and upper and lower
lines representing control limits, which are usually set at
three-sigma (standard deviations) from the mean [5]. Any
data points that fall outside these limits, or unusual patterns
(determined by wvarious run tests) on the control chart,
suggest a special cause [5].

Other commonly used control charts include run charts
and cumulative-sum (CUSUM) charts [6]. The key features
of the control charts that have been used commonly used
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Figure 1. X-chart, showing daily systolic blood pressutre
(mmHg) readings for a hypertensive patient. The horizontal
upper and lower dotted lines represent the upper and lower
three-sigma control limits, respectively. The middle dotted
horizontal line is the mean. Day 6 shows evidence of
low-special cause variation.

for monitoring variables at patient level such as blood
pressure or blood sugar are described elsewhere [5, 7, 8].
Control charts for count or attribute data, which fall outside
the scope of this review (because no included study applied
this type of chart), are described elsewhere [5, 7, 8] (Table 1).

The use of industrial quality control techniques in health-
care settings was advocated in the late 1980s [9, 10]. Since
then, control charts have been widely used in the monitoring
and improvement of hospital performance [4, 6] and are
increasingly being adopted for public health surveillance
[6, 11, 12]. These uses have been described elsewhere [6].
Control charts have also been advocated for use in monitor-
ing clinical variables at an individual patient level [1, 13—15]
but despite their obvious potential and ease-of use, dissemi-
nation and uptake of these applications appears to have been
less wide-spread [1].

We carried out a systematic review of uses of control
charts to monitor variation in individual patient variables.
The review describes applications of control charts and
identifies any evidence that indicates whether control charts
are associated with improvements in processes ot outcomes
of care including patient experience.

Methods

Search strategy

We searched the following databases: MEDLINE (OVID)
1966 to March week 1 2006 and In-process and other non-
indexed citations, CINAHL 1982 to March week 2 20006,
Embase, the Cochrane CENTRAL database of controlled
trials and DARE (Database of Abstracts of Reviews of
Effectiveness) (Issue 1, 2000), and the Social Science
Citation Index. 1970-11 March 2006. To capture any
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publications teported in business and manufacturing litera-
ture, we searched Business Source Premier (EBSCO) and
Compendex. The search strategy included the following key-
words—control charts, statistical process control (including
the acronym SPC) and relevant MeSH terms. Full details of
the search strategy ate available from the authors. The bio-
graphies of all retrieved studies were scanned for other rel-
evant studies. Follow-up citations of retrieved studies were
identified using the Web of Science Cited Reference search.

Selection of studies

Papers were eligible for inclusion if they described any appli-
cation of control charts to monitor variation in clinically
relevant marker(s) of diseases or risk factors for disease at an
individual patient level. All study types were eligible for
inclusion, except review and modelling articles. Cohort appli-
cations were also excluded if control charts were not used to
identify changes at an individual patient level. There were no
restrictions on language or year of publication.

Two reviewers (RT and MM) independently reviewed the
titles and abstracts of all identified studies against predeter-
mined inclusion and exclusion criteria. Differences were
resolved through discussion and consensus. A kappa score of
0.72 indicated substantial agreement between reviewers [16].

Data analysis

Data were extracted from included studies by one reviewer
using a modified data extraction sheet [17] and checked by a
second reviewer. Because of the heterogencous nature of
study designs, participants and clinical outcome measures
used in the included studies, we present a qualitative syn-
thesis of the available evidence.

Results

We identified 74 relevant abstracts of which 14 considered
the application of control charts to individual patient vari-
ables. Of these, seven met the inclusion criteria and were
included in this review. Summary details of excluded studies
are shown in Table 2.

The seven included studies are shown in Table 3. Four
studies used control charts to monitor changes in peak
expiratory flow rate in asthmatic patients [18—21], two
studies monitored changes in blood pressure in patients with
hypertension ([22, 23]—also monitored blood glucose levels
in diabetic patients) and one study [24] monitored serum
creatinine in patients who underwent a kidney transplant.
The number of patients in the seven studies formed essen-
tially two clusters, with three studies [18, 21, 24] being based
on 35-45 patients and four case-studies [19, 20, 22, 23]
involved up to three patients. The latter studies were
reported as case-studies. The three largest studies compared
the accuracy of control charts as a tool or action point for
identifying clinically significant changes with existing gold-
standard methods [18, 21, 24].
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Table 1. Principal types of control chart

Monitoring with control charts

Name Type of data
Run chart Measurement/attribute
XmR chart Measurement—1 observation

per sub-group

Key features

Plots time-ordered data around a central line (mean or median)
Simple to construct, requiring no statistical calculations (other than
mean or median)

