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What We Already Know about This Topic

• Electronically collected data are increasingly used for clinical 
research, but include artifacts and other errors

• How best to filter electronically recorded intraoperative blood pres-
sure remains unknown

What This Article Tells Us That Is New

• The authors identified 38 papers describing blood pressure 
 artifact-handling methods, and applied eight methods to nearly 
3,000 anesthetics

• The amount of observed hypotension at various thresholds varied 
considerably depending on the filtration method

• Investigators need to carefully consider artifact handling, and fully 
describe their methodology

Physiologic data that is automatically collected are 
widely used for medical record keeping and clinical 

research; yet, not every stored vital sign in these data rep-
resents the actual physiologic state of the patient at the time 
of measurement. For example, when a person leans against 
a patient’s blood pressure cuff, this causes artifacts in blood 
pressure data, i.e., the value that is registered does not equal 
the true blood pressure of the patient. Similarly, electrocau-
tery disturbs electrocardiogram readings and causes artifacts 

in heart rate data. These artifacts are not relevant in clinical 
care, as they are easily recognized and subsequently ignored, 
but may influence research results.1,2 Consequently, before 
using the physiologic data for research, one should consider 
how to process artifacts, and this should be reported when 
presenting the results of the study.1,3–5

To make artifactual data more suitable for retrospec-
tive analyses, the researcher has several options, varying 
from manual data cleaning via simple filtering methods to 
more advanced methods. Methods will vary in their ability 
to identify or correct artifacts in the data.3,6 More impor-
tantly, different filter methods can lead to different study 
results. Previous studies have shown that artifact occurrence 
depends on several factors, which could lead to incorrect 

aBStract
Background: Physiologic data that is automatically collected during anes-
thesia is widely used for medical record keeping and clinical research. These 
data contain artifacts, which are not relevant in clinical care, but may influence 
research results. The aim of this study was to explore the effect of different 
methods of filtering and processing artifacts in anesthesiology data on study 
findings in order to demonstrate the importance of proper artifact filtering.

Methods: The authors performed a systematic literature search to iden-
tify artifact filtering methods. Subsequently, these methods were applied to 
the data of anesthesia procedures with invasive blood pressure monitoring. 
Different hypotension measures were calculated (i.e., presence, duration, 
maximum deviation below threshold, and area under threshold) across dif-
ferent definitions (i.e., thresholds for mean arterial pressure of 50, 60, 65, 70 
mmHg). These were then used to estimate the association with postoperative 
myocardial injury.

results: After screening 3,585 papers, the authors included 38 papers that 
reported artifact filtering methods. The authors applied eight of these methods 
to the data of 2,988 anesthesia procedures. The occurrence of hypotension 
(defined with a threshold of 50 mmHg) varied from 24% with a median fil-
ter of seven measurements to 55% without an artifact filtering method, and 
between 76 and 90% with a threshold of 65 mmHg. Standardized odds ratios 
for presence of hypotension ranged from 1.16 (95% CI, 1.07 to 1.26) to 1.24 
(1.14 to 1.34) when hypotension was defined with a threshold of 50 mmHg. 
Similar variations in standardized odds ratios were found when applying meth-
ods to other hypotension measures and definitions.

conclusions: The method of artifact filtering can have substantial effects on 
estimates of hypotension prevalence. The effect on the association between 
intraoperative hypotension and postoperative myocardial injury was relatively 
small. Nevertheless, the authors recommend that researchers carefully con-
sider artifacts handling and report the methodology used.
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estimation of associations in clinical research, i.e., a form of 
misclassification bias.4,5,7,8 We hypothesized that these filter 
methods used on the data would have a significant influ-
ence on the findings of the study.

The aim of this study was to explore the effect of dif-
ferent methods of filtering and processing artifacts in anes-
thesiology data on study findings. In doing so, we aimed to 
demonstrate the importance of proper artifact filtering. To 
this aim, we performed a systematic literature search to iden-
tify artifact filtering methods actually being used in practice, 
and subsequently used these filters on an existing perioper-
ative dataset. For this dataset, we selected surgical patients in 
whom both invasive blood pressure measurements and an 
example outcome (myocardial injury) were measured. We 
examined the effects of artifact filtering methods on the 
quantification of intraoperative hypotension measures and 
subsequently its effect on the association between intraop-
erative hypotension and postoperative myocardial injury. 
The determinant invasive blood pressure measurement was 
chosen because it has a known high incidence of artifacts 
and is often used in intraoperative hypotension research.2,5

