OBSERVATIONAL STUDY

Impact of Height Estimation on Tidal Volume
Calculation for Protective Ventilation—A

Prospective Observational Study

OBIJECTIVES: The current standard of care to deliver invasive mechanical
ventilation support is the protective ventilation approach. One pillar of this
approach is the limitation of tidal volume to less than 6 mL/Kg of predicted
body weight. Predicted body weight is calculated from patient’s height.
Yet, little is known about the potential impact of errors arising from visual
height estimation, a common practice, to calculate tidal volumes. The aim
of this study was to evaluate that impact on tidal volume calculation to use
during protective ventilation.

DESIGN: Prospective observational study.
SETTING: An eight-bed polyvalent ICU.
PATIENTS: Adult patients (> 18 yr).
INTERVENTIONS: None.

MEASUREMENTS AND MAIN RESULTS: Tidal volumes were calcu-
lated from visual height estimates made by physicians, nurses, and patients
themselves and compared with tidal volumes calculated from measured
heights. Comparisons were made using the paired t test. Modified Bland-
Altman plots were used to assess agreement between height estimates
and measurements. One-hundred patients were recruited. Regardless of
the height estimator, all the mean tidal volumes would be greater than 6
mL/Kg predicted body weight (all p < 0.001). Additionally, tidal volumes
would be greater than or equal to 6.5 mL/Kg predicted body weight in
18% of patients’ estimates, 25% of physicians’ estimates, and 30% of
nurses’ estimates. Patients with lower stature (< 165 cm), older age, and
surgical typology of admission were at increased risk of being ventilated
with tidal volumes above protective threshold.

CONCLUSIONS: The clinical benefit of the protective ventilation strategy
can be offset by using visual height estimates to calculate tidal volumes.
Additionally, this approach can be harmful and potentially increase mortality
by exposing patients to tidal volumes greater than or equal to 6.5 mL/Kg
predicted body weight. In the interest of patient safety, every ICU patient
should have his or her height accurately measured.

KEY WORDS: acute respiratory distress syndrome; body height; critical
care; intensive care units; pulmonary ventilation; quality improvement

support is the protective ventilation strategy (1). In particular, this
strategy showed a beneficial impact on clinical outcomes, including a
22% relative reduction in mortality, during the treatment of patients with acute
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respiratory distress syndrome (ARDS) (2). The protec-
tive ventilation approach includes the following set-
tings: use of low tidal volume (< 6 mL/Kg of predicted
body weight (PBW]), limitation of the plateau pressure
to less than 30 cm H,O, and use of positive end-expira-
tory pressure (PEEP) of greater than or equal to 5cm
H,0 (1).

To determine the adequate tidal volume (Vt) to de-
liver during protective ventilation, it is necessary to
calculate the patients PBW. This is accomplished by
using the Devine’s formulas (3) adjusted by gender:

o Male: PBW =50+0.91 x (height in cm-152.4) Kg
o Female: PBW =45.5+0.91 x (height in cm-152.4) Kg

As shown, these formulas depend on the patient’s
height. Unfortunately, both height and PBW are
mostly estimated during the assessment of critically ill
patients at bedside, and these estimations are thought
to be biased and inaccurate (4-6). Previous studies
(7-9) demonstrated that direct visual PBW estimation
is common and often leads to the administration of
Vt outside the protective ventilation range. Yet, little
is known about the potential impact of errors arising
from visual height estimation to calculate Vt to use
during protective ventilation.

We hypothesize that visual height estimation may
lead to errors in height assessment with multiple clin-
ical repercussions. The delivery of unsafe Vt during
invasive mechanical ventilation, with potentially dele-
terious effects on patient outcome, may be one of those
consequences. To address this issue, we designed this
study with the aim of evaluating the impact of visual
height estimation on Vt calculation to use during pro-
tective ventilation.

MATERIALS AND METHODS
Study Design and Setting

We conducted a prospective observational study at
the ICU of Hospital da Luz—Lisboa, an eight-bed
polyvalent ICU integrated at a private hospital in
Portugal. The enrollment period extended from July
2018 to May 2019. The study was approved by the
Institutional Ethics Committee (CES/26/2018/ME),
and all participants or their representatives signed
informed consent before enrollment. All study pro-
cedures were conducted in accordance with the
Declaration of Helsinki.
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Study Population

We enrolled participants in this study by doing a con-
venience sampling of patients admitted to our ICU
during the study period. To be eligible for enrolment,
patients had to be 18 years old or older and will-
ing to give informed consent for study participation.
Informed consent could be given by a next of kin if
the patient was unable to sign it. Patients admitted ex-
clusively to perform invasive procedures (including
elective sessions of renal replacement therapy), higher
than 215cm or with bilateral amputation of the feet,
were excluded. Ongoing or planned invasive mechan-
ical ventilatory support was not needed to enrollment.
Only the patient’s first ICU admission during the same
hospital stay was considered eligible to study entry.
Enrollment took place at the first day of ICU admission.