Less sensitive than control charts and do not include upper and lower
control limits

Consists of two charts: first chart plots measurements (around a mean
or median line), second chart plots moving range. Moving range data
used to derive control limits for both charts. Special cause variation
usually identified when a single point falls outside three-sigma limit, 2
out of 3 successive points liec between 2- and three-sigma, 4 out of 5
successive points lie between 1 and 2 sigma or 8 points lie on same
side of centre line

X-Bar and S chart Measurement— >1
observation per sub-group

Consists of two charts: first chart plots sub-group averages, second
chart plots standard deviations. Moving range data used to derive

control limits for both charts. Special cause variation identified as for
XmR charts above.

CUSUM chart Measurement/attribute

Plots the CUSUM of deviations between each data point and a

reference value. Exceedences identified using V-mask, any point(s)
lying outside the V-mask ovetlaid on the CUSUM chart at the
time-point of interest indicates a shift in process. Tabular CUSUM
schemes without the V-mask have also been described elsewhere [1, 8]

Studies used different variables for monitoring with differ-
ent monitoring intervals and durations, even for the same
condition (Table 4). Of the four asthma studies, one used
the number of attack-free days [19] and three used peak
expiratory flow rate [18, 20, 21] with the number of daily
readings ranging from a single daily measure [20] to the best
of three daily measures [18, 21]. Two studies used pragmatic
monitoring intervals determined by the patient [21, 22]. Data
were collected by patients using self-monitoring equipment in
all but one study [24]. In this study, the variable was serum
creatinine level which is not suitable for self-monitoring, In
the majority of studies, charts were constructed by a clinician
or researcher although in one study [22], a patient plotted his
own readings on a pre-constructed chart.

The most commonly used control chart was the XmR
chart [18, 20, 22, 23] (Table 4). One study monitored serum
creatinine using a CUSUM chart [24], one asthma study used
a time between control chart [19] and the remaining asthma
study plotted sub-grouped peak flow rates measures using an
X-bar chart [21]. With the exception of the serum creatinine
study [24], all studies used three-sigma limits to identify
special cause variation [18—23] (Table 5).

Interventions

In two studies, control charts showing special cause variation
were brought into statistical control by making changes to
the patients’ treatment regime [19, 20]. In one study, an asth-
matic patient’s control chart indicated an improvement in the

patient’s status (special cause variation above upper control
limit.). An investigation into the underlying factors contribut-
ing to this change showed that this was due to a reduction in
exposure to irritants in the patient’s home [20]. In two
studies [22, 23], separate control charts for peak flow rates
calculated before and after changes in treatment regime
showed a significant drop in mean readings between the two
measurement periods. In one study, the asthmatic patient’s
control charts showed no evidence of special cause variation
and lay within safe clinical limits, suggesting that the patient’s
condition was stable [19] (Table 5).

Table 2. Details of excluded studies

Authors/ year Reason for exclusion

Alemi and Sullivan [14], Review article
2001
Boggs [13], 2005

Bucuvalas e 4l [15], Cohort application: data not used
2005 to monitor individual patients

Chu ¢z al. [28], 2002

Freidank-Mueschenborn  Modelled data
and Fox [29], 2006

Kent ez al. [30], 1992

Milligan ez al. [31], 2002 Cohort application: data not used
to monitor individual patients

Review article

Not using control charts

Not using control charts
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Table 3. Summary of included studies

Authors /year Study design and ~ Condition
number of
patients
Hayati ¢z al. [18], Longitudinal Occupational
2006 observational asthma
n=45
Alemi and Case-study » =3  Asthma
Neuhauser [19],
2004
Boggs et al. [20], Case-study » =3  Asthma
1998
Gibson ez al. Longitudinal Asthma
[21], 1995 observational
n=235
Hebert and Case-study #=1  Hypertension
Neuhauser [22],
2004
Solodky ez al. Case-study » =3  Hypertension
[23], 1998 (case-series),

Type 1 diabetes
(case-study)

Piccoli ez al. [24], Longitudinal Kidney function
1987 observational change post
study » = 38 transplant

Variable monitored

Peak expiratory
flow rate

Attack-free days

Peak expiratory
flow rate

Peak expiratory
flow rate

Systolic blood
pressure

Diastolic blood
pressure (case-study
1) /blood sugar
(case-study 2)

Serum creatinine

Objective

To compare control charts and a gold
standard measure for diagnosing
occupational asthma