Materials and Methods

Systematic Search for Artifact Filtering Methods

To find relevant artifact filtering methods, we performed 
a systematic literature search. No formal review protocol 
was developed before beginning the review. We started 
the search with the following search query on PubMed 
(https://www.ncbi.nlm.nih.gov/pubmed/) on June 8, 
2018: (anesthesia [tiab] OR aims [tiab] OR intraopera-
tive [tiab] OR “Monitoring, Intraoperative”[Mesh] OR 
“Anesthesia”[Mesh] OR “Monitoring, Physiologic”[Mesh] 
OR “Heart Rate”[Mesh] OR “Oximetry”[Mesh] OR 
“Blood Pressure”[Mesh] OR “Arterial Pressure”[Mesh] 
OR “blood pressure” [tiab] OR “arterial pressure” [tiab] 
OR “oxygen saturation” [tiab] OR “heart rate” [tiab]) AND 
(artefact [tiab] OR artifact [tiab] OR “Artifacts”[Mesh] 
OR “measurement error” [tiab]).

First, two researchers (W.P. and L.P.) screened every title 
for possible inclusion. Exclusion reasons were noted and cat-
egorized. Conflicts between the reasons of exclusion were 
reviewed and the first reviewer made a definitive choice 
based on the title or abstract. Papers were included when: 
(1) it was published after 2000; (2) it used vital signs data 
for anesthesia (oxygen saturation, blood pressure, or heart-
rate); and (3) a process of artifact filtering was described. 
Papers about the development of a filtering method were 
included, as well as research papers in which a specific fil-
tering method was applied and review papers that discussed 
different methods. We excluded case reports, letters to edi-
tors, editorials, and studies that considered nonhuman sub-
jects. Apart from these, no other limits were placed on the 
type of study design. Papers in languages other than English 
were also not considered. We only considered papers that 

came up with our search query, we did not review refer-
ence sections of papers to identify additional candidates. No 
effort was made to consider unpublished studies, confer-
ence abstracts, or proceedings.

After title screening, all papers selected by one or both of the 
reviewers underwent abstract screening and, if necessary, full-
text screening using the aforementioned approach. Abstracts 
were extracted from PubMed and displayed in a review form 
(programed in R shiny), accompanied by the title and a link 
to the manuscript. The final decision and exclusion reason 
were filled in using dropdown fields. The form also included 
the choices that both reviewers made regarding title screening. 
If it was unclear from the abstract text, if any artifact filter-
ing methods were described in the paper, the manuscript was 
screened to make this decision. From the remaining papers, 
any method for artifact filtering was collected and categorized. 
The first author screened the abstracts and identified and clas-
sified the artifact filtering methods within the selected papers. 
The three artifact filtering method categories described in the 
results section were identified and refined during the review 
process. Some papers included multiple types or a combina-
tion of artifact filtering methods. Therefore, one paper could 
fall under several artifact filtering methods. We did not contact 
authors of original reports to clarify the methods that they 
used. The information in the included papers was sufficient to 
categorize the methods.

Cohort

To evaluate the influence of the obtained methods of arti-
fact filtering on the intraoperative hypotension measures, 
we selected a group of patients from a prospectively-defined 
and previously-described cohort.9 In short, in this ongoing 
cohort patients are included if they are 60 yr of age or older 
and undergo intermediate- to high-risk noncardiac surgi-
cal procedures at the University Medical Center Utrecht. 
We selected only new procedures, i.e., reoperations were 
not included. A first procedure for a patient was defined 
as a procedure with an available troponin measurement 
during the first 3 postoperative days and not preceded in 
the previous 365 days by another eligible procedure. We 
further refined the cohort by selecting patients in whom 
sufficient postinduction invasive blood pressure measure-
ments were available, i.e., we excluded procedures without 
a known time of induction and without at least 15 invasive 
blood pressure measurements after the start of induction 
throughout the entire procedure. For the current study, pro-
cedures from January 1, 2011 to December 31, 2014 were 
selected. The patient cohort selection and further analysis 
described in the current study were designed for illustration 
purposes only. For collection of these data, the local eth-
ics committees approved the protocol and waived the need 
for informed consent (University Medical Center Utrecht 
Medical Research Ethics Committee, protocol no. 18-261).

