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Hypertension affects an estimated 1.4 billion people and is a major cause of morbidity

and mortality worldwide. Early diagnosis and intervention can potentially decrease

cardiovascular events later in life. However, blood pressure (BP) measurements take

time and require training for health care professionals. The measurements are also

inconvenient for patients to access, numerous daily variables affect BP values, and only

a few BP readings can be collected per session. This leads to an unmet need for an

accurate, 24-h continuous, and portable BP measurement system. Electrocardiograms

(ECGs) have been considered as an alternative way to measure BP and may meet this

need. This review summarizes the literature published from January 1, 2010, to January

1, 2020, on the use of only ECGwavemorphology to monitor BP or identify hypertension.

From 35 articles analyzed (9 of those with no listed comorbidities and confounders), the P

wave, QTc intervals and TpTe intervals may be promising for this purpose. Unfortunately,

with the limited number of articles and the variety of participant populations, we are

unable to make conclusions about the effectiveness of ECG-only BP monitoring. We

provide 13 recommendations for future ECG-only BP monitoring studies and highlight

the limited findings in pregnant and pediatric populations. With the advent of convenient

and portable ECG signal recording in smart devices and wearables such as watches,

understanding how to apply ECG-only findings to identify hypertension early is crucial to

improving health outcomes worldwide.
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INTRODUCTION

Hypertension is a major cause of morbidity and mortality
(1) and affects an estimated 1.4 billion people worldwide
(2). Hypertension is defined as blood pressure (BP) that is
elevated above 130 mmHg systolic or above 80 mmHg in
stage 1 and above 140 mmHg or above 90 mmHg in stage 2
by the American College of Cardiology and American Heart
Association (3). Long term consequences of hypertension can
include ischemic heart disease, stroke, and end stage renal disease
(1). Cardiac structural changes from prolonged hypertension
can lead to arrhythmia and sudden cardiac death (4). Managing
BP early, even at prehypertensive levels, may decrease the
incidence of cardiovascular events later in life (5). Recognizing
and intervening in acute BP emergencies can also decrease
mortality (6). Hypertensive conditions in pregnancy, such as pre-
existing hypertension, gestational hypertension, preeclampsia,
and eclampsia, can lead to perinatal and maternal morbidity and
mortality (7). All of these findings highlight the importance of
having an effective BP surveillance system.

Prehypertension and primary hypertension can be difficult
to identify, as their diagnosis relies on BP readings (3).
Conventionally, BP is measured using an auscultatory
sphygmomanometer or automated oscillometric devices in
health care settings or with oscillometric devices at home (3).
Obtaining accurate BP measurements are challenging as it
is necessary to coordinate multiple factors with the patient
such as ensuring the patient has emptied their bladder, has
relaxed for at least 5min and has avoided smoking, exercise,
and caffeine 30min prior (3). Furthermore, the BP cuff, the
BP device type, the measurer’s technique, and the frequency
of BP measurements also need to be considered (3). These
measurements take time and training for health care providers
and are inconvenient for patients who need to visit a doctor’s
office or learn to manage their own BP monitoring at home.
In addition, errors in BP readings are made by both physicians
and patients (8, 9). Even if health care providers and patients
meet all the measurement guidelines, the measurement methods
only capture a few instantaneous readings of BP for analysis.
Further, numerous daily variables can affect BP from moment
to moment (3, 8, 10). This is concerning, as even a 5 mmHg
difference to the measurement can change a patient’s BP category
and management plan (10). Thus, there is an unmet need for an
accurate, 24-h continuous and portable BP measurement system.

There has been ongoing work to develop alternative, more
convenient ways of measuring BP using photoplethysmography

Abbreviations: AC Filter, Alternating Current Filter; AV Conduction,
Atrioventricular Conduction; BMI, Body Mass Index; BP, Blood Pressure;
DBP, Diastolic Blood Pressure; ECG or EKG, Electrocardiogram; HRV, Heart
Rate Variability; HT, Hypertensive; Hz, Hertz; LAE, Left Atrial Enlargement;
LVDD, Left Ventricular Diastolic Dysfunction; LVH, Left Ventricle Hypertrophy;
mmHg, Millimeter of Mercury; ms, Milliseconds; NR, Not Reported; NS, Not
Significant; NT, Normotensive; PHT, Prehypertensive; PIHT, Pregnancy-Induced
Hypertension; PPG, Photoplethysmography; QTc, QT interval corrected for heart
rate using Bazett’s formula: QT/

√
R –R (11), or Hodges formula: [QTc = QT +

1. 75 (heart rate – 60)] (12); QTd, QT Interval Dispersion; SBP, Systolic Blood
Pressure; STD, Standard Deviation; TpTe, Length between peak of T wave to the
end of the T wave (13).

(PPG) and electrocardiograms (ECGs or also known as EKGs)
(14–18). These methods range from using a single biomedical
signal to assess BP (17), to using multiple body sites with PPG
input (15), to using PPG along with another type of input such as
ECGs (18). However, measuring BP using only ECG signals has
not been reviewed. The aim of our review is to identify if there
are specific ECG features that could be used alone to measure BP
or identify hypertension.

Note that the ECG waveform can provide valuable
information about the heart status. The waveform features
can be analyzed to determine, for example, heart rate variability
and left ventricular hypertrophy. It can also be used to design
machine-learning algorithms for other BP studies. Links between
hypertension and such biomedical signals may show promise for
monitoring BP.

It is hypothesized that elevated heart rates represent persistent
sympathetic activation, which leads to increases in BP and
cardiovascular complications (19). Heart rate variability (HRV)
can be estimated from ECG signals and can reveal whether there
is dysregulation of the autonomic system leading to a decrease in
the ability to return to lower heart rates (19, 20). HRV may show
some promise in monitoring hypertension and poor pregnancy
outcomes as HRV has been found to decrease as BP increases
(20–24). However, HRV can be measured in different ways and
requires its own review outside of this paper.

Left ventricular hypertrophy (LVH) is thought to be an
adaptive response to hypertension and is found in a small portion
of hypertensive patients at 5–18% using ECG signals (23, 25). It
has been used to predict dangerous cardiac arrhythmia and other
cardiovascular risks in hypertensive patients (23, 25). Note that
LVH is generally a long term complication for elevated BP over a
long period of time (4), which maymake it less promising finding
to identify new onset hypertension.

Some early work has looked at using machine-learning to
identify ECG signal features that can potentially categorize
individuals as high-risk hypertension (SBP ≥ 130, DBP ≥ 80)
or low-risk hypertension (SBP < 130, DBP < 80) (26). Note
that authors did not mention the logical operation between
the SBP and DBP, in other words it was not clear if it is an
“OR” or “AND” between them. ECG signal components may be
mapped (or interpreted) into a quantitative number based on
machine-learned algorithms and considered for the identification
of and monitoring of chronic conditions (i.e., pulmonary artery
hypertension, hypertension, coronary artery disease, etc.) (27).
Additionally, ECG signal components may be categorized into
hypertension (SBP ≥ 140 OR DBP ≥ 90), prehypertension (SBP
= 120–139 OR DBP = 80–89) or normal BP (SBP < 120 AND
DBP < 80) and then machine learning with this categorization
may predict specific BP values for individuals (28). However,
there are few studies in this field to draw conclusions from at
this time.

This review focuses on analyzing ECG wave morphology
without HRV, LVH or machine learning. ECG wave morphology
has been a promising area of investigation related to hypertensive
individuals. In a review of ECG parameters in the context
of hypertension and arrhythmia risk, P wave duration and
QT dispersion were noted to have decreased after BP was
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controlled with medication (23). In addition, T wave amplitudes
have been noted to differ between hypertensive patients and
normotensive individuals (23) However, there have been no
detailed reviews specifically looking at ECG wave morphology
differences between hypertensive and normotensive individuals.
Interestingly, ECG wave morphology changes can happen over
a short period of time, such as from before to after treatment
of a hypertensive crisis (29). Therefore, ECGs may provide 24-
h continuous opportunity for monitoring of hypertension and
for alerting patients and their health care providers to acute
conditions, such as hypertensive emergencies or preeclampsia.

In this current review, we conducted a search of literature
published from the last decade on the use of only ECG wave
morphology to either measure BP or identify hypertension. The
aim of this review is to summarize the current understanding of
monitoring BP, identifying hypertension using only ECG wave
morphology and provide an effective BP surveillance system. We
set our ultimate review question to be: can we use only ECG wave
morphology to measure BP or identify hypertension in humans?

METHODS

Search Strategy
On March 27, 2020, we searched PubMed for articles with
keywords related to ECGwavemorphology and BPmeasurement
using “AND.” We also included “EKG” as a keyword as it is
equivalent to ECG. We filtered our searches to focus on the
title/abstract. We searched the last 10 years (January 1, 2010, to
January 1, 2020) to determine the current understanding of the
topic. These initial searches resulted in 2,951 articles.

We excluded any articles that were reviews, case studies, or
commentaries. We also filtered out any articles that were not in
English. As we focus on only ECGs, we used “NOT” to remove
articles with words related to photoplethysmography technology,
which we are aware has been used in combination with ECGs
to measure BP. To narrow the search to articles looking at
ECG wave morphology as a way to measure BP, we identified
ECG parameter related words in a quick exploratory literature
search and combined these words with “AND.” The exact search
terms are described in Appendix 1, and the final search entry is
described in Appendix 2.

Study Selection and Study Data Extraction
From January 1, 2010, to January 1, 2020, we identified 719
articles from our search. We then hand-selected articles if their
title or abstract indicated that their primary aim was to use only
ECG wave morphology to measure BP or identify hypertension.
If ECGs were combined with another method, we did not select
the article. The flowchart of the inclusion and exclusion is shown
in Figure 1.

Several articles mentioned prediction of a future diagnosis of
hypertension or assessment of participants with hypertension to
predict if they are at low or high risk for complications from
hypertension, such as myocardial infarction, stroke, or atrial
fibrillation. We did not select these articles as we are not looking
to predict hypertension or strategize about the risk of those with

hypertension. Instead, we focus on measuring BP or diagnosing
hypertension in the present. We also did not select articles which
used non-clinical ECG features such as ECG segments found
through machine learning. We are interested in ECG features
that can be identified in the clinical setting.

We selected articles in which participants were recruited from
the general population or based on their blood pressure. We
avoided articles that selected their participant populations based
on other medical conditions, such as diabetes mellitus, metabolic
syndrome or obesity (defined as Body Mass Index (BMI) over
30 kg/m²) (30). This was done to avoid confounding medical
conditions that may alter ECGmorphology.We also used articles
with human participants of any age to gain a comprehensive
understanding of the age groups that have been studied.

In total, 36 articles that fit our inclusion criteria and are
listed in Appendix 3. We fully read 36 articles and extracted
data regarding the participants (e.g., sample size, sex, and age),
BP measurement systems, ECG parameter estimation methods,
and the articles’ conclusions about the significance of ECG
wave parameters. We collected all participant data up to one
decimal place and all p-values up to four decimal places if they
were available.

Based on our review, there were two main ways to measure
BP: cuffed with discrete measurements and cuffless with
continuous measurements. We listed if each study used a
cuffed or cuffless method in the table in Appendix 3. For the
cuffed measurements, they were intermittent and non-invasive
using a cuff to collect a discrete BP measurement at set time
points. All the articles used cuffed measurements. One article
used a cuffed method and confirmed if individuals were
hypertensive or normotensive with the cuffless method.
The cuffless method used a continuous and invasive
method by cannulating the radial artery for inter-arterial
BP measurements (31).

For the BP categorization of participants, some articles
had different definitions of hypertension, prehypertension
and normotension and some articles grouped participants
just by different increments of BP measurements. We listed
the definitions of BP categorization used in each article in
Appendix 3. One study had data for both SBP and DBP (13). We
used the SBP p-values from this article.

For ECG parameter estimation methods, we categorized
them as either “manual” (when the study specifically said
they used “manual” methods, used physical instruments such
as paper, calipers, rulers or when multiple individuals were
involved in estimating ECG parameters), “Computed” (when
computer software automatically estimated ECG parameters),
“mixed” (when both manual and digital methods were involved
in estimating ECG parameters; not including when individuals
simply checked if the ECG recording was of satisfactory quality)
or “NR” (when the details were not reported or if it was unclear if
manual or computed methods were used).