To use control charts to identify changes in
time between asthma attacks

To use control charts to identify changes in
peak flow rates

To compare action points from control
charts with those derived from published
asthma management plans

To use control charts to identify changes in
systolic blood pressure

To use control charts to identify changes in
(i) blood pressure before and after changes
in exercise levels and (ii) blood sugar
before and after treatment

To compare CUSUM charts against full
clinical assessment to identify changes in
kidney function after kidney transplant

Comparing control charts with other methods of
identifying clinical changes

Three studies compared the use of control charts with exist-
ing methods of identifying significant changes in clinical
variables (either clinical assessment or published standards)
[18, 21, 24]. Two studies found that control charts of peak
flow rates were a more accurate method of identifying
asthma exacerbations than action points or decision-rules
taken from published guidelines [21, 24]. However, Hayati
et al. [18] found lower levels of sensitivity and specificity
when using control charts as compared with usual detection
methods for detecting occupational asthma. They noted that
the usual detection method used in their study appeared to
be an inaccurate detector of occupational asthma and argued
that the lower diagnostic accuracy of control charts was a
reflection of diagnostic inaccuracy with the ‘gold standard’
measure (Table 5).

Time to detection

Control charts (using three different decision rules to signal
special cause variation) would have identified exacerbations
in asthma in some patients before they were clinically ident-
ified, with the greatest number of exacerbations identified
using a decision-rule of any point below the three-sigma
limit [21]. In contrast, Piccoli ¢ al. [24], found no difference
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in the time taken to identify statistically significant differences
in detection time using CUSUM charts or full clinical assess-
ment (Table 5).

Rules for detecting special causes of variation

Three of the studies in this review only used a single excee-
dence of three-sigma as indicative of special cause variation
[18, 19, 22] with two studies using more than one rule [20,
21] (Table 4). Of these, only one study [21] looked at the
diagnostic accuracy of each rule. In this case, using a detec-
tion rule of two out of three consecutive points between
two- and three-sigma had a more favourable sensitivity and
specificity than the other the most commonly used rule (a
single exceedence of three-sigma limits was shown to have a
high false-positive rate).

Patient and carers experience

Three of the included studies suggested that control charting
was associated positively with patients’ or carers’ experiences
[20, 22, 23], and that patients did not find the data collection
problematic or burdensome although drop-out rates and data
completion rates were not explicitly provided. All three
studies argued with varying amounts of largely anecdotal
qualitative evidence, that patient and carer experience is
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Table 4. Method of measurement

Monitoring with control charts

Authors/ year/  Who took ~ Measurement interval and duration

sample size measurement

Hayati ¢z al. [18], Patient

Chart type/ sigma limit and detection rules

Best of 3 peak flow rates measurements, ~ XmR, three-sigma limit.

Exceedence of lower control limit.

Time-between control charts, three-sigma limit.
Any exceedence of three-sigma upper control
limit.

XmR, three-sigma limit.

2006 (7 = 45) 4 times a day (at same time each day).
14 days (at work), 14 days (at home)

Alemi and Patient 1 daily measure (attack-free/ not-attack

Neuhauser [19], free) over 14—28 days

2004 (n = 3)

Boggs e al. [20], Patient 1 daily peak flow rate measure 14 days

1998 (n = 3) (baseline), 14 days (follow-up)

Gibson 7 al. [21], Patient

Best of three peak flow rates measures

Single reading outside three-sigma limit.
2/3 successive readings between 2 and
three-sigma limits. 4/5 successive readings
between 1 and 2 sigma limits. 8 successive
points on same side of central line.

X-bar three-sigma limit.

obtained before/ after morning/ evening  Single reading below lower control limit, 2 out

of 3 readings between 2 and three-sigma lower
control limits, 4 out of 5 between 1 and 2
sigma lower control limits

XmR chart, three-sigma limit.
Single reading outside three-sigma UCL/ 1.CL.

1995 (n = 35)
bronchodilator therapy 7 days
(pre-exacerbation), 3 days (exacerbation
phase), 8—10 days (baseline)
Hebert and Patient Systolic blood pressute about 3 times a
Neuhauser [22], week 1 month (baseline), 5 months
2004 (n=1) (follow-up)
Solodky ez al. [23], Patient Daily blood pressure measure (case series) Run chart (case-study 1)
1998 (n = 3) Blood sugar 4 times a day (average)

(case-study)

XmR chart, three-sigma limit (case-study 2)
Detection rules not stated

7 observations before & after treatment

(case-series)

52 observations (baseline), 135 (follow-up)

(case-study)
Piccoli ¢t al. [24], Clinician

1987 (n = 38) (median = 128 weeks)

Weekly serum creatinine 35—420 weeks

CUSUM chart with V-mask to identify
deviations from target measure

enhanced by the use of control charts. Herbert and
Neuhauser [22], in their case-study report, provided the most
information about patient/carer experiences based on inter-
views with patients and comments from carers including
administrative staff. Solodky e# a/. [23] also argued that use of
control charts enabled patients to become partners in their
process of care but little evidence is provided to support this.
Boggs ¢t al. [20] also claimed that the quality of the patient—
doctor consultation was also enhanced because the charts
helped to provide greater clarity and focus for the
consultation.