We collected invasive mean blood pressure measure-
ments from our anesthesia information management 
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system (Anstat, version 2.0.4, 2015; Carepoint, Ede, The 
Netherlands). Invasive blood pressure is measured during 
anesthesia with an IntelliVue monitoring system (type 
MP70, X2 multimeasurement module; Philips, Germany) 
with a built-in filter for artifacts (i.e., a 12-Hz filter is 
applied) that reduces resonant effects of the tubing system. 
Our anesthesia information management system stores one 
value each minute in its database, which is the median of 12 
consecutive measurements with a 5-s interval supplied by 
the anesthesia monitor. We determined the time of induc-
tion with an algorithm that was previously published.10 
Blood pressure measurements before time of induction 
were excluded from analysis.

Artifact Filtering Methods

From the artifact filtering methods resulting from the sys-
tematic search, we included methods into our comparison 
based on their frequency of use (frequently used methods 
were more likely to be included), the need for annotated 
data for the purpose of algorithm training, and whether 
they are applicable to anesthesia information management 
system data (i.e., minute to minute vital sign data). In addi-
tion, as many of the artifact filtering methods contain cut-
off values, we varied such cut-off values to assess differences 
within the same type of filter. For example, if filters are 
based on distribution, we used “more than [two] times the 
interquartile range” and “more than [three] times the inter-
quartile range.” A detailed description of the filtering meth-
ods compared can be found in the Results section, after the 
results of the systematic search.

Outcome

The primary outcome was the incidence and severity of 
intraoperative hypotension when applying different arti-
fact filtering methods found in the review step. We consid-
ered four measures to quantify hypotension; the presence 
of hypotension, the total duration of hypotension, the total 
area under threshold, and the maximum deviation below 
the threshold if hypotension was present. Hypotension was 
quantified by an algorithm, which took every measure-
ment and made a linear interpolation between every data 
point. The interpolation was performed between subse-
quent measurements, regardless of the period between both 
measurements. The area between the threshold and this 
blood pressure curve was then quantified.11,12 Each time the 
blood pressure curve dropped under a specified threshold, 
this was identified as the start of an hypotension episode, 
and as soon as the blood pressure went over the thresh-
old again, this point in time was marked as the end of that 
episode. The total area under the threshold is the summa-
tion of all episodes. We used four different thresholds (mean 
blood pressure of 50, 60, 65, and 70 mmHg) to explore 
whether artifact filters can have a different effect under dif-
ferent hypotension definitions.13 Altogether we compared 

the artifact filtering methods for four different hypotension 
measures and four different thresholds.

The secondary outcome was the association between 
hypotension and postoperative myocardial injury, when 
applying different artifact methods. Postoperative myo-
cardial injury was defined as a postoperative elevation of 
troponin I. According to local protocol, troponin was mea-
sured routinely for the first 3 postoperative days. Troponin 
elevation was present when at least one of the postoperative 
troponin values was more than a predefined clinical cut-off 
value of greater than 60 ng/l.9

Statistical Analysis

For each of the artifact filtering methods, we first describe 
the incidence or extent of hypotension that would result 
from applying the method to the dataset. We describe intra-
operative hypotension as a proportion, and use median 
values with interquartile ranges for the continuous hypo-
tension measures (total area under threshold, total duration, 
and maximum deviation from threshold). This is done for 
each of the thresholds for intraoperative hypotension.

To allow for a comparison of the effect estimate in the 
association between hypotension and postoperative myo-
cardial injury, we standardized hypotension measures per 
measure type and threshold before estimating the effect of 
hypotension on postoperative myocardial injury. In order to 
do so, we first used a logarithmic transformation for total 
duration and total area under threshold, since these data 
were skewed to the right. After this transformation, the 
hypotension measures were standardized by calculating a 
z-score. With these standardized hypotension measures as 
the only explaining variable, we fitted a model for postop-
erative myocardial injury using logistic regression analysis. 
This was done again for each combination of artifact filter-
ing method, hypotension measure, and hypotension thresh-
old. We expressed effect estimates of hypotension measures 
as standardized odds ratios with CIs, using a level of signif-
icance of α=0.05.