There were two articles with the same first author that had
identical participant numbers, and ECG results. We removed
one of these articles to avoid adding duplicate data into our
review. This removed article is listed after the included article
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FIGURE 1 | Flowchart of the article search, screening, and selection process.

in Appendix 3. All 36 articles were reviewed and verified and 35
articles were used for analysis.

Data Analysis
Using the extracted data, we grouped the 35 articles’ findings into
tables based on ECG wave parameter type. We then analyzed the
articles based on their sample size, the participants’ comorbidities
and confounders, the number of participants in each BP class,
the definitions the articles used to categorize BPs, the gold
standard the articles used tomeasure BPs, the ECG leads used, the
sampling frequency, how ECG parameters were estimated and
the participants’ position during BP and ECG signal collection
(i.e., sitting, supine, etc.). If the participant data was split up
into different subgroups, such as by BP categorization, we
used the following Cochrane formula to combine mean and
standard deviation across two groups to derive an integrated

value (32):

x̄p =
N1M1 + N2M2

N1 + N2
,

x̃p =

√

(N1 − 1) SD2
1 + (N2 − 1) SD2

2 +
N1N2
N1+N2

(M2
1 +M2

2 − 2M1M2)

N1 + N2 − 1
,

where, x̄p is pooled mean, x̃p is pooled standard deviation, N1is

the number of participants in the first group, N2 is the number
of participants in the second group that is being combined with
the first group, M1 is the mean value of x in the first group, M2

is the mean value of x in the second group, SD1 is the standard
deviation for the first group and SD2 is the standard deviation
for the second group. When there were more than two groups to
combine, the first and second group would be combined. Then
the resulting value would be considered as a “new” first group.
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The third group would then be considered as a “new” second
group for the application of the above formulas.

There was one article by Anigbogu et al. (33) which seemed
unclear if a figure was missing indicators of significant results
for certain ECG parameters. We added double asterisk to the
ECG parameters in question in Appendix 3 and have treated the
results as not significant.

With each ECG wave parameter, we first analyzed the overall
theme of the article, such as if there was a consensus on whether
the features of the parameter had a significant ability to predict
SBP or DBP or to identify individuals with elevated BP. We
considered an article to have a significant result if the p-value
was less than 0.05. For cases when there were two or less articles
regarding a certain feature, then this feature was not analyzed
due to the scarcity of the number of studies. For example, the
P wave duration was only investigated by two articles that yielded
confounding results; thus, resulting in a lack of identifiable
patterns. Contrarily, the P wave maximum was investigated by
10 separate studies which granted the opportunity to analyze the
findings and determine whether there was a consistent pattern
demonstrating ECG changes in hypertensive patients.

Second, we grouped articles based on whether the participants
had comorbidities such as diabetes mellitus, metabolic syndrome,
and an average BMI in the obese range as described earlier.
We also considered confounders, such as whether participants
smoked or had significant differences in alcohol consumption,
age, BMI or sex, as these variables have been noted to alter
ECGs (34–41). Ultimately, we looked at whether there was a
difference in the findings when there were known comorbidities
and confounding factors present and when the participants were
healthy with no comorbidities or confounding factors. When
we only analyzed articles without comorbidities or confounders,
there were only eight articles present, so we focused on features if
there were two or more articles finding significance to be able to
provide results with this point of view.

Third, we investigated the groupings of articles with pregnant
participants and with pediatric participants. This was done to
determine if there were any promising ECG parameters in
these populations.

Fourth, we investigated groupings of ECG parameters (i.e.,
atrial and ventricular parameters) to determine if there was
a consensus about whether elevated BPs are more commonly
present with atrial or ventricular changes. We focused on using
data from articles without comorbidities or confounders.

Fifthly, we listed how many leads were used in each study. If a
specific lead was focused on for an ECG parameter, we also listed
this in our tables. This is to investigate if significant results can be
obtained from using fewer leads than a standard 12-lead ECG.

Finally, we categorized each article by if they used manual,
digital, mixed or did not report how their ECG parameters were
estimated. We investigated if there was a trend in how ECG
parameters were being estimated.

Hypothesis
We hypothesize that our review will find ECG parameters
that are consistently differentiated between normotensive and
hypertensive individuals.

RESULTS

Between January 1, 2010, and January 1, 2020, we selected 36
articles and analyzed 35 articles which investigated the use of
only ECG wave morphology parameters (not HRV indices, LVH
measurements or machine learning) to measure BP or identify
hypertension. Two articles had identical participant numbers and
ECG results, so one of these articles was removed. Appendix 3
presents the full list of the 35 articles analyzed in this paper and
the one removed article. Appendix 4 groups the articles based
on their ECG wave parameter findings. Based on the analyzed
articles, a summary of commonly used ECG features for assessing
hypertension is shown in Figure 2. The definition of each feature
is described in Table 1.

Comparing ECG Wave Morphology
There were 14 articles that investigated P wave features, as
seen in Table A. Note that P wave maximum and dispersion
were the most commonly investigated features, with ten articles
each. In seven of the 10 articles, P wave dispersion was found
to be significantly greater with elevated BP. The three non-
significant articles had lower average BMIs (22.7, 26.1, not
reported vs. 23.9 to 29.7 in significant articles), populations who
had comorbidities excluded, participants only recently diagnosed
with hypertension, or did not have hypertensive participants
(13, 42, 56). In five of the 10 articles, the P wave maximum was
significantly higher with elevated BP. The five articles with the
differences between HT participants and NT participants noted
differences ranging from 2.8 to 23.3ms (44, 58–61). The non-
significant articles had populations that had younger average ages
(22.7 to 51.6 vs. 44.7 to 53.6 years old), healthier with none or
less comorbidities listed, and all of them were recently diagnosed
with hypertension or did not have hypertensive participants
(13, 42, 56, 62, 63). The Pwaveminimumwas the least significant,
with only one article of seven reporting a significant finding. P
wave duration, prolongation, area, amplitude, and terminal force
were all investigated by two or fewer articles. It can be seen that
PR intervals were significantly longer with increased BP in two
of six articles, as shown in Table B. The four studies that were
non-significant had populations which were generally younger
22.7, 42.8, 56.0, and not reported compared to 54.2 and 55.6
years old, had lower BMIs 22.7 to 26.5 compare to 28.2, had
healthier participants with comorbidities removed and three of
the four had participants with newly diagnosed hypertension or
no participants with hypertension (13, 33, 42, 45).

QT and QTc intervals were included in 15 articles, as shown
in Table C. In three of four articles, QT dispersion was found
to be significantly larger with higher BP. An example of the
most substantial difference was an article with a mean QT
dispersion of 65.6ms for HT participants and 38.7ms for NT
participants (46). The article that did not find significance had
a younger population average age of 28.2 years old vs. 42.8,
56.0, and 57.4 years old (56). QT duration was not significant
in three out of three studies. Two or fewer articles looked
at other QT features, such as QT maximum, QT minimum,
and abnormal QT dispersion. The most articles analyzed QTc
duration, and five of nine articles found it was significantly
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TABLE 1 | Summary of ECG wave morphology parameter definitions.

Feature Definitions

P wave maximum Longest P wave across all leads (in milliseconds) (13)

P wave minimum Shortest P wave across all leads (in milliseconds) (42)

P wave duration Average P wave duration in each all lead (in milliseconds) (42)

P wave prolongation P wave longer than 120ms (43)

P wave dispersion Difference between P wave maximum and P wave minimum (in milliseconds) (13)

P wave area Total area under and above the isoelectric line from the beginning to the end of the P wave (13)

OR

The product of P-wave amplitude per half of lead II duration (42)

P wave amplitude Amplitude of P wave (in millivolts) (42)

P wave terminal force “Product of the duration (in seconds) and amplitude (in millimeters) of the negative terminal deflection of the

P-wave” (44)

PR interval Length between the beginning of the P wave to the beginning of the QRS complex (13)

QT maximum, minimum, dispersion and duration Similar to P wave above.

QT interval is the beginning of the Q wave until the end of the T wave (45).

QT dispersion is the difference between QT maximum and QT minimum (in milliseconds) (45)

Abnormal QT dispersion (QTd) QTd greater than the total of the mean QTd plus two standard deviations of the normotensive group (46)

QTc maximum, minimum, dispersion, duration Similar to P wave above.

QTc = QT interval corrected for heart rate using Bazett’s formula: QT/
√
RR interval (11)

Only Kirbas et al. (12) uses Hodges formula instead to correct for heart rate: [QTc = QT + 1.75 (heart rate – 60)]

QTc prolongation QTc is longer than the mean QTc plus two standard deviations of the normotensive group for each sex (46)

OR

Longer than 440ms for Akintunde et al. (45)

OR

Longer than 430ms in males and longer than 450ms in females for Solanki et al. (47)

OR

Longer than 450ms in males and longer than 460ms in females for Sun et al. (48)

QTcF duration (ms) Uses the Fridericia formula which takes the QT interval and divides it by the cube root of the RR interval to correct

for heart rate (13)

QTfr maximum (ms) Uses Fridericia formula which takes the QT maximum interval and divides it by the cube root of the RR interval to

correct for heart rate (49)

QTc peak Time from start of the QRS complex until the point of a positive T wave peak (50)

Corrected for heart rate using Bazett’s formula (50)

Fragmented QRS QRS complexes that have notches in the R or S wave or an additional R wave or more in two contiguous leads (51)

QRS duration Average of the first deflection from the isoelectric line after the P wave until the J-point (13)

QRS axis Not defined (45)

R wave amplitude Amplitude of R wave (in millivolts) (52)

R wave axis “Net vector of the R wave axis based on the extremity leads” (in degrees) (13)

Poor R wave progression “R wave in the precordial lead V3 ≤ 3mm and R in lead V2 ≤ R in lead V3” (53)

S wave amplitude Amplitude of S wave (in millivolts) (52)

SV1/V2 + RV5/6 Amplitude of S wave in lead V1 or V2 added to the amplitude of R wave in lead V5 or V6 (in millivolts) (45)

T wave maximum, minimum, dispersion, amplitude Similar to P wave above (13)

T wave alternans Changes in the shape, amplitude or timing of T waves or ST segment (54)

T wave axis T wave axis was divided into abnormal and not abnormal T wave axis. An abnormal T wave axis was – 180◦ ≤ T

wave axis < – 15◦ or 105◦ < T wave axis ≤ 180◦ (55)

TpTe Length between peak of T wave to the end of the T wave (13)

TpTe(c) TpTe corrected for heart rate using Bazett’s formula (50)

TpTe/QT

TpTe/QTc

TpTe(c)/QTc

TpTe or TpTe(c) divided by QT or QTc for a ratio as a possible “marker of the ventricular heterogeneity of

repolarization” (56)

Ventricular Activation Time (VAT) “First deflection from the isoelectric line following the P wave until the peak of the R wave” (in milliseconds) (13)

J point T peak duration (corrected for heart rate) “Duration of QRS complex offset to peak of the T wave/RR interval. RR interval is the interval between the onset of

one QRS complex to the onset of the next QRS complex, measured in seconds, derived from the heart rate (HR)

as 60/HR” (13)

Ischemic ECG abnormalities “Presence of ST and T wave abnormalities suggestive of ischemia, ischemic T wave changes, abnormal Q/QS

waves, and the presence of left bundle branch block” (57)

C, corrected for heart rate.
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FIGURE 2 | The graphical definition of common ECG wave features seen in this review of 35 articles. QT intervals in numbers 8 to 11 are corrected for heart rate into

QTc intervals by applying a formula such as Bazett’s (QTc = QT/
√
RR interval) (11) or Hodge’s formula [QTc = QT + 1.75 (heart rate – 60)] (12). Note that the two ECG

signal segments (solid and dashed) are collected from the same subject.

longer with increased BP. With the four articles which did not
find significance, there was slightly lower BMI (26.1 to 26.5
vs. 27.4 to 30 for significant articles), but otherwise no clear
differences in age, gender, number of participants with elevated
BPs, number of comorbidities, BP measuring technique or ECG
analysis technique (31, 42, 45, 50). All three articles on QTc
dispersion found that it was significantly greater with higher
BP. QTc prolongation was also significant in all four articles.
Two of the four articles on QTc maximum showed that it was
significantly longer with higher BP. The two articles which did
not find significance either had no participants with hypertension
(11), or the participants were young at 28.2 years old, healthy
without comorbidities, and recently diagnosis in pregnancy (56).
Kirbas et al. did find a significant difference with a young healthy
pregnant population as well, but they only found significance
when they were looking at severe preeclampsia which has a BP
equal or over 160/110 mmHg or systemic symptoms (12). They
did not find significance with mild preeclampsia (12). There were
no significant findings for QTc minimum in three articles. QTc
peak, QTcF duration and QTfr Maximum over 50ms were all
mentioned in two or fewer articles.