Data Collection

For every enrolled patient, we collected information
on demographics (age, gender), typology of admission
(medical vs surgical), worse registered value of two se-
verity/prognostic scores during the first 24 hours of
ICU admission (Acute Physiology and Chronic Health
Evaluation [APACHE] II [10] and Simplified Acute
Physiology Score II [SAPS II] [11]), and the patient’s
visual height estimation from the physician and the
nurse who performed the admission. The physician
was blinded to the nurse estimation and vice versa.
The physicians who performed the estimations were
four residents and eight senior intensivists. All nurses
taking part in the study were experienced in intensive
care.

We then collected the patient’s own height estima-
tion or, when impossible, the patient’s visual height
estimation from a next of kin. Finally, an exact crown-
to-heel measurement of the patient’s real height, in
dorsal decubitus and with the bed at 0°, was performed
with a measuring 215-cm calliper. Every height mea-
surements and estimations were registered in cm.

Height estimations and measurements were used to
calculate the PBW for every patient using the Devine’s
formulas (3). The resulting PBWs were used to cal-
culate the Vt to use during protective ventilation by
being multiplied by 6 mL/Kg. If the patients needed to
be mechanically ventilated, only the real heights meas-
ured with the calliper were used to calculate the Vt to
deliver.
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Finally, we divided every Vt calculated from the
visual height estimates by the real PBW derived from
the measured height (formula below). This last step
originated the equivalent Vt (exposed Vt) that the pa-
tient would be exposed to if the visual height estima-
tion was followed to calculate the PBW and the Vt.
Exposed Vt were analyzed in three categories as sug-
gested by Needham et al (12): less than 6.5, 6.5-8.5,
and greater than 8.5 mL/Kg PBW.

o Exposed Vt (mL/Kg PBW) = estimated Vt/PBW calculated
from the measured height

Study Size

We hypothesized that a greater than or equal to
5-10mL difference in Vt above the 6 mL/Kg of PBW
threshold for protective ventilation calculated from the
real height would be significant. We calculated that we
would need a sample of 73 patients to demonstrate the

presence of such a difference with an alpha level of 0.05
and a power of 80%. To be conservative, we extended
the enrollment to 100 patients.

Statistical Analysis

We performed a descriptive statistical analysis of the
patients’ characteristics, presenting continuous vari-
ables as means + sp, if normally distributed, or as
medians and interquartile range, if not normally dis-
tributed. The presence of a normal distribution was
assessed graphically. Categorical variables were pre-
sented as proportions or percentages.

We compared every Vt derived from the visual
height estimations (physician, nurse, patient/family)
with the Vt calculated from the real height measure-
ment by using the paired ¢ test. Additionally, to assess
the agreement between visual height estimations and
real height measurement, we constructed modified
Bland-Altman plots. In these graphics, we plotted the

Screened patients

(n="714)

Excluded patients
(n=39)

Younger than 18-years-old (n = 10)
Admission to elective renal replacement
therapy sessions (n=31)
Admission to thoracentesis (n = 3)
Admission to drug desensitisation (n= 1)
Readmissions (n = 14)

Eligible patients
(n=633)

Included patients

Excluded patients
(n=73553)

Not willing to give informed consent (n =
98)

Not capable of give informed consent and
next of kin not available (n = 287)

Not capable of give informed consent and
next of kin not willing to give 1t (n=171)

(n=100)
e Invasive mechanical
ventilation (n = 23)

Figure 1. Flowchart of study participants.
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real heights in x-axis against the difference between
the visual estimate and real height measurement in
the y-axis. We also performed a prespecified subgroup
analyses by gender, age class (< 65 vs > 65 yr old),
stature category (< mean height vs > mean height of
our sample), and typology of admission for the three
groups of height estimation. Data were analyzed by
STATA 15 (StataCorp, College Station, TX). All tests
were two sided, and a p value of less than 0.05 was con-
sidered statistically significant.