We collected and deidentified the data from the enter-
prise data warehouse with SAS software (Version 9.4, SAS 
Institute Inc). After deidentification, the data was further 
processed and analyzed in R (R Foundation for Statistical 
Computing, Vienna, Austria; https://www.R-project.org, 
R version 3.5.1 [2018-07-02]).

results

Systematic Search for Artifact Filtering Methods

The systematic search for artifact filtering methods resulted 
in 3,585 papers. After abstract and full-text screening, 3,300 
papers were excluded and 285 papers mentioning artifact 
filtering methods remained—of which 247 papers described 
methods used on high resolution data such as electrocar-
diogram, photoplethysmogram, and arterial blood pressure 
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waveform data (fig.  1). These methods often rely on the 
repeatable patterns in these signals, and therefore are not 
applicable to anesthesia information management system 
data which is used for clinical research. In addition, a number 

of filters on these high-density data rely on additional sensor 
data such as accelerometer data, which are not commonly 
collected in an anesthesia information management system 
database. After excluding this group, 38 papers remained that 

Fig. 1. Literature review flowchart. Flow diagram illustrating systematic search and review process, starting with 3,585 papers. Eventually 
38 papers remained for identification of artifact filtering methods. papers about imaging included papers of magnetic resonance imaging, 
computed tomography echo, and other imaging techniques. papers about other measures include nonstandard vital sign monitors such as 
camera-, textile-, or wristwatch-based monitors. Other types of papers were methodologic papers or original research in which physiological 
data processing was not used or mentioned. Other reasons for exclusion were for example papers on pathology or ophthalmology. EEG, 
electroencephalography.
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report methods applicable to 1-min resolution anesthesia 
information management system data (fig. 1).

We divided the artifact filtering methods into three basic 
categories. The first category consisted of methods that 
identify measurements as an artifact, such as limit methods 
that use biologic plausible blood pressure boundaries (men-
tioned in 27 papers). The second group consisted of meth-
ods that can alter the vital sign signal by applying a filter to 
extract the true signal of interest from the raw artifactual 
data (mentioned in 16 papers), for example a method that 
calculates the median over neighboring values. This new 
acquired data point is then used to calculate hypotension. 
The third category contained methods that use model strat-
egies that take artifacts or measurement errors into account 
(mentioned in six papers). This can be done by applying a 
model to the data, such as a spline function of the blood 

pressure, which is subsequently fit into a model instead of 
using the actual data. All 38 papers included, and the meth-
odologies found in these papers are listed in figure 2.

Based on the results of the systematic search we chose 
three methods to handle artifacts in invasive blood pressure 
data: a limit filter, a moving median filter, and a likelihood 
filter based on median and interquartile range. For each of 
the methods we used two or three different settings for the 
parameters. Altogether, we compared eight different fil-
tering approaches (including applying no artifact filtering 
method), which are described in detail in figure 3.

Cohort and Hypotension Measures

We included 2,988 anesthetic procedures in our analysis 
(fig.  4), of which the baseline characteristics are listed in 

Fig. 2. Literature overview artifact methods. Methods within papers (vertical) found with systematic search (38 papers). The first panel 
describes which measurements are described in the paper. The other three panels represent the method groups that are described in this 
paper. Each method (horizontal) that was described in the paper was marked. One paper can contain more than one method.

Copyright © 2020, the American Society of Anesthesiologists, Inc. Unauthorized reproduction of this article is prohibited.

D
ow

nloaded from
 http://pubs.asahq.org/anesthesiology/article-pdf/132/4/723/462180/20200400_0-00022.pdf by guest on 09 N

ovem
ber 2020



728 Anesthesiology 2020; 132:723–37 

PerioPerative Medicine

pasma et al.

table 1. In this cohort the occurrence of postoperative myo-
cardial injury was 807 (27%), and 1,563 procedures were 
classified as high-risk surgeries.

Table 2 describes the estimated values for the different hypo-
tension measures when using different hypotension thresholds 
for each of the artifact filtering methods. Different artifact fil-
tering methods resulted in different estimates of the occurrence 
of hypotension. For example, when hypotension was defined as 
mean blood pressure below 50 mmHg, the occurrence varied 
from 24% with a moving median filter of seven measurements 
to 55% without an artifact filtering method. When a thresh-
old of 65 mmHg was used, the presence of hypotension varied 
between 76 and 90%. Similarly, other hypotension measures 
varied among different artifact filtering methods. For example, 
within the definition of hypotension as blood pressure less than 
65 mmHg, the total area under threshold varied between 81 

mmHg × min (interquartile range, 3 to 311) and 129 mmHg 
× min (interquartile range, 25 to 383), the maximum deviation 
below threshold varied between 8 mmHg (interquartile range, 
1 to 15) and 17 mmHg (interquartile range, 9 to 31), and the 
total duration of hypotension between 18 min (interquartile 
range, 2 to 52) and 22 min (interquartile range, 6 to 58).