Twelve articles studied the QRS complex, as shown in Table D.
Fragmented QRS was significantly more present with elevated BP
in three of three articles. The QRS duration was significant in two
of four articles. The two articles without significance had older
population averages in the 40 s compared to 22.7 years old and
not reported and higher BMI averages at 26.1 and 29.4 compared
to 22.7 and not reported (42, 64). The R wave amplitude was
significantly greater in three of three articles. There were two or
less articles for QRS axis, Q/QS wave abnormality, R wave axis,

poor R wave progression, S wave amplitude and adding S wave to
R wave amplitudes.

Six articles looked at T wave features, as shown in Table E. No
more than two articles investigated T wavemaximum,minimum,
dispersion, amplitude, electrical alternans, T wave axis and T
wave inversion. T wave amplitude was the most notable T wave
feature, and two of two articles found that it was significant for
higher BP.

Seven articles investigated the time from T wave peak to the
end of the T wave (TpTe), as seen in Table F. Note that TpTe was
significantly longer, as BP increased in four of five articles. The
one article that did not find significance had a young average age
of 22.7 years old, population that was recruited to be free from
any comorbidities, the lowest BMI average in the five articles
of 22.7, the lowest percentage of females at 26.3% and only
17.4% participants had prehypertension with no hypertensive
participants in the study (13). Two or fewer articles mentioned
TpTe maximum or variations in TpTe which corrected for heart
rate or divided it by QT or QTc.

Other ECG morphologies are mentioned in Table G. Queen
et al. (57) grouped a number of ECG morphologies into an
“ischemic ECG abnormalities” group. Two articles looked at
ventricular activation time (VAT). One article looked at J point
T peak duration corrected for heart rate. All of these articles
found significant results except for one VAT article. Anigbogu
et al. did not find any significant difference in ST duration
between hypertensive and normotensive participants (33).
Sriratanaviriyakul et al. investigated multiple features such as ST
depression, atrioventricular conduction defects and ventricular
conduction defects, however only found a small significant
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FIGURE 3 | The relationship between atrial and ventricular ECG wave features with BP. LAE, left atrial enlargement; LVH, left ventricular hypertrophy; LVDD, left

ventricular diastolic dysfunction. Note that Ns stands for the number of studies of statistical significance (p < 0.05) while Nns stands for the number of studies of

non-statistical significance. The four features highlighted in red show features that have two or more studies with statistically significant results.

difference in right bundle branch blocks presence in hypertensive
participants compared to normotensive participants (65).

Grouped by Presence or Absence of
Comorbidities and Confounding Factors
Of the 35 articles used in this paper, 26 articles identified
comorbidities or confounders, such as diabetes mellitus,
metabolic syndrome, alcohol consumption, smoking, and obesity
with a mean BMI over 30 kg/m² within their populations. We
compared the ECG wave parameters between articles with and
without comorbidities and confounders.

In the five articles without comorbidities or confounders for
P wave features (56, 58, 62, 66, 67), only P wave dispersion still
looked promising with four of five articles with demonstrating
significant findings (58, 62, 66, 67). QTc dispersion was
significant in two of two articles without comorbidities or
confounders (11, 12). The T wave peak to the end of the T wave
interval (TpTe) was significantly longer in three of three articles
without comorbidities or confounders (11, 12, 56). The most
profound difference in TpTe was 93.1ms for PHT participants
and 67.9ms for NT participants (11). TpTe/QTc ratio was also
significantly different in two of two articles (12, 56). A summary
of grouping ECG features associated with hypertension in terms
of atrium and ventricles is shown in Figure 3. The other ECG
wave parameters were not considered as they did not have
more than one significant result in the group of articles without
comorbidities or confounders.

Special Populations
Articles with pregnant participants [three articles (12, 56, 62)]
and pediatric participants [two articles (66, 67)] are considered
as special populations in this review. No ECG parameters were
investigated by all three articles with pregnant populations
(12, 56, 62). Gazi et al. (56) and Kirbas et al. (62) both
looked at P wave parameters. Kirbas et al. (62) reported
significant P wave dispersion and P wave minimum. Gazi et al.
(56) did not find any significance in its P wave maximum,
minimum, or dispersion. A different article by Kirbas et al. (12),
reported a significant increase in QTc dispersion, maximum, and
duration when normotensive pregnant women were compared
to pregnant women with severe preeclampsia. In comparing
mild preeclampsia with normotensive pregnant women, only
QTc dispersion was significantly increased. Gazi et al. (56) found
significance for QT maximum, but did not find any significance
for QTc maximum. Both Kirbas et al. (12) and Gazi et al. (56)
found that TpTe and TpTe/QT ratio were significantly increased
in pregnant women with pregnancy-induced hypertension when
compared to normotensive pregnant women.

The two pediatric articles measured BP after the participant
rested for 10min and an appropriately sized BP cuff was
used (66, 67). These articles classified normotensive participants
into the 90th percentile for their sex, age and height group,
prehypertensive as between the 90th to 95th percentile, and
hypertensive as above the 95th percentile. Both of the pediatric
population articles only studied P wave dispersion and found that
it was significantly increased as BP increases (66, 67). One of these
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two articles noted that 16.8% of its participants were obese (66),
and the other article did not mention the BMI measurements of
the population (67).

Atrial vs. Ventricular Parameters
Atrial parameters included P wave parameters and PR interval.
Looking at both of these parameters in articles without
comorbidities or confounders, there were six significant results
and six not significant results. It is unclear if atrial parameters
overall change with elevated BP compared to normal BP.
Ventricular parameters included QT/QTc, QRS complex, R wave,
S wave, T wave, and TpTe. Only QT/QTc and TpTe parameters
were available in articles without comorbidities or confounders.
There were 12 significant results and 13 not significant results in
these ventricular parameters. As with atrial parameters, it is also
unclear whether ventricular parameters are significantly changed
by increased in BP. A summary of these atrial and ventricular
parameters without comorbidities or confounders can be found
in Figure 3.

ECG Parameter Estimation
ECG parameter estimation methods are listed in the last column
in Appendix 3. Twenty articles used manual methods, six mixed
manual and automatic computation with software methods, six
used only computed methods and three articles did not specify
how ECG parameters were estimated. Five articles described their
manual methods such as using calipers and a magnifying glass
to identify ECG deflections (12, 63). Fourteen articles stated
they used a “manual” method without further details about
instruments used (56, 68). One article scanned the 12-lead ECG
recording into a computer at 600 dpi and two investigators used
a computer program to manually measure the ECG parameters
on the computer (42). Manual methods were either described as
being done by cardiologists (seven articles), investigators (four
articles), a general practitioner and a cardiologist (one article),
a physician (one article), experts (one article), observers (three
articles) or not specified (three articles). Manual methods had
either two individuals (11 articles), one individual (five articles),
three individuals (one article) or an unspecified number of
individuals estimating ECG parameters (three articles).

The mixed methods noted cardiologists (two articles),
reviewers (two articles), or did not specify (two articles). The
mixed methods either noted only one person manually involved
(three articles) or did not specify how many people were
involved (three articles). In the manual and mixed method
categories, 12 articles noted that the individuals estimating ECG
parameters were blinded to the participants’ clinical statuses and
14 did not report if the individuals were blinded or not. The
computed methods used different automated software programs
for estimating ECG parameters except for a software that was
used by two articles (13, 61) and both Sun et al. articles used the
same software between them (43, 48).

DISCUSSION

In total, 35 articles published from January 1, 2010, to January
1, 2020 were analyzed in this review for using only ECG wave

morphology to identify participants with elevated blood pressure.
Regarding the ECG wave parameters, P wave parameters were
the most commonly investigated feature in our review. These
parameters include P wave maximum, minimum, duration,
prolongation, dispersion, area, terminal force and amplitude
as well as PR interval. Previous studies have shown that P
wave changes predict left atrial enlargement (LAE), which can
occur in various conditions (69). In cases of hypertension, LAE
occurs as a compensatory reaction to decreased left ventricular
compliance as a result of chronically increased left ventricular
pressure, left ventricular hypertrophy, and diastolic dysfunction
(70). However, some literature questions the utility of P wave
morphological analysis for identifying LAE (71, 72).

In our review, P wave dispersion appeared the most promising
for monitoring BP according to the number of studies in
which it was significantly present in cases of higher BP. The
literature supports monitoring P waves; for example, Aksoy
et al. (29) treated 30 participants for hypertensive crises and
noted that P wave parameters could change acutely upon
treatment, finding significant decreases in P wave maximum
and dispersion between the time of presentation and the period
after treatment. In addition, Çimen et al. noted that P wave
dispersion and maximum were significantly present before
cardiac structural changes (73). However, in our review, when
articles with comorbidities and confounders were removed,many
significant P wave parameters were also removed except for
P wave dispersion. The remaining P wave dispersion articles
can be seen in Table 2. It is notable that most of the studies
without comorbidities or confounders were in populations with
children or pregnant women. This wide variety of population
characteristics in only a few studies prevents us from being able
to draw a conclusion about P wave parameters at this time.

There is a large body of research that supports P wave changes
in the presence of various comorbidities and confounders, such
as sex, age, obesity, smoking habit, and diabetes mellitus (36,
43, 74–79). With this in consideration, the participants in Aksoy
et al.’s study had an average BMI of almost 30 kg/m² (29),
and 42% of participants in Çimen et al.’s study smoked (73).
These confounders may have impacted the P wave results.
There are also racial differences; for example, South Asians
have been reported to have reduced P wave dispersion (80).
Furthermore, it is reported that P wave changes only occur
after prolonged exposure to hypertension and the appearance of
complications, such as atrial fibrillation (81, 82). Overall, P waves
may not be dependable for specifically monitoring elevations in
BP, but further studies without comorbidities and confounders
are needed.

There were both two significant and four not significant
results for PR intervals in the six articles that investigated PR
intervals. There was one not significant article involving PR
intervals when articles with comorbidities and confounders were
removed from our review. As with P wave changes, prolonged
PR intervals indicate remodeling of the atria (83). Future studies
without comorbidities or confounders need to additionally
include PR interval investigations.

Our review also considered several ventricular features,
including QTc maximum, minimum, dispersion, duration,

Frontiers in Medicine | www.frontiersin.org 9 December 2020 | Volume 7 | Article 583331

https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


Bird et al. Assessment of Hypertension Using Electrocardiogram

TABLE 2 | Summary of the four ECG wave parameters with the greatest number of articles without comorbidities or confounders that found significant changes with

elevated blood pressures.