Discussion

This review identified seven studies that used control charts
to monitor clinical variables in individual patients, which fell
into two categories. Three of these studies [18, 21, 24]
sought to determine the accuracy of control charts in

comparison with existing ‘gold standard methods’ in terms
of sensitivity and specificity. This category of studies found
control charts to be simple, low-cost, effective tools with
good sensitivity and specificity characteristics and concluded
in favour of control charts. The other four studies [19, 20,
22, 23] were essentially case-study reports in which control
charts were used to monitor clinical variables in individual
patients. Appropriately, notions of sensitivity and specificity
do not appear in this category of studies, but the positive
impact on quality of care, patient experience and carer experi-
ence is highlighted, albeit anecdotally and with varying
degtees of attention.

Given the importance of monitoring clinical variables, the
apparently increasing burden of chronic disease management
and the range of potential applications for control-chart-
based monitoring (e.g. hypertension, diabetes, asthma etc.) is
perhaps surprising that use of control charts for monitoring
has received so little attention [1]. There are several possible
reasons for this.
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Table 5. Results of included studies

Authors /Year/
Sample size

Hayati ez al. [18], 2006
(n = 45)

Alemi and Neuhauser
[19], 2004 (2 = 3)

Boggs ¢t al. [20], 1998
(n=13)

Gibson ez al. [21],
1995 (n = 35)

Hebert and Neuhauser
[22], 2004 (n = 1)

Solodky ez al. [23],
1998 (n = 3)

Piccoli e al. [24], 1987
(n = 38)

Control charts, based on peak flow readings taken at work had a sensitivity of 86% and
specificity of 88% compared with a gold standard measure (Specific Inhalation Challenge, SIC).
2/3 individuals with a positive diagnosis based on SIC had lower peak flow readings at work
than at home, suggesting potential errors with the gold standard measure

Control charts for all three asthmatic patients in the study showed special cause variation on at
least one occasion. One patient showed no attacks after changes in their asthma care regime.
One patient showed special cause variation (a decrease in attacks), which was associated with a
reduction to exposute to irritants at home

Patient 1: Peak flow readings ranged between 92% and 76% of personal best. The patient’s
control chart was in statistical control: future peak flow readings likely to continue to fall within
a safe range

Patient 2: Peak flow readings ranged between 86% and 54% of personal best, indicating that the
patient was at high risk of severe asthma. Changes in the patient’s treatment regime brought
readings into statistical control

Patient 3: Peak flow readings ranged between 17% and 101% of personal best, indicating that
peak flow readings were not in statistical control. Changes in the patient’s treatment regime
brought readings into statistical control

Exacerbations identified using 9 action points for identifying exacerbations (3 based on control
chart exceedences, 6 based on action points taken from published guidelines) were compared
with exacerbations identified by clinical assessment (using retrospective data collected by
patients). The two methods with the highest sensitivity and specificity (peak flow rate <80% of
personal best, 2/3 successive measures between 2 and 3 lower sigma) were compared. True
positive rate: peak flow rate <80% = 88%, control chart (2/3 successive measures 2—3 lower
sigma) =91% (P = NBS). False positive rate: peak flow rate <80% = 47%, control chart (2/3
successive measures two- to three-sigma) =23%. (P = 0.002). An action point of a single
measure >3 lower sigma detected 72% of exacerbations before they were clinically identified.
An action point of 2/3 points 2—3 lower sigma identified 19% of exacerbations eatlier. An
action point of 4/5 points between 1 and 2 lower sigma identified 60% of exacerbations eatlier

Patient 1: In the first period of observation, mean systolic blood pressure was 131.1 mmHg
(Upper and Lower control limits 146.3 and 115.9 mmHg, respectively). In the second period of
observation, the control chart indicated a significant drop in blood pressure (mean

=126.1 mmHg) (Upper and Lower control limits 143.3 and 109, respectively). Qualitative
interviews showed a high level of patient acceptability (satisfaction in observing improvements
in blood pressure, improved knowledge of own blood pressure measurements)