Association between Hypotension and postoperative 
Myocardial Injury

Figure 4 depicts the standardized odds ratios for the association 
between intraoperative hypotension and postoperative myo-
cardial injury when using different artifact filtering methods 
for blood pressure. Again, this is shown for different hypoten-
sion measures and different thresholds. Standardized odds ratios 
ranged from 1.16 (95% CI, 1.07 to 1.26) for not using an arti-
fact filter method to 1.24 (95% CI, 1.14 to 1.34) for using a 

First, no filter was applied, i.e., all measurements after time of induction were used to calculate 

hypotension.

Second, we used a limits filter by excluding invasive blood pressure readings with a 

corresponding pulse pressure lower than 20 or higher than 150. In addition, the mean blood 

pressure had to be between 40 and 160 mmHg.*

Third, we applied a moving median to the blood pressure curve that replaced every blood 

pressure with the median value of n readings, n being the window size, of which the current 

reading is the center measurement.†

(( 1)/2) (( 1)/2),..., ,...,i i n i i nmed

Finally we applied a likelihood filter based on a median and variation within a time window. 

We divided the blood pressure signal into subsequent windows of 10 measurements. For each 

window the median and IQR were calculated. If a blood pressure deviated more than n × IQR, 

but at least 10 mmHg from the median, the value was identified as an artifact and was removed 

from the signal.‡

Fig. 3. List of artifact filtering methods applied to blood pressure data. All blood pressure measurements were used to quantify hypotension. 
Four artifact filtering methods were chosen, which were applied on blood pressure data. *As a variation, the lower limits for pulse pressure 
and mean blood pressure were varied, to 10 mmHg and 20 mmHg, respectively.17–19 †Two different values for n (5 and 7) were used.3,20–27 
‡Three different values for n (1, 2, and 3) were used.15,16 IQr, interquartile range.
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limit filter (pulse pressure greater than 20; mean blood pressure 
greater than 40) within the 50-mmHg threshold for pres-
ence of hypotension. For the 65-mmHg thresholds, estimates 
ranged from 1.14 (95% CI, 1.04 to 1.26) for using a limit filter 
(pulse pressure greater than 20; mean blood pressure greater 
than 40) to 1.21 (95% CI, 1.11 to 1.33) for using a likelihood 
filter method (1 × IQR above median). Within the 65-mmHg 
threshold, the odds ratios for maximum deviation ranged from 
1.20 (95% CI, 1.10 to 1.31) to 1.30 (95% CI, 1.19 to 1.42); 
total area under threshold, 1.27 (95% CI, 1.18 to 1.37) to 1.36 
(95% CI, 1.24 to 1.49); and total duration, 1.26 (95% CI, 1.17 
to 1.37) to 1.32 (95% CI, 1.21 to 1.44).

discussion

Effect of Artifact Filtering on Hypotension Measures

Different methods for processing artifacts result in differ-
ent estimates of hypotension measures. We saw a change 
in the number of patients who were identified as having 
intraoperative hypotension when different artifact filter-
ing methods were applied. The intraoperative hypotension 

ranged from 24 to 55% when hypotension was defined as 
mean blood pressure less than 50 mmHg and from 76 to 
90% when the defined threshold was 65 mmHg. Although 
we found this clear effect on hypotension measures, the 
resulting effect on the association between determinant and 
outcome (i.e., intraoperative hypotension and postoperative 
myocardial injury) was less profound than expected.

From previous studies we learned that the occurrence 
of artifacts in physiologic data are related to patient and 
procedure characteristics,2,5 hence we expected changes in 
estimates when these artifacts were dealt with differently. In 
the current analyses, removing artifactual data did indeed 
change the associations, but overall these changes were 
smaller than the variation in estimates due to the choice 
of hypotension threshold or choice of hypotension quan-
tity (fig. 5). We found filtering methods to have less of an 
effect on the association between duration and outcome 
than between depth of hypotension and outcome. Filtering 
methods for artifacts are designed to correct extreme val-
ues or outliers in the data, resulting in adjustments in the 
depth of hypotension domain rather than the duration of 
hypotension.