ECG wave

parameter

Number of articles

significant vs. not

significant

Articles Number of

participants

Pregnant

population

Gold standard

BP method

Results from articles for NT vs. HT/PIHT p-value

P wave

Dispersion

4 articles significant

1 article NS

Gazi et al. (56)

Kirbas et al. (62)

41

88

Yes

Yes

Cuff-based

Cuff-based

NT: 33.6 ± 8.9ms

NT: 42.1 ± 17.0ms

PIHT: 32.3 ± 10.1ms

PIHT: 60.3 ± 17.7 ms*

0.516

< 0.05

Chávez et al. (66) 656 No Cuff-based NT: 30.1 ± 10.5ms HT: 39.1 ± 11.5ms < 0.001

Chávez et al. (67) 515 No Cuff-based NT: 31.9 ± 9.3ms HT: 39.7 ± 11.6ms < 0.001

Yildirim et al. (58) 48 No Cuff-based NT: 35.5ms

(STD NR)

HT: 43.5ms

(STD NR)

< 0.05

QTc Dispersion 2 articles significant

0 article NS

Kirbas et al. (12)

Tanindi et al. (11)

96

84

Yes

No

Cuff-based

Cuff-based

NT: 46.8 ± 10.7ms

NT: 27.2 ± 5.2ms

PIHT: 74.5 ± 11.4 ms*

PHT: 36.1 ± 6.8ms

< 0.001

< 0.001

TpTe Interval 3 articles significant

0 article NS

Gazi et al. (56)

Kirbas et al. (12)

41

96

Yes

Yes

Cuff-based

Cuff-based

NT: 75.8 ± 8.4ms

NT: 74.1 ± 9.4ms

PIHT: 83.5 ± 7.8ms

PIHT: 97.5 ± 5.9 ms*

0.007

< 0.001

Tanindi et al. (11) 84 No Cuff-based NT: 67.9 ± 8.1ms PHT: 93.1 ± 7.6ms < 0.001

TpTe/QTc Ratio 2 articles significant

0 article NS

Gazi et al. (56)

Kirbas et al. (12)

41

96

Yes

Yes

Cuff-based

Cuff-based

NT: 0.18 ± 0.02

NT: 0.18 ± 0.01

PIHT: 0.19 ± 0.02

PIHT: 0.23 ± 0.01

0.037

< 0.001

NS, not significant; NT, normotensive; PHT, prehypertensive; PIHT, pregnancy-induced hypertension; HT, hypertensive; ms, milliseconds; STD, standard deviation; NR, not reported.

*Severe preeclampsia group. x̄p = calculated pooled mean of variable x, where x can be BMI or age.

prolongation, peak, QTcF duration, QTfr Maximum, QT
maximum, minimum, dispersion, duration, QRS duration,
fragmented QRS, R wave amplitude, S wave amplitude, T wave
maximum, minimum, dispersion, amplitude, TpTe, TpTe/QT
ratio, and TpTe/QTc ratio. From a pathophysiological point of
view, chronically elevated systemic BP leads to increased left
ventricular pressure, which leads to left ventricular hypertrophy
and interstitial fibrosis (84). These changes to the myocardium
result in heterogenous changes to the action potential and
repolarization duration, which in turn results in increased
dispersion of ventricular ECG features (85).

Of the ventricular features, QT and QTc dispersion,
QTc prolongation, and TpTe appeared promising, exhibiting
significantly longer lengths with elevated BP. As with atrial
features, there are numerous confounders and comorbidities
that may affect ventricular features, such as age, sex, obesity,
diabetes mellitus, obstructive sleep apnea, dynamic exercise, and
electrolyte levels (86–89). When articles containing confounders
were removed, the number of significant articles decreased
and the results are summarized in Figure 3. There were still
consistently a few significant findings for QTc dispersion, TpTe
and TpTe/QTc ratio. These articles can be seen in Table 2. Note
that QT and T wave variables have been reported to be associated
both with hypertension and with hypertension and LVH (90).
Interestingly, Bombelli et al. (91) found that TpTe did not predict
the development of hypertension in a 10-year follow-up study.
It was hypothesized that TpTe may occur from exposure to
hypertension rather than preclude it (91). Fragmented QRS and
R wave amplitude appeared promising as well, but after articles
with comorbidities and confounders were removed, no other
articles investigated these parameters. Some literature indicates
that a significant presence of fragmented QRS is associated
with more prolonged exposure to hypertension, more severe
left ventricular diastolic dysfunction, or LVH (92, 93). R wave

amplitude has been limitedly researched, but noted to not have a
decrease in amplitude during exercise in hypertensive adolescent
boys compared to normotensive adolescent boys (94).

When atrial and ventricular features are grouped, as in
Figure 3, there is no clear evidence that atrial or ventricular
features are significant or not significant with elevated BP when
comorbidities and confounders are removed. This may indicate
that specific ECG wave features may be more affected by elevated
BP rather than groupings of atrial and ventricular features.
However, the amount of data for each feature is too limited to
draw specific conclusions.

The ECG wave parameter trend that was least promising for
significant findings was related to minimal values, such as P wave
minimum, QTcminimum, QTminimum, and T wave minimum.
Of the 13 articles that mentioned minimum values, only one
article found a significant difference in the minimum value.

In consideration of all the articles in our review, 16
articles had one or more comorbidities identified in their
study population. Eleven of these articles had two or more
conditions. Comorbidities such as diabetes (37, 76, 77),
hyperlipidemia (95, 96), and thyroid dysfunction (97) may
affect ECGs and obscure the true effect of hypertension on
ECGs. Future studies comparing normotensive individuals to
individuals with hypertension need comprehensive exclusion
criteria to remove participants with comorbidities from the
study population.

A further consideration is that 10 articles had significant
differences between the age, sex or other variables between the
different BP groups within the studies. There were also 15 articles
which did not report if there were any significant differences
between the different BP groups. Confounders such as differences
in age (38), sex (38), high BMI (40, 41, 87), alcohol use (35) and
smoking (34, 36) are known to affect BP. Future participant pools
would benefit from eliminating differences between BP groups in
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these confounders and limiting alcohol and tobacco use amounts
in the study population.

When looking in the results section the study population
of the articles that showed insignificant results between blood
pressure groups, were often younger, healthier, normotensive or
recently diagnosed with hypertension. Note that all techniques
used for measuring BP and collecting/analyzing ECG signals
were similar between studies that showed significant or
insignificant findings.

BP was measured by cuffed methods in every article in
our review. The one article that also had an invasive, cuffless
BP method, used it to confirm the BP categorization of their
participants into hypertensive or normotensive groups. This
leaves an opportunity for future studies to use invasive BP
measurements to analyse ECG signals as they change with
BP fluctuations.

Special Populations
Of the three articles investigating pregnant populations, the
most promising parameters were TpTe features. Interestingly,
healthy pregnancies have been associated with increased heart
rate, shortened AV conduction, prolonged QTc duration, and
alterations in ventricular depolarization and repolarization (98,
99). Some of these changes do not resolve after delivery (98,
99). There is a theory that spatial changes in the thoracic
cavity (similar to changes that occur with obesity) could cause
changes in ECG parameters as well as hormonal changes, such
as increased sympathetic activity and total body fluid (98). While
there is currently not enough data about the differences between
healthy pregnancies and pregnancies with hypertension, if we
can develop a convenient ECG-only method of monitoring BP,
we may be able to intervene early or prevent hypertensive crises
in pregnancy.

There were two articles with pediatric populations that
showed significant increases in P wave dispersion, but these two
articles may have had a large overlap in their study populations
as they both included participants from the same project pool
of participants (66, 67). In addition, one article included a
participant population that had 16.8% with obesity (66), and
the other article did not disclose the BMIs of their pediatric
population (67). Obesity has been associated with increased P
wave dispersion and duration in adult populations (75, 78). In a
pediatric population, obesity and status as a pediatric athlete were
associated with increased QTc and QT dispersion (68, 100). It is
unclear in the limited pediatric articles if P wave or other ECG
parameters change with elevated BP in pediatric patients.

ECG Parameter Estimating
There was also a variety of manual and computer software
methods for estimating ECG parameters. Manual methods used
one, two, three or an unspecified number of individuals to
estimate ECG parameters. These individuals were described
in various ways such as cardiologists, investigators, general
practitioners, experts, observers, or were not described. This wide
variety is concerning as it is known that ECG interpretations
and the frequency of interpretation errors can differ depending
on the training level of the ECG reader (101–103). Interestingly,

confirmation biases can occur with ECG interpretations when
clinical details about the patient are included (103). Of the 26
articles that mentioned using manual methods, only 12 reported
whether the individuals were blinded to the participants’ clinical
status. This highlights that it is important to consider who will be
estimating the ECG parameters, how much knowledge they have
of the participants, their training level and how many individuals
are needed to minimize biases. The different computer software
packages employed were either used alone or a mix of computer
software and manual reviewing was used. Interestingly, almost
all the computer methods used different software and only two
studies alluded to why their software was chosen. It would be
valuable to know why certain software package were chosen
by the investigators to help evaluate the reliability of the ECG
results. For example, Hassing et al. reported that they used an
algorithm which has been previously used in studies and was
known tomeet all the International Electrotechnical Commission
requirements for amplitude estimation (13). Vaidean et al. noted
their ECG analysis software was common in primary health care
(83). Three articles did not describe how their ECG parameters
were estimated. Consistent reporting and careful consideration
of the manual and/or computer methods used in future articles
is needed.

Considerations for Portable, ECG-Only BP
Monitoring
There is a need for 24-h continuous, accurate, and non-intrusive
monitoring of BP for the general population. Some articles
show that it is possible to integrate lightweight, portable patient
monitoring devices into daily life (104, 105). Increasing the
usability of ECGs will make health surveillance more accessible
in rural and resource-limited settings (106).

The challenge is deciding whether there are ECG parameters
for which there is meaningful data indicating that they can
identify hypertension early in its disease process. Looking at
articles without comorbidities or confounders, four ECG wave
parameters had more than one article finding them significantly
difference with increases in BP. P wave dispersion was the
only atrial features which appeared promising in this review.
Three ventricular features appeared promising involving QTc
dispersion, TpTe and TpTe/QTc ratio. However, there is limited
data as most articles included comorbidities or confounders
that may have affected the results. Further articles investigating
atrial and ventricular feature changes between normotension and
hypertension in otherwise healthy populations are needed. There
can also be investigations intomachine learning with ECG signals
to consider whether meaningful BP data can be obtained from
ECG wave morphology (26–28).

To move the ECG technology forward we sought to
summarize the promising ECG features that are associated
with hypertension, as shown in Table 1. This was carried out
counting in the ECG features that were consistently reported
to be correlated with BP. The visual representations of the
promising ECG features are shown in Figure 4. It can be seen
that P wave dispersion is the difference between the longest and
shortest P wave durations (13, 67). This difference has been

Frontiers in Medicine | www.frontiersin.org 11 December 2020 | Volume 7 | Article 583331

https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


Bird et al. Assessment of Hypertension Using Electrocardiogram

FIGURE 4 | ECG features associated with hypertension based on this study. It is clear that P wave dispersion, TpTe interval, and QTc interval dispersion are increasing

in subjects with hypertension. Dispersions are calculated from the difference between the maximum and minimum lengths of the feature. This image shows the

normotensive individual as a minimum length and the hypertensive individual as a maximum length to illustrate the longer dispersions in hypertensive individuals. The

green arrows are approximated shorter as the normotensive dispersions are significantly shorter from the results of this review. NT, Normotensive; HT, Hypertensive.

seen to increase in those with hypertension compared to those
with normotension. TpTe is the length of the interval from
the peak of the T wave to the end of the T wave (13, 56). Its
duration is an average of several TpTe estimations. TpTe has
also been seen to increase in length in those with hypertension
compared to those with normotension. Thirdly, QTc dispersion
is the difference between the longest and shortest QTc durations
and it increases in length in those with hypertension. Finally,
TpTe/QTc duration was also listed in Table 1 as increasing with
hypertensive individuals. It was not included in Figure 4 as
it is a calculation from ECG wave morphology than a direct
ECG wave morphology to be visualized. These four ECG wave
features appear the most promising in identifying hypertensive
individuals and would be promising features for future research.

Another consideration related to bringing ECGs into daily
life is the burden of using multiple leads to collect 12-lead ECG
data. There is limited data regarding the leads on which it may
be important to focus for monitoring for ECG changes. There
are discussions about whether using six leads instead of a full
12-lead ECG would decrease the accuracy of QTc dispersion
estimation (99). The one article in our review which used only
one lead (lead III) for QT and QTc estimation did not find
significant ECG changes with elevated BPs (31). Ten other articles
in our review described specific single lead results. However,
with the number of different ECG wave parameters estimated
and the variance in which single leads were reported, further
investigations describing all the leads and their specific findings
are needed.