RESULTS

During the study period, 714 patients were admitted
to the ICU. One-hundred patients were enrolled. The
patient flowchart is presented in Figure 1. The patients’
baseline characteristics are summarized in Table 1.
There was a preponderance of male patients (67%)
and of admissions for surgical reasons (79%). The
mean measured height was 165 + 9cm overall, with
females showing lower stature than males. The modi-
fied Bland-Altman plots (Fig. 2) show that there was a
tendency to overestimate the patients’ heights regard-
less of whom made the estimate, especially in patients
with lower statures. Overestimation of height leads to
the calculation of above real PBW and of Vt superior
to the protective ventilation threshold. Independently
of the estimator, all the mean exposed Vt would be

TABLE 1.

greater than 6 mL/Kg PBW (Table 2). Additionally,
exposed Vt would be greater than or equal to 6.5mL/
Kg PBW in 18% of patients’ estimates, 25% of physi-
cians’ estimates, and 30% of nurses’ estimates. Patients
with lower stature (< 165cm) would be treated more
frequently with exposed Vt greater than or equal to
6.5mL/Kg PBW than taller patients (= 165cm): 43%
versus 12% by physicians’ estimates, 40% versus 22%
by nurses’ estimates, and 31% versus 9% by patients’
estimates.

The physicians overestimated patients’ height in
73% of occasions. The difference between Vt cal-
culated from physicians’ height estimation and real
height ranged from -49 to +104 mL. The estimated Vt
was significantly above the protective ventilation Vt
threshold (paired ¢ test mean difference: 14.97 mL [CI
95%, 9.08-20.86 mL]; p < 0.001).

Overestimation was found on 72% of nurses’ height
estimations. The difference between Vt calculated
from nurses’ height estimation and real height ranged
from -49 to +82mL. The estimated Vt calculated was
also significantly above the protective ventilation Vt
threshold (paired t test mean difference: 14.22 mL [CI
95%, 8.68-19.76 mL]; p < 0.001).

Even the patients overestimated their height in
76% of occasions. The difference between Vt calcu-
lated from patients’ height estimation and real height
ranged from -66 to +109 mL. Also, these estimated Vt

Demographic and Clinical Characteristics of the Study Population

Demographic and Clinical Characteristics

Total
(n=100)

' E1[)
(n = 67)

Female
(n =33)

Age (yr), median (interquartile range)
Surgical admissions, n (%)

Medical admissions, n (%)

Acute Physiology and Chronic Health Evaluation I, median

(interquartile range)

Simplified Acute Physiology Score Il, median (interquartile range)

Measured height (cm), mean * sp

Predicted body weight calculated from measured
height (Kg), mean * sb

Tidal volume derived from measured height (mL), mean + sp

745 (62-80) 75.0 (64-81) 71.0 (58-78)
9 (79) 5 (55) 24 (24)
21 (21) 2(12) 9 (9)
13.5 (10; 19) 4(10:18) 12(8:19)
27 (21.5-38) 28 (23-38) 25 (18-33)
165+ 9 170+ 7 156 + 7
60 % 10 66 6 4916
362 + 61 396 * 38 295 + 36

Values are , or median (interquartile range)
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Figure 2. Bland-Altman plots comparing measured height with
visual estimated height by estimator.

was significantly above the protective ventilation Vt
threshold (paired t test mean difference: 9.39 mL [CI
95%, 4.45-14.33 mL]; p < 0.001).

In the subgroup analysis, at an alpha level of 0.05,
only the Vt calculated from the physicians’ and
patients’ visual height estimations of patients with a
medical typology of admission and of patients with
a stature greater than or equal to 165cm did not

Critical Care Explorations

reach statistical significance for being above the pro-
tective ventilation Vt threshold. But after using the
Bonferroni correction for the multiple comparisons
done in the subgroup analysis (using an alpha level
of 0.006), this lack of statistical significance was ex-
tended to all patients younger than 65 years old, with
a medical typology of admission and with a stature
greater than or equal to 165cm, regardless of whom
did the height estimation. Additionally, statistical sig-
nificance was also not found for patients” height esti-
mation in both gender subgroups. Subgroup analysis
results are detailed in Table 3.

DISCUSSION

Our study shows that the use of visual height estima-
tion to calculate Vt in the setting of protective ven-
tilation delivery is inaccurate. In fact, errors arising
from this common estimation practice tend to amplify
through PBW calculation using Devine’s formulas (3),
followed by PBW multiplication to determine desired
Vt. Albeit this inaccuracy might be potentially harm-
tul, we cannot conclude it from our study design.