Of note, the odds ratios for hypotension defined accord-
ing to 50- and 70-mmHg thresholds were low, in contrast 
to those for 60- and 65-mmHg thresholds. This is explained 
by the low or high intraoperative hypotension when a low 
or a high threshold is chosen, respectively. In both situations, 
the variance of the hypotension measure in the data will be 
low, compared to choosing an intermediate threshold (i.e., 
60 or 65 mmHg). With a higher variance, the distinctive 
power of the data used to model a given outcome, increases.

We studied the association between intraoperative hypo-
tension and postoperative myocardial injury, because there is 
an extensive body of clinical research on this topic and on the 
methodology of analyzing hypotension and outcome due to 
hypotension. Significant effort has been put into determin-
ing a consensus on the hypotension threshold that should be 
used and on the kind of hypotension measure that should be 
analyzed. From our analysis we deduce that these choices are 
probably more important (as they yield more variation) than 
the choice of artifact filtering method. Nevertheless, we 
think that artifact filtering methods are an additional source 
of variance in studying the relationship between intraopera-
tive hypotension and outcomes, which was already muddled 
with inconsistencies in methodology.10,11,13,14

Systematic Search

We performed a systematic search to make sure that the 
artifact filtering methods we chose corresponded to the 
manner in which researchers handle artifacts. We divided 
the methods we found in three categories. The first cat-
egory includes methods that identify artifacts. These 
methods include a bandwidth filter with a minimum and 
maximum allowed value for blood pressure or pulse pres-
sure and a likelihood filter based on the distribution of the 

table 1. Baseline Data Included procedures (n = 2,988)

n or 
Median

Percentage or 
interquartile 

range

postoperative myocardial injury (%) 807 (27.0%)
Number of blood pressure measurements [IQr] 203 [143–297]
Age at time of surgery, yr [IQr] 70.3 [65.6–76.5]
Male (%) 1861 (62.3%)
ASA classification (%)   
 I 266 (8.9%)
 II 1,635 (54.7%)
 III 978 (32.7%)
 IV–V 109 (3.6%)
Surgical specialty (%)   
 General 750 (25.1%)
 Orthopedic 142 (4.8%)
 Urological 106 (3.5%)
 ENT and dental 287 (9.6%)
 Vascular 848 (28.4%)
 Neurological 716 (24.0%)
 Gynecological 53 (1.8%)
 Other 86 (2.9%)
Emergency surgery (%) 579 (19.4%)
High risk surgery (%) 1,563 (52.3%)
Ischemic heart disease (%) 470 (15.7%)
History of cerebrovascular disease (%) 710 (23.8%)
Chronic heart failure (%) 113 (3.8%)
peripheral vascular disease (%) 446 (14.9%)
Hypertension (%) 1,670 (55.9%)
Use of beta blockers (%) 1,041 (34.8%)
Use of calcium antagonists (%) 587 (19.6%)
Use of ACE inhibitors or AT2 blockers (%) 1,223 (40.9%)
Use of statins (%) 1,345 (45.0%)
Use of insulin/Insulin dependency (%) 200 (6.7%)

Data are presented as number of procedures and percentage of total cohort, except 
age and number of blood pressure measurements, which are presented as median and 
IQr. ACE, angiotensin-converting enzyme; ASA, American Society of Anesthesiologists; 
AT2, angiotensin II receptor; ENT, ear, nose, and throat; IQr, interquartile range. 
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data, as used in this paper.15–19 More advanced methods exist 
(e.g., models or machine learning algorithms that identify 
artifacts); although, the downfall of these more advanced 
methods is that they require a training set to train an algo-
rithm, of which obtaining is labor intensive. When artifacts 
are identified and subsequently removed, there are several 
options that can be used to fill in the gaps. In the current 
paper, we used linear interpolation between existing data 
points,12 but other methods are also available, such as last 
known value carried forward.

The second category is comprised of methods that 
replace the data signal with a new and refined signal. An 
example of these methods is a running median filter, as we 
used in this paper.3,20–27 Other possibilities are methods that 
fit more complex curves over the existing data. After apply-
ing the methods, a new dataset is created, and used in fur-
ther analytical steps.

The last category consists of methods that replace the 
data signal with a function that is used directly in a statisti-
cal model. For example, spline functions are used instead of 
raw data in a model, or a joint model is constructed. This 
third type of method was not usable in this paper, because 
we required the processed blood pressure data to quantify 
hypotension in order to study the relation between hypo-
tension and postoperative myocardial injury.