Devices with limited lead approaches are showing potential.
Smartphones with an additional small handheld device have the
potential to identify atrial fibrillation using a single ECG lead
approach (107). Smartwatches also can capture multiple types
of single lead estimations and possibly provide enough data to
identify ischemic changes such as ST elevations (108). Research
commenting on the specific leads used and comparing leads
would be beneficial for the development of convenient, daily-life
BP monitoring.

A third consideration is the type of activity in which a person is
involved while beingmonitored, whichmay alter the ECG results.
For example, Bhandari et al. found that non-obese young men
exhibited significant changes in heart rate, BP, and QTc interval
after dynamic exercise (88). It would be important for future
studies to investigate if continuous BP monitoring with ECGs
during dynamic activities is relevant for diagnosing hypertension,
or if BP readings during dynamic exercise need to be
left out.

Finally, it is important to investigate the setting of ECG
parameter estimation. For example, increases in heart rate have
been correlated with cardiovascular mortality when measured
in a clinical setting (19). However, when heart rate is taken
in ambulatory settings, the correlation is lost, possibly due to
community confounding factors or a unique attribute of the
office setting, such as sympathetic activation (19). Conversely,
BP measurements taken at home rather than in an office setting
are more correlated with LVH (109). This underlines that it
is important to not only consider ECG parameter estimations
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in clinical settings but also to investigate ECGs in ambulatory
settings to determine whether there are any differences in results.

One limitation of this review is that there may be more
ECG wave parameters in the literature that were not identified
by our original search terms. We chose to filter articles by the
main ECG wave parameters to reduce and focus the number of
articles for the hand search. We used a preliminary literature
search to identify our listed ECG wave parameters. A further
limitation common to research reviews is that articles may only
be published or report findings if there was significance.

Another limitation across the included articles was
inconsistent reporting of comorbidities or confounders.
Therefore, some articles without any reported comorbidities
or confounders, such as obesity, smoking habit, or diabetes
mellitus, may have had a comorbidity or confounder that
was not identified. This is considering that for example in the
world, 8.3% of adults have diabetes (110), 12.5% of adults are
obese (111), and 15.2% of adults smoke tobacco daily (112).
There was also inconsistent reporting of the average duration
of hypertension diagnosis and whether medications were used.
Finally, there were variations in participants’ age and sex, which
may have influenced ECG parameter results (38). These factors
would add a degree of uncertainty as they would in most
research studies.

RECOMMENDATIONS

We found 36 articles for our literature review, 35 articles
were included for our analysis, and between them they
studied a wide variety of ECG wave parameter changes with
BP changes. Currently, there is no well-supported consensus
regarding these parameters. Therefore, our ability to develop
recommendations for specific ECG parameters is limited.
We suggest ways in which future research can address
these concerns.

Based on our literature review of ECG-only BP measurement
and hypertension identification, we recommend the following:

1. Continuing research needs to be conducted with larger
participant sample sizes, clear exclusion and inclusion
criteria, and the use of young, healthy subjects to establish
a more robust relationship between ECG features and BP.

2. Future research studies need to include hypertensive,
prehypertensive, and normotensive populations or the use
of subgroups with a fixed range of BP (e.g., intervals of 5
mmHg for systolic, diastolic, or both) increases to clarify if
there is a linear trend in terms of BP increase.

3. Reporting the duration of hypertension and
prehypertension diagnoses among study participants
will help clarify whether ECG parameters are dependent
on the amount of time a participant has had hypertension
or prehypertension.

4. When researching ECG parameters for BP, there is an
opportunity to collect and report a wide variety of
ECG parameter data to increase the amount of data
available to analyze the significance of the various possible
ECG parameters.

5. Reporting if ECG parameters are estimated using
manual methods or computer software methods
would be important to clarify if different methods are
producing different results or biases. Including the training
background of the manual estimaters (i.e., cardiologist,
general practitioner, etc.), the number of individuals
involved, the individuals’ involvement/understanding of
the study and participants, the computer software used
and the reason the computer software was chosen would
be valuable information for considering the reliability of
reported ECG results.

6. The current understanding of the pathophysiology
underlying ECG wave morphology changes is cardiac
tissue adaptation from chronic exposure to high
BP. There is a need for research studies that follow
participants over time to investigate how ECG parameters
can change and how long it takes for them to show
change. These findings can determine whether ECG
changes occur before or after hypertension is diagnosed
and guide how frequently ECG-only monitoring
could occur.

7. BP prediction models using a combination of ECG
parameters need to be explored. This would give us the
opportunity to predict whomay need early interventions to
prevent hypertension and its disease progression. Artificial
intelligence can play a major role here.

8. There is an opportunity to compare systolic and diastolic
BPs to see if there are significantly different ECG findings
between them. We found only one study in our review
which looked at SBP and DBP separately (13). This
can further our understanding if ECGs can differentiate
normotensive vs. elevated BPs for both systolic and
diastolic settings.

9. Consistent listing or exclusion of ECG confounders, such
as hypertension medication, smoking habit, alcohol use,
and BMI can help with the interpretation of significant
ECG results.

10. Future research needs to consider investigating pregnant
and pediatric populations. If hypertension can be identified
early in life or during significant life events such as
pregnancy, intervention can be implemented early and
disease progression can be slowed or prevented.

11. Investigations need to compare specific ECG changes due
to hypertension to changes to the heart from athletic
activities. We are aware of one study that did not find
PQ, QRS, or QT parameters to be different between these
groups (113).

12. Limiting the number of ECG electrodes used for
data collection to 1-, 3-, or 6-lead ECGs (compared
to a full standard 12-lead ECG) would lead to an
understanding if we can obtain reliable data from less
leads. With less leads, more convenient and portable
ECG signal collection devices may be used to monitor
BP. Future articles reporting the results from all 12
leads would provide a way to investigate if one or
a few leads would be more reliable to focus on for
monitoring BP.
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13. In future studies using ECG parameters to predicting
BP, it will be important to provide a thorough analysis
including the accuracy of identifying or predicting
hypertension, the agreement between the BP measurement
using a gold standard and estimated BP utilizing ECG
signal, and the correlation between ECG parameters and
BP measurement.

CONCLUSIONS

This review summarized the literature on the use of only ECG
signals to monitor blood pressure or identify hypertension
from January 1, 2010, to January 1, 2020. In the 35 analyzed
articles, P wave dispersion, QT and QTc dispersion, QTc
prolongation, fragmented QRS, R wave amplitude, and TpTe
were found to be promising as they were significantly associated
with higher systolic or diastolic blood pressure. However,
there were limited articles for each ECG wave parameter.
When articles with comorbidities and confounders for ECG
changes were removed, one atrial feature of P wave dispersion
was often significant with higher BPs. Three ventricular
features of QTc dispersion, TpTe interval, and TpTe/QTc ratio
were found to be promising as well. However, most articles
without comorbidities or confounders were in pediatric or
pregnant populations. With this wide variety of participant
characteristics, further data is needed before conclusions about
the usefulness of ECG wave morphology for monitoring BP can
be made.

ECGs have the potential to provide a convenient and long-
term way to monitor BP in the future with the support of further
research and the growth of smart personal devices. We have
made 13 recommendations for future ECG-only BP monitoring
studies. It is important for further research to include pediatric
and pregnant populations as these populations would benefit
from early monitoring and intervention.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

AUTHOR CONTRIBUTIONS

ME designed the study and led the investigation and drafted the
manuscript for submission with revisions and feedback from the
contributing authors. KB screened all full-text articles. KB, GC,
HL, HG, JA, DA, RW, NH, W-SC, CM, NL, AA, RF, and ME
conceived the study, provided directions, feedback, and revised
the manuscript. All authors approved the final manuscript.

FUNDING

This research was supported by the NSERC grant RGPIN-2014-
04462 and Canada Research Chairs (CRC) program. RW was
supported by NPRP grant # NPRP12S-0305-190231 from the
Qatar National Research Fund (a member of Qatar Foundation).
The findings achieved herein are solely the responsibility of
the authors.

ACKNOWLEDGMENTS

ME was grateful for the support from Mining for Miracles,
BC Children’s Hospital Foundation and Women’s Health
Research Center of British Columbia, Vancouver, British
Columbia, Canada.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmed.
2020.583331/full#supplementary-material

REFERENCES

1. Forouzanfar MH, Liu P, Roth GA, NgM, Biryukov S, Marczak L, et al. Global
burden of hypertension and systolic blood pressure of at least 110 to 115mm
Hg, 1990-2015. JAMA. (2017) 317:165–82. doi: 10.1001/jama.2016.19043

2. Mills KT, Bundy JD, Kelly TN, Reed JE, Kearney PM, Reynolds K, et al.
Global disparities of hypertension prevalence and control: a systematic
analysis of population-based studies from 90 countries. Circulation. (2016)
134:441–50. doi: 10.1161/CIRCULATIONAHA.115.018912

3. Whelton PK, Carey RM, Aronow WS, Casey DE,
Jr, Collins KJ, Dennison Himmelfarb C, et al.
ACC/AHA/AAPA/ABC/ACPM/AGS/APhA/ASH/ASPC/NMA/PCNA
guideline for the prevention, detection, evaluation, and management
of high blood pressure in adults: executive summary: a report of the
American College of Cardiology/American Heart Association task
force on clinical practice guidelines. Hypertension. (2017) 71:1269–324.
doi: 10.1161/HYP.0000000000000066

4. Miceli F, Presta V, Citoni B, Canichella F, Figliuzzi I, Ferrucci
A, et al. Conventional and new electrocardiographic criteria for
hypertension-mediated cardiac organ damage: a narrative review. J

Clin Hypertens. (2019) 21:1863–71. doi: 10.1111/jch.13726

5. Volpe M, Gallo G, Tocci G. Is early and fast blood pressure control
important in hypertension management? Int J Cardiol. (2018) 254:328–32.
doi: 10.1016/j.ijcard.2017.12.026

6. Tocci G, Figliuzzi I, Presta V, Miceli F, Citoni B, Coluccia R, et al.
Therapeutic approach to hypertension urgencies and emergencies during
acute coronary syndrome. High Blood Press Cardiovasc Prev. (2018) 25:253–
9. doi: 10.1007/s40292-018-0275-y

7. ACOG practice bulletin no. 202: gestational hypertension and preeclampsia.
Obstet Gynecol. (2019) 133:e1–25. doi: 10.1097/AOG.0000000000003018

8. Kallioinen N, Hill A, Horswill MS, Ward HE, Watson MO. Sources of
inaccuracy in the measurement of adult patients’ resting blood pressure
in clinical settings: a systematic review. J Hypertens. (2017) 35:421–41.
doi: 10.1097/HJH.0000000000001197

9. Milot JP, Birnbaum L, Larochelle P, Wistaff R, Laskine M, Van Nguyen
P, et al. Unreliability of home blood pressure measurement and the
effect of a patient-oriented intervention. Can J Cardiol. (2015) 31:658–63.
doi: 10.1016/j.cjca.2015.03.006

10. Padwal R, Campbell NRC, Schutte AE, Olsen MH, Delles C, Etyang A, et al.
Optimizing observer performance of clinic blood pressure measurement: a
position statement from the lancet commission on hypertension group. J
Hypertens. (2019) 37:1737–45. doi: 10.1097/HJH.0000000000002112

Frontiers in Medicine | www.frontiersin.org 14 December 2020 | Volume 7 | Article 583331

https://www.frontiersin.org/articles/10.3389/fmed.2020.583331/full#supplementary-material
https://doi.org/10.1001/jama.2016.19043
https://doi.org/10.1161/CIRCULATIONAHA.115.018912
https://doi.org/10.1161/HYP.0000000000000066
https://doi.org/10.1111/jch.13726
https://doi.org/10.1016/j.ijcard.2017.12.026
https://doi.org/10.1007/s40292-018-0275-y
https://doi.org/10.1097/AOG.0000000000003018
https://doi.org/10.1097/HJH.0000000000001197
https://doi.org/10.1016/j.cjca.2015.03.006
https://doi.org/10.1097/HJH.0000000000002112
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


Bird et al. Assessment of Hypertension Using Electrocardiogram

11. Tanindi A, Alhan A, Tore HF. Tp-e/QT ratio and QT dispersion with respect
to blood pressure dipping pattern in prehypertension. Blood Press Monit.