All three estimators we tested (physicians, nurses,
and patients) would lead to the delivery of Vt above pro-
tective ventilation threshold in most cases. Physicians
would deliver a mean exposed Vt of 6.3 £ 0.6 mL/Kg
PBW, whereas nurses would deliver 6.3 + 0.5mL/Kg
PBW and patients 6.2 + 0.5 mL/Kg PBW (5%, 5% and
3.3% above the protective threshold, respectively).

Similarly to Sasko et al (13), we found that the real
body height has an impact on the accuracy of the visual
estimates. Height of patients with lower statures was
frequently overestimated, whereas the height of taller
patients was more underestimated. The agreement be-
tween estimated and real height was particularly poor
at the extremes of height. This phenomenon is called
“regression effect,” a statistical bias of the estimates to-
ward the mean value of the underlying distribution, as
described by Petzschner et al (14).

The clinical significance of our findings is expressed
by the expected increase in mortality at 2 years for
patients with acute lung injury by being ventilated
with a Vt greater than or equal to 6.5mL/Kg PBW,
as reported by Needham et al (12). In that study, it
was reported an 18% increase in mortality for every
1 mL/Kg PBW increase in Vt, with an hazard ratio for
mortality of 1.59 for mean Vt of 6.5-8.5 mL/Kg PBW

www.ccejournal.org 5
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TABLE 2.

Visual Height Estimates and Derived Predicted Body Weight, Tidal Volumes, Exposed
Tidal Volumes and Exposed Tidal Volume Class Percentages by Estimator

Physician Estimation

Nurse Estimation Patient Estimation

Estimated height (cm), mean % sp 168 £ 9 168 £ 9 1672 £ 9.4

PBW from estimated height (Kg), mean * sb 63+ 10 63+ 10 62+ 10

Tidal volume from estimated height (mL), 377 £ 57 377 £ 57 372 + 61
mean * sb

Exposed tidal volume (mL/Kg PBW), 6.3+ 0.6 6.3+ 0.5 6.2+ 0.5
mean * sp

Exposed tidal volume class
(mL/Kg PBW), %

<6.5 6.5-85 >85 <65 6.5-85 >85 <6.5 6.5-85>85
75 24

1 70 30 0 82 18 0

PBW = predicted body weight.

and of 1.97 for greater than 8.5mL/Kg PBW. In our
sample, this increased risk of mortality would affect
25% of patients if physicians’ height estimates would
be used to Vt calculation and 30% if nurses’ estimates
were used instead. Even if only patients’ estimates
were used, 18% of patients would be exposed to this
potentially increased risk of mortality. The percentage
of patients that would be exposed to increased mor-
tality risk is even more striking in lower statute group
(< 165cm), reaching 43% by utilization of physi-
cians’ estimates, 40% by nurses’ estimates, and 31% by
patients’ estimates.

From the referred findings, it becomes obvious that
lower stature was a risk factor to receive ventilation
with Vt above 6 mL/Kg PBW. That risk has been pre-
viously reported (13, 15) and was confirmed by our
subgroup analysis that showed Vt significantly above
the protective threshold for lower stature patients
(< 165 cm) regardless of the estimator, but not to taller
ones (= 165cm). Other risk groups for receiving Vt
above the protective threshold resulting from the per-
formed subgroup analysis were older patients (= 65 yr
old) and patients with a surgical typology of ICU ad-
mission. For older patients, we can hypothesize that
the tendency to the overestimation of height results
from stature reduction with ageing (16) that might be
difficult to perceive in the supine position. The height
overestimation in surgical patients might be related to
their lower mean APACHE II a SAPS II scores when
compared with medical patients in our sample. These
three risk groups are consistent with the risk factors

6 www.ccejournal.org

to not being ventilated with protective parameters re-
ported by Walkey et al (15).

From our findings, we can conclude that visual
height estimation reduces the probability of deliver-
ing protective ventilation to patients. In daily practice,
visual height estimation seems to be commonly done
with only one third of Vt calculated as recommended
by guidelines (8). The real impact of this estimation
practices has been analyzed only once (13) but never
in the context of mandatory accurate Vt as in ARDS
patients. If basic principles of protective ventilation are
undermined by practices like visual height estimation,
discussion of complex ventilatory strategies is point-
less. Measuring the height of all ventilated patients
with a calliper is a simple and cheap solution that could
increase patient safety.