Despite our efforts to find artifact filtering methods in 
literature, the number of papers including methods is lim-
ited (38 papers) and the methods were quite heterogeneous. 
We looked for papers that mentioned artifacts in the title or 
abstract, which resulted in papers of which artifact filtering 
was an important element of the study (e.g., the development 
of an artifact filter). How often these methods were used in 

practice cannot be extrapolated from this systematic search. 
It should be noted that in contrast with the title screen-
ing, the final identification and classification of the artifact 
filtering methods was performed by one author only. The 
selection of methods applicable to anesthesia information 
management system data was done by the research team, 
but was not predefined in the review protocol.

Alternatively, we could have looked for the filters being 
applied in research practice, for example by searching for 
all papers studying intraoperative hypotension and out-
comes, and then carefully studying the Methods sections. 
However, we expect that this would have resulted in a 
lower yield of artifact filtering methods. From personal 
experience as researchers in this field, we noticed that the 
methods for handling artifacts are typically not (exten-
sively) reported.

Strengths and Limitations

Our study is one of the first to explore the impact of arti-
facts on clinical research using anesthesia information man-
agement system data by applying different artifact filtering 
methods on real clinical data. We focused on different arti-
fact filter methods and how they influence estimated asso-
ciations. These methods were identified with a systematic 
search. Not only did we vary artifact filtering methods, 
we also studied different hypotension measures and vary-
ing hypotension definitions to get a complete picture. Our 
detailed analysis places the issue of artifacts into perspective, 
and the reader can base the methodologies for filtering arti-
facts in future work on these findings.

One limitation of our study is that we have chosen only 
one type of measurement (blood pressure) and one type 

Fig. 4. Flowchart procedure inclusion. All procedures identified in the anesthetic information management system, and those included in 
our analyses. Included procedures were required to be medium- to high-risk procedures between 2011 and 2014 on patients who were 60 
yr or older. procedures should be new (no procedures on the same patient in the previous yr) and have sufficient (at least 15) invasive blood 
pressure measurements available after time of induction.2,3,15–27,30–53
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of outcome. It is unclear to which extent we can gener-
alize these findings to other physiologic data or research 
on other subjects. Second, we could not use every artifact 
filtering method found. More methods would have been 
applicable, if the anesthesia information management sys-
tem data was more granular than data with 1-min intervals. 

However, the vital signs in our anesthesia information 
management system are based on raw data measured at 5-s 
intervals, of which the median per min is stored. This meant 
the data we used was already processed for artifacts by the 
anesthesia information management system software. Third, 
we could not compare the artifact filtering methods with 

Fig. 5. Effect of artifact filtering methods on the association between intraoperative hypotension and postoperative myocardial injury. 
Standardized odds ratios for the association between intraoperative hypotension and postoperative myocardial injury and for different artifact 
filtering methods (color and shapes). Different hypotension measures (vertical) and hypotension definitions (horizontal) were compared.
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a manual identification and exclusion of artifacts. For the 
purpose of our methods, comparison of a large dataset was 
required, but this hindered manual annotation of the data. 
Additionally, it would be questionable to do this in a retro-
spective manner.2,5 In the current study, we only included 
patients in whom invasive blood pressure monitoring was 
applied, resulting in a high proportion of high-risk surgery 
patients (table 1). In this subpopulation of the entire cohort, 
the incidence of postoperative myocardial injury was 
greater than previously reported.9,11 Nevertheless, this data 
were used as an illustration and were not used to estimate 
the true association between intraoperative and postopera-
tive myocardial injury. Fourth, the effect of filtering artifacts 
could in theory be different within subgroups of proce-
dures or patients. We did not adjust the association between 
intraoperative hypotension and postoperative myocardial 
injury for confounding, nor have we performed subgroup 
analyses. We considered this beyond the scope of the study. 
Consequently, as we have studied the effect of artifact fil-
tering methods in a cohort with strict inclusion criteria, 
one cannot simply generalize these findings to a broader 
selection of procedures.

Fifth, we made other methodologic choices that could 
have influenced the association between hypotension and 
postoperative myocardial injury. For example, we chose 
linear interpolation between measurements,12 instead of 
other methods such as last value carried forward. In a post 
hoc analysis we excluded cases with big gaps (greater than 
15 min without data), which resulted in a tiny—although 
systematic—increase (about 0.02) in the odds ratio estimate. 
We therefore decided to not exclude any cases with gaps in 
blood pressure measurements, or cases in which a signif-
icant amount of measurements were removed by artifact 
filtering. These explorations suggested that the effect of bias 
(of gap removal) on the estimated odds ratio is minimal. In 
general, the variance of blood pressure measurements will 
be underestimated in linear interpolation, so if the primary 
interest is to estimate variability, then one should be more 
careful with interpolation.