(2015) 20:69–73. doi: 10.1097/MBP.0000000000000090
12. Kirbas A, Kirbas O, Daglar K, Inal HA, Kurmus O, Kara O, et al.

Novel indexes of arrhythmogenesis in preeclampsia: QT dispersion, Tp-
e interval, and Tp-e/QT ratio. Pregnancy Hypertens. (2016) 6:38–41.
doi: 10.1016/j.preghy.2016.01.002

13. Hassing GJ, van der Wall HEC, van Westen GJP, Kemme MJB,
Adiyaman A, Elvan A, et al. Blood pressure-related electrocardiographic
findings in healthy young individuals. Blood Press. (2020) 29:113–22.
doi: 10.1080/08037051.2019.1673149

14. Elgendi M, Fletcher R, Liang Y, Howard N, Lovell NH, Abbott D, et al. The
use of photoplethysmography for assessing hypertension. NPJ Digit Med.

(2019) 2:60. doi: 10.1038/s41746-019-0136-7
15. Chan G, Cooper R, Hosanee M, Welykholowa K, Kyriacou PA, Zheng

D, et al. Multi-site photoplethysmography technology for blood pressure
assessment: challenges and recommendations. J Clin Med. (2019) 8:1827.
doi: 10.3390/jcm8111827

16. Liang Y, Chen Z, Ward R, Elgendi M. Hypertension assessment via ECG and
PPG signals: an evaluation using MIMIC database. Diagnostics. (2018) 8:65.
doi: 10.3390/diagnostics8030065

17. Hosanee M, Chan G, Welykholowa K, Cooper R, Kyriacou PA, Zheng
D, et al. Cuffless single-site photoplethysmography for blood pressure
monitoring. J Clin Med. (2020) 9:723. doi: 10.3390/jcm9030723

18. Welykholowa K, Hosanee M, Chan G, Cooper R, Kyriacou PA,
Zheng D, et al. Multimodal photoplethysmography-based approaches
for improved detection of hypertension. J Clin Med. (2020) 9:1203.
doi: 10.3390/jcm9041203

19. Palatini P. Role of elevated heart rate in the development of
cardiovascular disease in hypertension. Hypertension. (2011) 58:745–50.
doi: 10.1161/HYPERTENSIONAHA.111.173104

20. Schroeder EB, Liao D, Chambless LE, Prineas RJ, Evans GW, Heiss G.
Hypertension, blood pressure, and heart rate variability: the Atherosclerosis
Risk in Communities (ARIC) study. Hypertension. (2003) 42:1106–11.
doi: 10.1161/01.HYP.0000100444.71069.73

21. Voss A, Baumert M, Baier V, Stepan H, Walther T, Faber R. Autonomic
cardiovascular control in pregnancies with abnormal uterine perfusion. Am
J Hypertens. (2006) 19:306–12. doi: 10.1016/j.amjhyper.2005.08.008

22. Ni H, Wang Y, Xu G, Shao Z, Zhang W, Zhou X. Multiscale
fine-grained heart rate variability analysis for recognizing the severity
of hypertension. Comput Math Methods Med. (2019) 2019:4936179.
doi: 10.1155/2019/4936179

23. Yildirir A, Batur MK, Oto A. Hypertension and arrhythmia: blood pressure
control and beyond. Europace. (2002) 4:175–82. doi: 10.1053/eupc.2002.0227

24. Koichubekov BK, Sorokina MA, Laryushina YM, Turgunova LG, Korshukov
IV. Nonlinear analyses of heart rate variability in hypertension. Ann Cardiol

Angeiol. (2018) 67:174–9. doi: 10.1016/j.ancard.2018.04.014
25. Cuspidi C, Rescaldani M, Sala C, Negri F, Grassi G, Mancia G.

Prevalence of electrocardiographic left ventricular hypertrophy in
human hypertension: an updated review. J Hypertens. (2012) 30:2066–73.
doi: 10.1097/HJH.0b013e32835726a3

26. Rajput JS, Sharma M, Acharya UR. Hypertension diagnosis index for
discrimination of high-risk hypertension ECG signals using optimal
orthogonal wavelet filter bank. Int J Environ Res Public Health. (2019)
16:4068. doi: 10.3390/ijerph16214068

27. Tison GH, Zhang J, Delling FN, Deo RC. Automated and
interpretable patient ECG profiles for disease detection, tracking,
and discovery. Circ Cardiovasc Qual Outcomes. (2019) 12:e005289.
doi: 10.1161/CIRCOUTCOMES.118.005289

28. Simjanoska M, Gjoreski M, Gams M, Madevska Bogdanova A. Non-invasive
blood pressure estimation from ECG using machine learning techniques.
Sensors. (2018) 18:1160. doi: 10.3390/s18041160

29. Aksoy S, Gurkan U, Oz D, Dayi SU, Demirci D, Eksik A, et al. The
effects of blood pressure lowering on P- wave dispersion in patients with
hypertensive crisis in emergency setting. Clin Exp Hypertens. (2010) 32:486–
9. doi: 10.3109/10641963.2010.496518

30. CDC. Defining Adult Overweight and Obesity. (2020). Available online
at: https://www.cdc.gov/obesity/adult/defining.html (accessed April 29,
2020).

31. Baumert M, Schlaich MP, Nalivaiko E, Lambert E, Sari CI, Kaye D. M, et al.
Relation between QT interval variability and cardiac sympathetic activity
in hypertension. Am J Physiol Heart Circ Physiol. (2011) 300:H1412–7.
doi: 10.1152/ajpheart.01184.2010

32. Higgins JPT, Li T, Deeks JJ, editors. Chapter 6: choosing effect measures
and computing estimates of effect. In: Higgins JPT, Thomas J, Chandler
J, Cumpston M, Li T, Page MJ, Welch VA, editors. Cochrane Handbook

for Systematic Reviews of Interventions Version 6.0 (updated July 2019).
Hoboken, NJ: Wiley-Blackwell (2019). Available online at:: www.training.
cochrane.org/handbook

33. Anigbogu CN, Isichei CV, Ajuluchukwu JN. Blood pressure, heart
rate, cardiovascular reflexes and electrocardiographic changes in some
hypertensive Nigerians. Niger J Physiol Sci. (2012) 27:23–7.

34. Ilgenli TF, Tokatli A, AkpinarO, Kilicaslan F. The effects of cigarette smoking
on the Tp-e interval, Tp-e/QT ratio and Tp-e/QTc ratio. Adv Clin Exp Med.

(2015) 24:973–8. doi: 10.17219/acem/28114
35. Iyer S, Omprakash A. Assessment of cardiac risk in chronic asymptomatic

alcoholics using blood pressure and electrocardiogram, and the relation
with duration of drinking. J Basic Clin Physiol Pharmacol. (2019) 31:1–7.
doi: 10.1515/jbcpp-2019-0205

36. Sharma NK, Jaiswal KK, Meena SR, Chandel R, Chittora S, Goga P. S, et al.
ECG changes in young healthy smokers: a simple and cost-effective method
to assess cardiovascular risk according to pack-years of smoking. J Assoc
Physicians India. (2017) 65:26–30.

37. Subbalakshmi NK, Adhikari PM, Sathyanarayana Rao KN, Jeganathan
PS. Influencing factors of QTc among the clinical characteristics in
type 2 diabetes mellitus. Diabetes Res Clin Pract. (2010) 88:265–72.
doi: 10.1016/j.diabres.2010.03.001

38. Macfarlane PW. The influence of age and sex on the electrocardiogram. Adv
Exp Med Biol. (2018) 1065:93–106. doi: 10.1007/978-3-319-77932-4_6

39. Kumar T, Jha K, Sharan A, Sakshi P, Kumar S, Kumari A. Study of the effect
of obesity on QT-interval among adults. J Family Med Prim Care. (2019)
8:1626–9. doi: 10.4103/jfmpc.jfmpc_168_19

40. Anand RG, Peters RW, Donahue TP. Obesity and dysrhythmias. J

Cardiometab Syndr. (2008) 3:149–54. doi: 10.1111/j.1559-4572.2008.00003.x
41. Fraley MA, Birchem JA, Senkottaiyan N, Alpert MA. Obesity

and the electrocardiogram. Obes Rev. (2005) 6:275–81.
doi: 10.1111/j.1467-789X.2005.00199.x

42. Ferrucci A, Canichella F, Battistoni A, Palano F, Francia P, Ciavarella G. M,
et al. A novel electrocardiographic T-wave measurement (Tp-Te interval) as
a predictor of heart abnormalities in hypertension: a new opportunity for
first-line electrocardiographic evaluation. J Clin Hypertens. (2015) 17:441–9.
doi: 10.1111/jch.12522

43. Sun G, Zhou Y, Ye N, Wu S, Sun Y. Independent associations of
blood pressure and body mass index with interatrial block: a cross-
sectional study in general Chinese population. BMJ Open. (2019) 9:e029463.
doi: 10.1136/bmjopen-2019-029463

44. Tosun V, Korucuk N, Kilinc AY, Uygun T, Altekin RE, Guntekin
U, et al. Evaluation of atrial electromechanical functions in dipper
and nondipper hypertension patients using left atrial strain P-wave
dispersion and P terminal force. Echocardiography. (2018) 35:1318–25.
doi: 10.1111/echo.14041

45. Akintunde AA, Oyedeji AT, Familoni OB, Ayodele OE, Opadijo OG. QT
interval prolongation and dispersion: epidemiology and clinical correlates in
subjects with newly diagnosed systemic hypertension in Nigeria. J Cardiovasc
Dis Res. (2012) 3:290–5. doi: 10.4103/0975-3583.102705

46. Ale OK, Ajuluchukwu JN, Oke DA, Mbakwem AC. QT dispersion in
hypertensive Nigerians with and without left ventricular hypertrophy. West

Afr J Med. (2013) 32:57–61.
47. Solanki JD, Gadhavi BP, Makwana AH, Mehta HB, Shah CJ, Gokhale

PA. Early screening of hypertension and cardiac dysautonomia in each
hypertensive is needed-inference from a study of QTc interval in Gujarat,
India. Int J Prev Med. (2018) 9:62. doi: 10.4103/ijpvm.IJPVM_423_15

Frontiers in Medicine | www.frontiersin.org 15 December 2020 | Volume 7 | Article 583331

https://doi.org/10.1097/MBP.0000000000000090
https://doi.org/10.1016/j.preghy.2016.01.002
https://doi.org/10.1080/08037051.2019.1673149
https://doi.org/10.1038/s41746-019-0136-7
https://doi.org/10.3390/jcm8111827
https://doi.org/10.3390/diagnostics8030065
https://doi.org/10.3390/jcm9030723
https://doi.org/10.3390/jcm9041203
https://doi.org/10.1161/HYPERTENSIONAHA.111.173104
https://doi.org/10.1161/01.HYP.0000100444.71069.73
https://doi.org/10.1016/j.amjhyper.2005.08.008
https://doi.org/10.1155/2019/4936179
https://doi.org/10.1053/eupc.2002.0227
https://doi.org/10.1016/j.ancard.2018.04.014
https://doi.org/10.1097/HJH.0b013e32835726a3
https://doi.org/10.3390/ijerph16214068
https://doi.org/10.1161/CIRCOUTCOMES.118.005289
https://doi.org/10.3390/s18041160
https://doi.org/10.3109/10641963.2010.496518
https://www.cdc.gov/obesity/adult/defining.html
https://doi.org/10.1152/ajpheart.01184.2010
www.training.cochrane.org/handbook
www.training.cochrane.org/handbook
https://doi.org/10.17219/acem/28114
https://doi.org/10.1515/jbcpp-2019-0205
https://doi.org/10.1016/j.diabres.2010.03.001
https://doi.org/10.1007/978-3-319-77932-4_6
https://doi.org/10.4103/jfmpc.jfmpc_168_19
https://doi.org/10.1111/j.1559-4572.2008.00003.x
https://doi.org/10.1111/j.1467-789X.2005.00199.x
https://doi.org/10.1111/jch.12522
https://doi.org/10.1136/bmjopen-2019-029463
https://doi.org/10.1111/echo.14041
https://doi.org/10.4103/0975-3583.102705
https://doi.org/10.4103/ijpvm.IJPVM_423_15
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