Case-series: In both patients, all seven systolic blood pressure readings taken after treatment fell
below the mean for the seven pre-treatment values

Case-study: The control chart for the period before treatment showed a mean blood sugar level
of 130 mg/dL: upper control limits were exceeded on two occasions. The control chart for the
period after treatment showed a drop in mean blood sugar levels to 97: upper control limits
were exceeded on two occasions

CUSUM charts of serum creatinine following kidney transplant had a sensitivity of 85% and a
specificity of 94% in identifying positive or negative changes in renal function compared with
gold standard measures (full clinical assessment). There was no significant difference in the time
take to detect a change in renal function using either detection method

Monitoring per se has a number of inherent challenges
which include the issues of (a) choice of vatiable to monitor,
(b) frequency of monitoring, (c) who will monitor (care giver
or patient). These are generic issues, which have been dis-
cussed by Glasziou e al [1]. However, control based
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monitoring also comes with its own specific issues. These
are discussed below.

An important step in control chart based monitoring is to
decide which type of chart to use. There are many types of
charts [5-9], with the Shewhart individual charts being the
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most simplest to construct and works by plotting one data
point at a time although CUSUM charts can also be used.
We found one example of CUSUM charts being used to
monitor individual patients [24]. CUSUM charts have been
proposed as a more effective performance monitoring tool
than Shewhart charts as they are able to detect change more
quickly [8]. However, the relative complexity of constructing
CUSUM charts and the need for prior specification of par-
ameters such as a target value and the expected within
person variation of the clinical variable of interest, may act as
a barrier to their uptake by individual clinicians/patients
[5, 24]. Research to explore patient and carer preferences
regarding different control charts would be useful especially
given the increasing emphasis on patient self-management
[1, 25].

Control charts have traditionally used three-sigma control
limits [3, 5, 7, 8]. Assuming that the underlying process is
stable, the probability of a data point falling outside the
control limits is about 1 in 370 for data which is normally
distributed [8]. In a clinical situation, this choice of sigma is
likely to rest on the severity of the consequences in which
the costs of looking for special cause variation, when it does
not exist, need to be balanced against the costs of overlook-
ing such a signal, when it does exist [26]. However, none of
the studies included in this review compared the perform-
ance of control charts with different sigma levels and this
appears to be an important issue in the clinical domain.
Similarly, questions about choice and combinations of
additional rules to signal special causes of variation may also
merit study especially as one study [21] found that a detec-
tion rule of two out of three consecutive points between
two- and three-sigma had a more favourable sensitivity and
specificity than a single exceedence of the three-sigma limits.

The ultimate purpose of data is to provide a basis for
action to support improvement and so ultimately monitoring
schemes need to be evaluated, ideally using randomized con-
trolled trials (RCTs), in terms of their effectiveness at
improving patient outcomes. Unfortunately linking monitor-
ing to outcomes is not straightforward because the casual
pathway between the upstream monitoring method and
health outcome is complex [1]. For example, even with an
optimum monitoring scheme, a care giver is trequired to
factor other information about the patient, devise a treat-
ment/management plan and implement it subject to patient
consent and compliance. Furthermore, it has been argued
that monitoring using control charts alone is not likely to be
effective unless it is combined with education and support
based on the principles of systems thinking known as con-
tinuous self-improvement [25]. So, where control charts are
being used like diagnostic tests [18, 21, 24], it appears that a
rational progression for studies is to begin by determining
accuracy—sensitivity and specificity, and only if this is shown
to be adequate does it make sense to study the possible
impact on therapy and outcomes. Where monitoring using
control charts is being used to manage individual patients, a
rigorous evaluation of control charts using outcomes is ulti-
mately required to move beyond the largely anecdotal evi-
dence reported here. Health outcomes are usually compared

Monitoring with control charts

in randomized controlled trials (RCTs) but this too presents
some difficulties—unlike RCTSs of drugs, blinding of carer to
the intervention is not feasible and so there is a serious risk
of contamination, which could bias the process of care in the
control group. One way around this is to make the carer the
unit of experimentation, but an adequately powered clustered
study is likely to be very costly because of the inherently
large sample size involved.

In the meanwhile, more comparative studies using proxy
outcome measures including patient and carer preferences/
perspectives, or even underpowered trials [27] (which could
inform the sample size calculations for more definitive
cluster RCTs) appear to be urgently required to rigorously
evaluate the potentially useful role of control charts in clinical
monitoring [1].
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