Finally, this study did not cover all possible artifact filter-
ing methods or combinations of methods. The aim of this 
study was to illustrate what happens when different filters 
are chosen, rather than to identify the best method. This best 
method is highly situational, depending on the type of data, 
the protocols used during anesthesia, the hardware used, and 
the way data is stored in an anesthesia information manage-
ment system. Future (experimental) studies should aim to 
find reliable, generalizable methods for filtering artifacts in 
large anesthesia information management system databases.

Implications

It is hard to estimate the true association between hypo-
tension and postoperative myocardial injury in our cohort, 
because we do not know which artifact filtering method 
is closest to the truth.13 Even if we would have had a fully 

annotated dataset where artifacts are marked manually, one 
might still question whether this gives the correct estimate 
of the effect of intraoperative hypotension on postopera-
tive myocardial injury.28,29 Despite the fact that we cannot 
identify the best method for artifact handling, the use of 
different artifact methods in one paper, like we have done, 
is not generally advised. A researcher should choose one 
method, thereby explicitly defining the outcome of interest. 
Preferably, the outcome should be comparable to similar 
research, but this does not necessarily imply that the same 
artifact filtering should be used. The choice of artifact fil-
tering method will depend on the nature of the data and 
the type of hypotension measure, as some measures are 
more sensitive to artifacts than others.

Over time, improvements in artifact handling of anes-
thesia monitoring systems may result in better research data 
that contains fewer artifacts. This will decrease the need for 
postprocessing data for research. Currently, monitor systems 
cannot prevent all types of artifacts in anesthesia informa-
tion management system data. For example, an anesthesia 
monitor has no information available on the correct place-
ment of sensors and the resulting blood pressure will not be 
recognized as an artifact by the anesthesia monitor artifact 
algorithm.

Overall Conclusion

Although different artifact filtering methods yielded 
important differences in the quantification of intraopera-
tive hypotension, we did not see a profound effect of these 
methods on the effect measures of the association between 
intraoperative hypotension and postoperative myocardial 
injury. It seems that the variation resulting from artifacts is 
smaller than the effect of the choice of hypotension mea-
sure or the chosen hypotension threshold. Nevertheless, the 
way one deals with artifacts may add to the reproducibility 
and comparability of intraoperative hypotension research. 
It seems wise to carefully consider how to handle artifacts 
in research using intraoperative physiologic data obtained 
from anesthesia information management systems. Authors 
should describe the chosen methodology for artifact filter-
ing in detail.
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appendix: examples of cases with different 
Filters applied
This example illustrates the effect of different artifact filtering 
methods on a blood pressure signal of one of the procedures 
in our cohort. Eight different methods are illustrated (includ-
ing no filter). These methods are also described in the paper.

8: Likelihood filter: 1xIQR

7: Likelihood filter: 2xIQR

6: Likelihood filter: 3xIQR

5: Moving median: 7 measure window

4: Moving median: 5 measure window

3: Treshold filter: pp >10, bp > 20

2: Treshold filter: pp > 20, bp > 40
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Riots of Discovery: Joseph Priestley’s Home Laboratories 
in England and America

An English theologian and natural philosopher, Joseph Priestley (1733 to 1804) discovered many gases, includ-
ing “dephlogisticated air” or oxygen in 1774. However, his sympathies toward revolutionaries abroad and reli-
gious “Dissenters” at home soon made Priestley unpopular with the Crown and the Church of England. In 
1791, he abandoned his English home in Birmingham just before an angry mob looted (left) and then burned it 
to the ground. Political and professional outcasts, Joseph and his wife Mary joined their children in America, set-
tling in rural Northumberland, Pennsylvania, in 1794. Wasting no time, Joseph’s laboratory was part of the first- 
constructed wing of the house, which was finished in 1797 (lower right). By equipping the Priestleys’ new home 
laboratory with a fume hood to exhaust both smoke and toxic, asphyxiating, or flammable gases, Joseph spared 
the house that Mary had designed (upper right) from the fiery fate that befell their Birmingham home. Venting 
fumes would also help shield the Priestleys from the asphyxiating carbon monoxide that Joseph would discover 
in 1799. (Copyright © the American Society of Anesthesiologists’ Wood Library-Museum of Anesthesiology.)
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