Bird et al. Assessment of Hypertension Using Electrocardiogram

48. Sun GZ, Zhou Y, Ye N, Wu SJ, Sun YX. Independent influence of blood
pressure on QTc interval: results from a general Chinese population. Biomed

Res Int. (2019) 2019:1656123. doi: 10.1155/2019/1656123
49. Mozos I, Filimon L. QT and Tpeak-Tend intervals in shift workers. J

Electrocardiol. (2013) 46:60–5. doi: 10.1016/j.jelectrocard.2012.10.014
50. Zhao Z, Yuan Z, Ji Y, Wu Y, Qi Y. Left ventricular hypertrophy amplifies the

QT, and Tp-e intervals and the Tp-e/ QT ratio of left chest ECG. J Biomed

Res. (2010) 24:69–72. doi: 10.1016/S1674-8301(10)60011-5
51. Bekar L, Kalcik M, Kilci H, Celik O, Yetim M, Dogan T, et al. Presence of

fragmented QRS may be associated with complex ventricular arrhythmias
in patients with essential hypertension. J Electrocardiol. (2019) 55:20–5.
doi: 10.1016/j.jelectrocard.2019.04.009

52. Aeschbacher S, Metin F, Bossard M, Schoen T, von Rotz M, Mettler H,
et al. Relationships of electrocardiographic parameters with ambulatory
hypertension in young and healthy adults. Int J Cardiol. (2016) 202:300–4.
doi: 10.1016/j.ijcard.2015.09.013

53. Anttila I, Nikus K, Nieminen T, Jula A, Reunanen A, Salomaa V, et al.
Prevalence and prognostic value of poor R-wave progression in standard
resting electrocardiogram in a general adult population. The health 2000
survey. Ann Med. (2010) 42:123–30. doi: 10.3109/07853890903555334

54. Pusuroglu H, Akgul O, Erturk M, Bolat I, Tasbulak O, Ornek V,
et al. Assessment of relationship between galectin-3 and ambulatory
ECG-based microvolt T-wave alternans in sustained systolic-
diastolic hypertension patients. Blood Press Monit. (2016) 21:265–70.
doi: 10.1097/MBP.0000000000000197

55. Assanelli D, Di Castelnuovo A, Rago L, Badilini F, Vinetti G, Gianfagna
F, et al. T-wave axis deviation and left ventricular hypertrophy interaction
in diabetes and hypertension. J Electrocardiol. (2013) 46:487–91.
doi: 10.1016/j.jelectrocard.2013.08.002

56. Gazi E, Gencer M, Temiz A, Barutcu A, Altun B, Gungor A. N, et al. Does
pregnancy-induced hypertension affect the electrophysiology of the heart? J
Obstet Gynaecol. (2016) 36:183–6. doi: 10.3109/01443615.2015.1036401

57. Queen SR, Smulevitz B, Rentfro AR, Vatcheva KP, Kim H, McPherson D.
D, et al. Electrocardiographic abnormalities among Mexican Americans:
corrections with diabetes, obesity, and the metabolic syndrome. World J

Cardiovasc Dis. (2012) 2:50–6. doi: 10.4236/wjcd.2012.22009
58. Yildirim N, Simsek V, Tulmac M, Ebinc H, Dogru MT, Alp C, et al.

Atrial electromechanical coupling interval and P-wave dispersion in patients
with white coat hypertension. Clin Exp Hypertens. (2012) 34:350–6.
doi: 10.3109/10641963.2011.649933

59. Emiroglu MY, Bulut M, Sahin M, Acar G, Akcakoyun M, Kargin R, et al.
Assessment of atrial conduction time in patients with essential hypertension.
J Electrocardiol. (2011) 44:251–6. doi: 10.1016/j.jelectrocard.2010.09.012

60. Ermis N, Acikgoz N, Cuglan B, Cansel M, Yagmur J, Tasolar H, et al.
Comparison of atrial electromechanical coupling interval and P-wave
dispersion in non-dipper versus dipper hypertensive subjects. Blood Press.

(2011) 20:60–6. doi: 10.3109/08037051.2010.532302
61. Magnani JW, Lopez FL, Soliman EZ, Maclehose RF, Crow RS, Alonso A. P

wave indices, obesity, and the metabolic syndrome: the atherosclerosis risk
in communities study. Obesity. (2012) 20:666–72. doi: 10.1038/oby.2011.53

62. Kirbas O, Biberoglu EH, Kirbas A, Daglar HK, Kurmus O, Uygur D, et al. P-
wave duration changes and dispersion in preeclampsia. Eur J Obstet Gynecol
Reprod Biol. (2014) 183:141–5. doi: 10.1016/j.ejogrb.2014.10.042

63. Avci BK, Gulmez O, Donmez G, Pehlivanoglu S. Early changes
in atrial electromechanical coupling in patients with hypertension:
assessment by tissue doppler imaging. Chin Med J. (2016) 129:1311–5.
doi: 10.4103/0366-6999.182846

64. Dzikowicz DJ, Carey MG. Obesity and hypertension contribute to prolong
QRS complex duration among middle-aged adults. Ann Noninvasive

Electrocardiol. (2019) 24:e12665. doi: 10.1111/anec.12665
65. Sriratanaviriyakul N, Kangkagate C, Krittayaphong R. Prevalences and

association of ECG findings and cardiovascular risk factor in Shinawatra
employees. J Med Assoc Thai. (2010) 93(Suppl. 1):S1–10.

66. Chávez E, González EF, Llanes Mdel C, Llanes MG, García Y. Dependence
of P-wave dispersion on mean arterial pressure as an independent
hemodynamic variable in school children. Colomb Med. (2013) 44:178–83.
doi: 10.25100/cm.v44i3.1237

67. Yildirim S, Binnetoglu FK, Battal F, Aylanc H, Kaymaz N, Tekin M, et al.
Relation between QT variables and left ventricular geometry in athletes and
obese children. Acta Med Port. (2016) 29:95–100. doi: 10.20344/amp.6538

68. Chávez E, Gonzalez E, LlanesMdel C, GariM, Garcia Y, Garcia J, et al. P-wave
dispersion: a possible warning sign of hypertension in children. MEDICC

Rev. (2014) 16:31–6. doi: 10.37757/MR2014.V16.N1.7
69. Waggoner AD, Adyanthaya AV, Quinones MA, Alexander JK. Left atrial

enlargement echocardiographic assessment of electrocardiographic criteria.
Circulation. (1976) 54:553–7. doi: 10.1161/01.CIR.54.4.553

70. Cuspidi C, Negri F, Tadic MV, Sala C, Parati G. Left atrial enlargement and
right ventricular hypertrophy in essential hypertension. Blood Press. (2014)
23:89–95. doi: 10.3109/08037051.2013.803312

71. Andlauer R, Seemann G, Baron L, Dossel O, Kohl P, Platonov P,
et al. Influence of left atrial size on P-wave morphology: differential
effects of dilation and hypertrophy. Europace. (2018) 20:iii36–44.
doi: 10.1093/europace/euy231

72. Rodrigues JC, Erdei T, Dastidar AG, McIntyre B, Burchell AE, Ratcliffe L. E,
et al. Electrocardiographic detection of hypertensive left atrial enlargement
in the presence of obesity: re-calibration against cardiac magnetic resonance.
J Hum Hypertens. (2017) 31:212–9. doi: 10.1038/jhh.2016.63

73. Cimen T, Sunman H, Efe TH, Akyel A, Yayla K, Sahan H. F, et al.
Early changes in atrial conduction times in hypertensive patients
with elevated pulse pressure. Rev Port Cardiol. (2017) 36:453–9.
doi: 10.1016/j.repce.2016.10.022

74. Ravikumar V, VajraVelu HR, Ayyavoo S, Ramraj B. Correlation of
adiposity indices with electrocardiographic ventricular variables and
vascular stiffness in young adults. J Clin Diagn Res. (2017) 11:CC21–4.
doi: 10.7860/JCDR/2017/27641.10062

75. Fernandes-Cardoso A, Santos-Furtado M, Grindler J, Ferreira LA,
Andrade JL, Santo MA. Epicardial fat thickness correlates with P-
wave duration, left atrial size and decreased left ventricular systolic
function in morbid obesity. Nutr Metab Cardiovasc Dis. (2017) 27:731–8.
doi: 10.1016/j.numecd.2017.05.009

76. Karabag T, Aydin M, Dogan SM, Cetiner MA, Sayin MR, Gudul N. E,
et al. Prolonged P wave dispersion in pre-diabetic patients. Kardiol Pol.
(2011) 69:566–71.

77. Demir K, Avci A, Kaya Z, Marakoglu K, Ceylan E, Yilmaz A, et al.
Assessment of atrial electromechanical delay and P-wave dispersion in
patients with type 2 diabetes mellitus. J Cardiol. (2016) 67:378–83.
doi: 10.1016/j.jjcc.2015.06.003

78. Liu T, Fu Z, Korantzopoulos P, Zhang X, Wang S, Li G. Effect of obesity on
P-wave parameters in a chinese population. Ann Noninvasive Electrocardiol.
(2010) 15:259–63. doi: 10.1111/j.1542-474X.2010.00373.x

79. Magnani JW, Johnson VM, Sullivan LM, Lubitz SA, Schnabel RB, Ellinor
P. T, et al. P-wave indices: derivation of reference values from the
Framingham heart study. Ann Noninvasive Electrocardiol. (2010) 15:344–52.
doi: 10.1111/j.1542-474X.2010.00390.x

80. O’Neill J, Bounford K, Anstey A, D’Silva J, Clark L, Plein S, et al.
P wave indices, heart rate variability and 1010 anthropometry in
a healthy south Asian population. PLoS ONE. (2019) 14:e0220662.
doi: 10.1371/journal.pone.0220662

81. Francia P, Ricotta A, Balla C, Adduci C, Semprini L, Frattari A, et al. P-wave
duration in lead aVR and the risk of atrial fibrillation in hypertension. Ann
Noninvasive Electrocardiol. (2015) 20:167–74. doi: 10.1111/anec.12197

82. Zhang X, Zeng W, Li Y, Hou D, Li X, Xu W. Evaluation of P wave
dispersion and tissue doppler imaging for predicting paroxysmal atrial
fibrillation in patients with hypertension.Heart Surg Forum. (2018) 21:E054–
8. doi: 10.1532/hsf.1831

83. Vaidean GD, Manczuk M, Magnani JW. Atrial electrocardiography in
obesity and hypertension: clinical insights from the Polish-Norwegian study
(PONS). Obesity. (2016) 24:2608–14. doi: 10.1002/oby.21678

84. Lazzeroni D, Rimoldi O, Camici PG. From left ventricular
hypertrophy to dysfunction and failure. Circ J. (2016) 80:555–64.
doi: 10.1253/circj.CJ-16-0062

85. Yan GX, Antzelevitch C. Cellular basis for the normal T wave and the
electrocardiographic manifestations of the long-QT syndrome. Circulation.
(1998) 98:1928–36. doi: 10.1161/01.CIR.98.18.1928