Particularly in ARDS patients, a different approach
to Vtadjustmenthasbeen suggested by Amatoetal (17).
The authors tested the hypothesis that driving pressure
(the ratio of Vt to respiratory system compliance) con-
siders the decrease in functional lung capacity during
ARDS. Since driving pressure can be calculated at the
bedside as the difference between plateau pressure and
PEEP, in patients with no ventilatory effort, and com-
pliance is given by the ventilator, it could be a better
way to adjust the Vt during protective ventilation. This
is particularly attractive by allowing a dynamic adjust-
ment of Vt to functional lung size without accounting
to height and PBW which are static and frequently
estimated. Additionally, the authors found that driving
pressure was the ventilator variable with the strongest

May 2021 * Volume 3 ¢« Number 5
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TABLE 3.

Paired t Test Subgroup Comparison of Mean Tidal Volume Difference by Author of Height

Visual Estimation

Physician Estimation

Mean Vit
Difference
(C1 95%) mL

Nurse Estimation Patient Estimation

Mean Vit
Difference
(C1 95%) mL p

Mean Vit
Difference
(C1 95%) mL

Gender Male (n=67) 14.31 (6.97-21.66) < 0.001 12.03 0.001 8.36 0.008
(4.93-19.13) (2.23-14.48)
Female (n=33) 16.30 (5.92-26.69) 0.003 18.67 < 0.001 11.48 0.011
(9.74-27.60) (2.74-20.23)
Age class, yr < 65 (n=30) 8.8 (0.68-16.92) 0.035 12.73 0.018 8.23 0.027
(2.31-23.15) (1.08-15.43)
> 65 (n="70) 1761 (9.91-25.32) < 0.001 14.86 < 0.001 9.89 0.003
(8.15-21.56) (8.44-16.33)
Typology of Surgical (n = 79) 16.31 (9.62-22.99) < 0.001 13.92 < 0.001 8.42 0.002
admission (7.71-20.14) (3.22-13.61)
Medical (n=21) 9.95 (-3.401t0 23.30) 0.135 5188 0.026 13.05 0.067
(2.01-28.66) (-0.98 to 27.07)
Stature,cm <165 (hn=42) 26.48 (16.72-36.23) < 0.001 22.67 < 0.001 17.24 < 0.001
(14.62-30.71) (8.16-26.32)
> 165 (n=58) 6.64 (-0.12t0 13.40) 0.054 8.10 0.032 3.71 0.156
(0.74-15.47) (-1.46 to 8.87)

Vit = tidal volume.

association with survival in ARDS. Survival improved
with ventilator adjustments that lead to decreases in
driving pressure (ideally below 13-15cm H,O) (18)
limiting lung overstress and overstrain. Although this
approach has been previously discussed by different
authors (19-21), until today, no prospective studies
addressing the effect of driving pressure as a primary
goal during ventilation of ARDS patients have been
published (22). Accounting for that lack of evidence,
effective height measurement to PBW and Vt calcula-
tion continues to be the recommended approach.

This study had multiple limitations. First, because
of its observational design, only with simulation of
ventilation settings derived from height estimation,
it is impossible to draw conclusion on the actual im-
pact of that estimation on clinical outcomes. We tried
to address that limitation by using the categories of Vit
suggested by Needham et al (12) to predict mortality
extrapolated to our study. Second, since the ventilator

Critical Care Explorations

settings derived from height estimation would be only
simulated, we included patients independently of their
need for invasive ventilation to maximize recruitment.
Nevertheless, that decision might have been a source
of bias to the results. Third, the protective ventilation
strategy includes other ventilator settings beyond low
Vt that were not addressed in our study. Last, this was
a single-center study at a Portuguese private hospital.
Since the enrolled study sample was predominantly
composed of Caucasian males, mainly admitted for
surgical reasons with low severity scores, the general-
izability of the findings is limited and needs confirma-
tion in different contexts.

CONCLUSIONS

In conclusion, the clinical benefit of the protective
ventilation strategy can be offset by using visual height
estimates. Those estimates are mainly inaccurate,

www.ccejournal.org 7
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promote error accumulation, and can lead to admin-
istration of Vt above protective ventilation threshold
in most situations. This approach may increase mor-
tality by exposing patients to Vt greater than or equal
to 6.5 mL/Kg PBW. Patients with lower statute, older
age, and admitted for surgical reasons are at increased
risk of being exposed to nonprotective ventilation. In
the interest of patient safety, every ICU admitted pa-
tient should have his or her height accurately meas-
ured with a calliper irrespective of any time or budget
constraints.
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