Frontiers in Medicine | www.frontiersin.org 16 December 2020 | Volume 7 | Article 583331

https://doi.org/10.1155/2019/1656123
https://doi.org/10.1016/j.jelectrocard.2012.10.014
https://doi.org/10.1016/S1674-8301(10)60011-5
https://doi.org/10.1016/j.jelectrocard.2019.04.009
https://doi.org/10.1016/j.ijcard.2015.09.013
https://doi.org/10.3109/07853890903555334
https://doi.org/10.1097/MBP.0000000000000197
https://doi.org/10.1016/j.jelectrocard.2013.08.002
https://doi.org/10.3109/01443615.2015.1036401
https://doi.org/10.4236/wjcd.2012.22009
https://doi.org/10.3109/10641963.2011.649933
https://doi.org/10.1016/j.jelectrocard.2010.09.012
https://doi.org/10.3109/08037051.2010.532302
https://doi.org/10.1038/oby.2011.53
https://doi.org/10.1016/j.ejogrb.2014.10.042
https://doi.org/10.4103/0366-6999.182846
https://doi.org/10.1111/anec.12665
https://doi.org/10.25100/cm.v44i3.1237
https://doi.org/10.20344/amp.6538
https://doi.org/10.37757/MR2014.V16.N1.7
https://doi.org/10.1161/01.CIR.54.4.553
https://doi.org/10.3109/08037051.2013.803312
https://doi.org/10.1093/europace/euy231
https://doi.org/10.1038/jhh.2016.63
https://doi.org/10.1016/j.repce.2016.10.022
https://doi.org/10.7860/JCDR/2017/27641.10062
https://doi.org/10.1016/j.numecd.2017.05.009
https://doi.org/10.1016/j.jjcc.2015.06.003
https://doi.org/10.1111/j.1542-474X.2010.00373.x
https://doi.org/10.1111/j.1542-474X.2010.00390.x
https://doi.org/10.1371/journal.pone.0220662
https://doi.org/10.1111/anec.12197
https://doi.org/10.1532/hsf.1831
https://doi.org/10.1002/oby.21678
https://doi.org/10.1253/circj.CJ-16-0062
https://doi.org/10.1161/01.CIR.98.18.1928
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


Bird et al. Assessment of Hypertension Using Electrocardiogram

86. Chen Y, Guo X, Sun G, Li Z, Zheng L, Sun Y. Effect of serum electrolytes
within normal ranges on QTc prolongation: a cross-sectional study in a
Chinese rural general population. BMC Cardiovasc Disord. (2018) 18:175.
doi: 10.1186/s12872-018-0906-1

87. Omran J, Bostick BP, Chan AK, Alpert MA. Obesity and ventricular
repolarization: a comprehensive review. Prog Cardiovasc Dis. (2018) 61:124–
35. doi: 10.1016/j.pcad.2018.04.004

88. Bhandari B, Kumar L, Datta A, Sircar S. Effect of sub maximal dynamic
and static exercises on QTc interval in healthy young men. J Clin Diagn Res.

(2015) 9:CC01–4. doi: 10.7860/JCDR/2015/12048.6006
89. Ciobanu A, Gheorghe GS, Ababei M, Deaconu M, Iliesiu AM, Bolohan M,

et al. Dispersion of ventricular repolarization in relation to cardiovascular
risk factors in hypertension. J Med Life. (2014) 7:545–50.

90. Mozos I, Serban C. The relation between QT interval and T-wave
variables in hypertensive patients. J Pharm Bioallied Sci. (2011) 3:339–44.
doi: 10.4103/0975-7406.84433

91. Bombelli M, Maloberti A, Raina L, Facchetti R, Boggioni I, Pizzala D. P,
et al. Prognostic relevance of electrocardiographic Tpeak-Tend interval in
the general and in the hypertensive population: data from the pressioni
arteriose monitorate E loro associazioni study. J Hypertens. (2016) 34:1823–
30. doi: 10.1097/HJH.0000000000001005

92. Kadi H, Demir AK, Ceyhan K, Damar IH, Karaman K, Zorlu C. Association
of fragmented QRS complexes on ECG with left ventricular diastolic
function in hypertensive patients. Turk Kardiyol Dern Ars. (2015) 43:149–56.
doi: 10.5543/tkda.2015.04495

93. Zhang B, Zhen Y, Shen D, Zhang G. Significance of fragmented
QRS complexes for identifying left ventricular hypertrophy in patients
with hypertension. Ann Noninvasive Electrocardiol. (2015) 20:175–80.
doi: 10.1111/anec.12212

94. Falkner B, Lowenthal DT, Affrime MB, Hamstra B. Changes in R wave
amplitude during aerobic exercise stress testing in hypertensive adolescents.
Am J Cardiol. (1982) 50:152–6. doi: 10.1016/0002-9149(82)90022-4

95. Szabó Z, Harangi M, Lorincz I, Seres I, Katona E, Karanyi Z, et al. Effect of
hyperlipidemia on QT dispersion in patients without ischemic heart disease.
Can J Cardiol. (2005) 21:847–50.

96. Adegoke SA, Okeniyi JA, Akintunde AA. Electrocardiographic abnormalities
and dyslipidaemic syndrome in children with sickle cell anaemia. Cardiovasc
J Afr. (2016) 27:16–20. doi: 10.5830/CVJA-2015-059

97. Tayal B, Graff C, Selmer C, Kragholm KH, Kihlstrom M, Nielsen
JB, et al. Thyroid dysfunction and electrocardiographic changes in
subjects without arrhythmias: a cross-sectional study of primary
healthcare subjects from Copenhagen. BMJ Open. (2019) 9:e023854.
doi: 10.1136/bmjopen-2018-023854

98. Schneiter S, Trachsel LD, Perrin T, Albrecht S, Pirrello T, Eser P, et al.
Inter-observer agreement in athletes ECG interpretation using the recent
international recommendations for ECG interpretation in athletes among
observers with different levels of expertise. PLoS ONE. (2018) 13:e0206072.
doi: 10.1371/journal.pone.0206072

99. Brosnan M, La Gerche A, Kumar S, Lo W, Kalman J, Prior D.
Modest agreement in ECG interpretation limits the application of
ECG screening in young athletes. Heart Rhythm. (2015) 12:130–6.
doi: 10.1016/j.hrthm.2014.09.060

100. Sibbald M, Sherbino J, Ilgen JS, Zwaan L, Blissett S, Monteiro S, et al.
Debiasing versus knowledge retrieval checklists to reduce diagnostic error
in ECG interpretation. Adv Health Sci Educ Theory Pract. (2019) 24:427–40.
doi: 10.1007/s10459-019-09875-8

101. Lechmanova M, Parizek A, Halaska M, Slavicek J, Kittnar O. Changes of the
electrical heart field and hemodynamic parameters in the 34th to 40th weeks

of pregnancy and after delivery. Arch Gynecol Obstet. (2002) 266:145–51.
doi: 10.1007/s00404-001-0254-7

102. Lechmanova M, Kittnar O, Mlcek M, Slavicek J, Dohnalova A, Havranek
S, et al. QT dispersion and T-loop morphology in late pregnancy and after
delivery. Physiol Res. (2002) 51:121–9.

103. Nigro G, Russo V, Di Salvo G, De Crescenzo I, Rago A, Perrone
L, et al. Increased heterogenity of ventricular repolarization in obese
nonhypertensive children. Pacing Clin Electrophysiol. (2010) 33:1533–9.
doi: 10.1111/j.1540-8159.2010.02889.x

104. Zhu H, Pan Y, Cheng KT, Huan R. A lightweight piecewise linear
synthesis method for standard 12-lead ECG signals based on
adaptive region segmentation. PLoS ONE. (2018) 13:e0206170.
doi: 10.1371/journal.pone.0206170

105. Bosone D, Fogari R, Ramusino MC, Ghiotto N, Guaschino E, Zoppi A,
et al. Ambulatory 24-h ECG monitoring and cardiovascular autonomic
assessment for the screening of silent myocardial ischemia in elderly
type 2 diabetic hypertensive patients. Heart Vessels. (2017) 32:507–13.
doi: 10.1007/s00380-016-0898-7

106. Varma N. Role of the surface electrocardiogram in developing countries.
J Electrocardiol. (2010) 43:612–4. doi: 10.1016/j.jelectrocard.2010.
07.017

107. Gropler MRF, Dalal AS, Van Hare GF, Silva JNA. Can smartphone wireless
ECGs be used to accurately assess ECG intervals in pediatrics? a comparison
of mobile health monitoring to standard 12-lead ECG. PLoS ONE. (2018)
13:e0204403. doi: 10.1371/journal.pone.0204403

108. Samol A, Bischof K, Luani B, Pascut D, Wiemer M, Kaese S. Single-lead ECG
recordings including Einthoven and Wilson leads by a smartwatch: a new
era of patient directed early ECG differential diagnosis of cardiac diseases?
Sensors. (2019) 19:4377. doi: 10.3390/s19204377

109. Siven SS, Niiranen TJ, Langen VL, Puukka PJ, Kantola IM, Jula AM.
Home versus office blood pressure: longitudinal relations with left
ventricular hypertrophy: the Finn-Home study. J Hypertens. (2017) 35:266–
71. doi: 10.1097/HJH.0000000000001152

110. Guariguata L, Whiting DR, Hambleton I, Beagley J, Linnenkamp
U, Shaw JE. Global estimates of diabetes prevalence for 2013 and
projections for 2035. Diabetes Res Clin Pract. (2014) 103:137–49.
doi: 10.1016/j.diabres.2013.11.002

111. Chooi YC, Ding C, Magkos F. The epidemiology of obesity. Metabolism.

(2019) 92:6–10. doi: 10.1016/j.metabol.2018.09.005
112. Peacock A, Leung J, Larney S, Colledge S, Hickman M, Rehm J, et al.

Global statistics on alcohol, tobacco and illicit drug use: 2017 status report.
Addiction. (2018) 113:1905–26. doi: 10.1111/add.14234

113. Kreso A, Barakovic F, Medjedovic S, Halilbasic A, Klepic M.
Electrocardiographic and echocardiographic imaging of the heart of
athletes and patients with hypertension. Med Arch. (2015) 69:319–22.
doi: 10.5455/medarh.2015.69.319-322

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Bird, Chan, Lu, Greeff, Allen, Abbott, Menon, Lovell, Howard,

Chan, Fletcher, Alian, Ward and Elgendi. This is an open-access article distributed

under the terms of the Creative Commons Attribution License (CC BY). The use,

distribution or reproduction in other forums is permitted, provided the original

author(s) and the copyright owner(s) are credited and that the original publication

in this journal is cited, in accordance with accepted academic practice. No use,

distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Medicine | www.frontiersin.org 17 December 2020 | Volume 7 | Article 583331

https://doi.org/10.1186/s12872-018-0906-1
https://doi.org/10.1016/j.pcad.2018.04.004
https://doi.org/10.7860/JCDR/2015/12048.6006
https://doi.org/10.4103/0975-7406.84433
https://doi.org/10.1097/HJH.0000000000001005
https://doi.org/10.5543/tkda.2015.04495
https://doi.org/10.1111/anec.12212
https://doi.org/10.1016/0002-9149(82)90022-4
https://doi.org/10.5830/CVJA-2015-059
https://doi.org/10.1136/bmjopen-2018-023854
https://doi.org/10.1371/journal.pone.0206072
https://doi.org/10.1016/j.hrthm.2014.09.060
https://doi.org/10.1007/s10459-019-09875-8
https://doi.org/10.1007/s00404-001-0254-7
https://doi.org/10.1111/j.1540-8159.2010.02889.x
https://doi.org/10.1371/journal.pone.0206170
https://doi.org/10.1007/s00380-016-0898-7
https://doi.org/10.1016/j.jelectrocard.2010.07.017
https://doi.org/10.1371/journal.pone.0204403
https://doi.org/10.3390/s19204377
https://doi.org/10.1097/HJH.0000000000001152
https://doi.org/10.1016/j.diabres.2013.11.002
https://doi.org/10.1016/j.metabol.2018.09.005
https://doi.org/10.1111/add.14234
https://doi.org/10.5455/medarh.2015.69.319-322
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

	Assessment of Hypertension Using Clinical Electrocardiogram Features: A First-Ever Review
	Introduction
	Methods
	Search Strategy
	Study Selection and Study Data Extraction
	Data Analysis
	Hypothesis

	Results
	Comparing ECG Wave Morphology
	Grouped by Presence or Absence of Comorbidities and Confounding Factors
	Special Populations
	Atrial vs. Ventricular Parameters
	ECG Parameter Estimation

	Discussion
	Special Populations
	ECG Parameter Estimating
	Considerations for Portable, ECG-Only BP Monitoring

	Recommendations
	Conclusions
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


